WAVELETS, WAVELET SETS, AND LINEAR ACTIONS ON R"

GESTUR OLAFSSON AND DARRIN SPEEGLE

ABSTRACT. Wavelet and frames have become a widely used tool in mathematics, physics, and applied
science during the last decade. This article gives an overview over some well known results about the
continuous and discrete wavelet transforms and groups acting on R™. We also show how this action can
give rise to wavelets, and in particular, MSF wavelets in L2(R™).

INTRODUCTION

The classical wavelet system consists of a single function 1) € L?(R) such that {27/24(27x+k) | j, k € Z} is
an orthonormal basis for L?(R). There has been quite a bit of recent interest in relaxing various aspects
of the definition of wavelets, in particular in higher dimensions. For example, one can allow multiple
functions v, ... ,9’, an arbitrary matrix of dilations, and an arbitrary lattice of translations. One could
relax even further to allow a group of dilations, or perhaps even just a set of dilations and translations.
A first question one would ask, then, is: for which collections of dilations and translations do there exist
wavelets? We will begin by reviewing some well-known results concerning this central question. Then,
we will show that there is a fundamental connection between the papers of Dai, Diao, Gu and Han [15],
Fabec and Olafsson [21], Laugesen, Weaver, Weiss and Wilson [46], and Wang [57]. One argument that
a survey paper such as this one is useful is that, even though these eleven authors are active in the field,
there is only one cross-reference of the above papers in the references of the other papers.

We now describe briefly the connection between the papers listed above. All four papers are concerned
with constructing reproducing systems consisting of dilations and translations of a function. That is,
they consider triples (D, 7, M), where D is some collection of invertible matrices, 7 is some collection of
points in R™, and M a non-trivial closed subspace of L?(R™). Then, they ask whether there is a function
1 such that {1, 5 = |det al'*(a(z) + k) | a € D,k € T} is a frame, normalized tight frame, or even an
orthonormal basis for M

In [15], it is assumed that D = {a’ | j € Z} for some expansive matrix a, that 7 = Z", and that
M is an a-invariant subspace of L?(R™). In [21], the assumptions are that, D is constructed as a subset
of a particular type of group H, that 7 is a full rank lattice depending on H, and finally that M is of
the form M = {f € L2(R™) | Supp(f) C O}, where @ C R" is an open H-orbit. In [46], it is assumed
that D is a group, 7 = Z", and M = L*(R"). In [57], it is assumed that D and 7 satisfy non-algebraic
conditions relating to the existence of fundamental regions (see Section 1 for details) and M = L?(R").
Moreover, all four papers - either explicitly or implicitly - are concerned primarily with the existence of
functions of the form 1@ = xq.

When put in this general framework, it becomes clear that the four papers are related in spirit and
scope. What we will show below is that they are also related in that results in [15] can be used to remove
technical assumptions from results in [57]. The improved results in [57] can then be used to improve the
results in [46] and [21]. We will improve the results in [21] by removing the dependence of the lattice
on the group, and by constructing an orthonormal basis where a normalized tight frame was constructed
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before. The proof of the main Theorem in [21] will also be simplified. Finally, we improve the results in
[46] by replacing normalized tight frame system with a wavelet system.

We will attempt to make these technical improvements to the theorems in these papers with a minimal
amount of technical work. In particular, where possible, we will apply theorem quoting proofs. The
primary exception to this is Theorem 1.18, where we essentially need to check that the details of an
argument in [18] go through in a slightly more general setting.

1. WAVELET SETS

We start this section by recalling some simple definitions and facts about wavelets, wavelet sets, and
tilings. For a measurable set 2 C R™ we denote by xqo the indicator function of the set  and by
1| = [ xa(z)dz the measure of .

Definition 1.1. Let (M, p) be a measure space. A countable collection {€2;} of subsets of M is a
(measurable) tiling of M if u(M \ ; ;) = 0, and p(S2%; N€Y;) = 0 for i # j.

Definition 1.2. Let 7 C R™ and D C GL(n,R). We say that D is a multiplicative tiling set of R™ if
there exists a set 8 C R™ of positive measure such that {dQ | d € D} is a tiling of R™. The set Q is said to
be a multiplicative D-tile. We say D is a bounded multiplicative tiling set of R™ if there is a multiplicative
D-tile © which is bounded and such that 0 & Q.

Similarly, we say that 7 is an additive tiling set of R™ if there exists a set @ C R™ such that {Q + |
x € T} is a tiling of R™. The set € is said to be an additive T-tile. Again, we add the word bounded if
Q) can be chosen to be a bounded set (with no restriction on being bounded away from 0).

A set Qis a (D, T)-tiling set if it is a D multiplicative tiling set and a 7 additive tiling set.

Note that this definition does not coincide with the definition of Wang [57]. Wang defines a multi-
plicative tiling set to be what we have defined to be a bounded multiplicative tiling set. We feel that
boundedness properties of D-tiles are interesting properties, but they should not be part of a definition
of tiling.

Multiplicative and additive tilings of R™ show up in wavelet theory and other branches of analysis in
a natural way.

Definition 1.3. A function ¢ € L?(R") is called a wavelet if there exists a subset D C GL(n,R) and a
subset 7 C R"™ such that

W(p;D,T) := {|detd|"?p(dz + k) |de D, k € T}

forms an orthonormal basis for L?(R™). The set D is called the dilation set for ¢, the set 7 is called the
translation set for ¢, and we say that ¢ is a (D, 7T )-wavelet.

Normalize the Fourier transform by
FHN =F) = [ fla)e 7™ d.
R™

We set f¥(z) = f(—z). Then f = (f)V. For simplicity we set ey (z) = e2™(*o),

Definition 1.4. Let  C R™ be measurable with positive, but finite measure. We say that € is a wavelet
set if there exists a pair (D, 7T), with D C GL(n,R) and 7 C R™ such that x¢, is a (D, T )-wavelet. If x&
is a (D, T )-wavelet, then we say that Q is a (D, T )-wavelet set.

Definition 1.5. A measurable set 0 C R™ with finite positive measure is called a spectral set if there
exists a set 7 C R™ such that the sequence of functions {ex}, ., forms an orthogonal basis for L?(). If
this is the case we say that 7 is the spectrum of €2, and say that (£2,7) is a spectral pair

Now, after given this list of definitions, let us recall some results, questions, and conjectures on how
these concepts are tied together. A first result, which has appeared in several places [16, 36, 40] is
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Theorem 1.6. A measurable set Q C R is a wavelet set for the pair D = {2" |n € Z} and T =Z if and
only if Q is a (D, T)-tiling set.

The proof of Theorem 1.6 given in [16], for example, works to prove the following

Theorem 1.7. Let a be an invertible matriz. A measurable set  C R™ is a wavelet set for the pair
D ={a" | n € Z} and the full rank lattice T if and only if Q is a (D, T)-tiling set.

For the general case we have now the following two related questions:
Question 1 (Wang, [57]). For which sets D C GL(n,R), 7 C R™ do there exist (D, T )-wavelets?
Question 2. For which sets D C GL(n,R), 7 C R™ do there exist (D, T )-wavelet sets?

Clearly, if there exists a (D, T )-wavelet set, then there exists a (D, T )-wavelet, but, what is interesting,
is that the converse may also be true. In particular, there are currently no examples known of sets (D, 7)
for which there exist wavelets, but for which there do not exist (D, T )-wavelet sets. Therefore we can
state the third natural question:

Question 3. Is it true that if there exists a (D, T )-wavelet, then there exists a (D, T )-wavelet set?

So far, all evidence points to a positive answer for question 3. (Though, we should point out that
question 3 has mostly been thought about in the case that D is a singly generated group and 7 is a full
rank lattice, so it is possible that there is a relatively easy counterexample to the question posed in this
generality.) When D is generated by a single matrix a and 7 is a full rank lattice, it is known [17] that if a
is expansive, then there exist (D, T )-wavelet sets. Moreover, it is also known [11, 13, 14] in the expansive
case that there exist (D, T )-wavelets that do not come from a wavelet set if and only if there is a j # 0
such that (a®)7(7*) N T* # {0}, where 7* is the dual lattice defined by 7* = {a € R" :< o, 3 >€ Z
for all 8 € T}. In particular, for most pairs of this type, the only wavelets that exist come from wavelet
sets. When D is generated by a not necessarily expansive matrix a and 7 is a lattice, then the handful
of (D, T)-wavelets known all come from (D, 7 )-wavelet sets.

There is also a stronger version of question 3 due to Larson [45] in the one dimensional case.
Question 4 (Larson, [45]). Is it true that if ¢ is a (D, T )-wavelet, then there is a (D, 7 )-wavelet set

E C supp(¢)?

This problem is open even for the “classical” case of dimension 1 with dilations by powers of 2 and
translations by integers. We name two partial answers. The first is given by Rzeszotnik in his PhD
Thesis, and the second is due to Rzeszotnik and the second author of this paper.

Theorem 1.8 (Rzeszotnik, [52] Corollary 3.10). Every multiresolution analysis (MRA) (27,7Z)-wavelet
contains in the support of its Fourier transform an MRA (D,T)-wavelet set.

Theorem 1.9. [53] If ¢ is a classical wavelet and the set K = supp(i)) satisfies

L Yezxx(E+k) <2 ae;
2. Y hez Xk (276) <2 ace.

Then K contains a wavelet set.

Qing Gu has an unpublished example which shows that the techniques in [53] do not extend to the
case that >, 7 xk(§+k) <3ae and ), 4 xk(27€) < 3 ae.
Tilings and spectral sets are related by the Fuglede conjecture [27)

Conjecture 1 (Fuglede). A measurable set Q, with positive and finite measure is a spectral set if and
only if Q is an additive T -tile for some set T .
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The conjecture, in general, still remains unsolved, even if several partial results have been obtained
[41, 44, 42, 43, 57]. In June 2003 it was shown by Tao, [56] that the conjecture in false in dimension 5
and higher. We will not discuss those articles, but concentrate on the important paper [57] by Wang,
which also made the first serious attempt at studying (D, T )-wavelet sets when D is not even a subgroup
of GL(n,R), and 7 is not a lattice. We need two more definitions before we state some of Wang’s results.
Let a € GL(n,R). A set D C GL(n,R) is said to be @ invariant if Da = D. The multiplicative tiling
set D is said to satisfy the interior condition if there exists a multiplicative D-tile Q such that Q° # (.
Similarly the spectrum 7 C R" satisfies the interior condition if there exists a measurable set 2 C R”
such that Q° # () and (Q,7) is a spectral pair. With these definitions we can state two of Wang’s main
results:

Theorem 1.10 (Wang,[57]). Let D C GL(n,R) and T C R™. Let Q C R" be measurable, with positive
and finite measure. If Q is a multiplicative DT -tile and (2, T) is a spectral pair, then Q is a (D, T)-
wavelet set. Conversely, if Q is a (D, T)-wavelet set and 0 € T, then § is a multiplicative DT -tile and
(Q,7) is a spectral pair.

Theorem 1.11 (Wang,[57]). Let D C GL(n,R) such that DT := {dT | d € D} is a bounded multiplicative
tiling set, and let T C R™ be a spectrum, with both DT and T satisfying the interior condition. Suppose
that DT is a-invariant for some expanding matriz a and T —T C L for some full rank lattice L of R™.
Then, there exists a wavelet set  with respect to D and T .

In his paper, Wang states “The assumption that D? ... have the interior condition is most likely
unnecessary. All known examples of multiplicative tiling sets admit a tile having nonempty interior.”
In this section, we will in fact show that the assumption that D7 satisfies the interior condition is
indeed unnecessary, but not by proving that every multiplicative tiling set admits a tile having nonempty
interior. Instead, we will use a Lebesgue density argument as in [15, 18]. Moreover, the assumption of
multiplicative tiling sets having prototiles that are bounded and bounded away from the origin is not a
“wavelet” assumption, but rather it is motivated from the point of view of tiling questions and the relation
between translation and dilation tilings of the line. From the point of view of wavelets, by Theorem 1.10,
one does not always wish to restrict to bounded multiplicative tiling sets. There are, however, some
benefits of obtaining wavelet sets that are bounded and bounded away from the origin - especially if
they also satisfy some additional properties. For example, if the sets are the finite union of intervals,
one can use these wavelets to show that theorems about the poor decay of wavelets in L?(R") for “bad”
dilations are optimal. Along these lines, Bownik [12] showed that if a is irrational and 1, ... ,¢r, is an
(a, Z)-multiwavelet, then there is an i such that for each § > 0, limsup,|_, [ \z|1+5 = oo. He also
showed that this result is sharp by finding wavelet sets for each of these dilations that are the union of at
most three intervals. Another possibility is to use wavelet sets that are the finite union of intervals (and
satisfy several extra conditions) as a start point for the smoothing techniques in [16, 40]. However, these
two advantages come from having wavelet sets that are not only bounded and bounded away from the
origin, but also the finite union of intervals. In the construction considered in [57], it is not clear at all
whether the end wavelet sets can be chosen to be the finite union of nice sets. In fact, the construction
by Benedetto and Leon was used originally exactly to construct fractal-like wavelet sets.

Since the general question of existence of wavelet sets is phrased not in terms of sets bounded and
bounded away from the origin, but arbitrary measurable sets, we will also show that the assumption that
there exist a multiplicative tiling set that is bounded and bounded away from the origin is unnecessary.
This will be done by showing that whenever there is a set that tiles R™ by D dilations, where D is
invariant under an expansive matrix, then there exists a bounded multiplicative tiling set for D.

We begin with some easy observations that were also in [57]. We say that sets U and V in R™ are
a-dilation equivalent if there is a partition {Uy, | k € Z} of U such that {a*Uy | k € Z} is a partition of
V.
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Lemma 1.12. Let D C GL(n,R) be invariant under an invertible matriz a. If Q is a multiplicative
D-tile and Qg is a-dilation equivalent to ), then Qo is a multiplicative D-tile.

Proof. Let Sj, be a partition of ) such that € Ukez akSy. Then,

Udw = U Jd's;

deD deD jez

U U da’ S;

jEZ dED

U U ds;r™.

JEZ dED
Similarly, one shows that |d1Qq N d2Q| = 0 for all d; # dy in D. O

Lemma 1.13. Let a be an expansive matriz and Qg, q be such that fori = 1,2 we have ‘ani N a’“Qi| =0
for all j # k. Then, Qo is a equivalent to Q if and only if Ujeza’Qo = Ujeza’ Q1 a.e.

Proposition 1.14. Let D C GL(n,R) be invariant under an expansive matriz a. If D is a multiplicative
tiling set, then there is a set Qo bounded and bounded away from the origin such that {dQq | d € D} tiles
R™. In particular, D is a bounded multiplicative tiling set.

Proof. Tt is widely known that a is expansive if and only if there is an ellipsoid € such that £ C a&°. In
this case, it is easy to check that Q; = a€ \ € is a bounded multiplicative tiling set for {a’ | j € Z}; that
is, ; is bounded and bounded away from the origin, and {a’€; | j € Z} tiles R™. Let S; = a/Q1 N Q,
and Qy = UjeZ a=7S;. Tt is clear that Qo C 4, so it is bounded and bounded away from the origin.
Moreover, since {a’$); | j € Z} is a tiling of R", it follows that {S; | j € Z} is a partition of £2; hence, Qg
is a-dilation equivalent to 2. Therefore, by lemma 1.14, )y is a multiplicative tiling set. O

Next, we turn to showing that the assumption of a multiplicative tile with non-empty interior is
unnecessary. We have (combining Lemma 2 and Theorem 1 of 1.15):

Theorem 1.15 ([15]). Let M be a measurable subset of R™ with positive measure satisfying aM = M
for some expansive matriz a. Then, there exists a set E C M such that {E + k| k € Z™} tiles R™ and
{d'E | j € Z} tiles M.

Suppose that we are considering classes of (D, 7T )-wavelets, where D = {a’ | j € Z} and 7 is a full
rank lattice. It is a general principle that one can either assume that a is in (real) Jordan form, in which
case one must deal with arbitrary full rank lattices, or one can assume that the lattice 7 = Z", in which
case one needs to consider all matrices of the form bab~!. In particular, if one is working with expansive
matrices, it is almost always permissible to restrict attention to translations by Z". While this is clear
to experts in the field, it is likely that researchers new to this field are not aware that the above theorem
is really a theorem about arbitrary full rank lattices.

Indeed, let M be a measurable subset of R™ with positive measure satisfying aM = M, for some
expansive matrix a. Let £ be a full rank lattice in R™. Then, there is an invertible matrix b such that
bLZ"™. The set bM is bab~' invariant, and bab~! is an expansive matrix, so there is a set I such that
{F +Fk|keZ"} tiles R" and {ba’b~'F | j € Z} tiles bM. We claim that for E=b"'F, {E+k| k€ L}
tiles R™ and {a/E | j € Z} tiles M. Indeed,

Ue+k = v 'F+k
kel kel
= Yo '(F+ok)
kel

= Jv'(F+k

kezn
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= (U F+h)
kezn
— Rn.

One can similarly show the disjointness of translates by £. To see that {a’E | j € Z} tiles M, note that

U “dE = U b F

JEZL JEZL
= b (| ba'b'F)
JEZ
= b 'bM = M.

Again, disjointness of the dilates is immediate. Thus, we have proved the following theorem, that seems
to be well known:

Theorem 1.16 ([15]). Let M be a measurable subset of R™ with positive measure satisfying aM = M
for some expansive matriz a, and let T be a full rank lattice in R™. Then, there exists a set E C M such
that {E +k |k € T} tiles R™ and {a’E | j € Z} tiles M.

Theorem 1.16 can be used to give an easy proof of Theorem 1.11 removing three of the assumptions,
but adding the assumption that the translation set is a full rank lattice.

Theorem 1.17. Let D C GL(n,R) be such that DT is a multiplicative tiling set. Suppose also that DT
is a invariant for some expansive matrix a. Let T C R™ be a full rank lattice. Then, there exists a
(D, T)-wavelet set E.

Proof. By assumption, there exists a set 2 such that DT (Q) is a tiling of R”. Consider the set M =
Ujez a’Q). The set M is clearly a invariant, and {a’({2) | j € Z} is a measurable partition of M so by
1.16, there exists a set E such that {a?(E) | j € Z} tiles M and {E + k | k € L*} tiles R". By Lemmas
1.12 and 1.13, since F is a-equivalent to 2, {d"E | d € D} tiles R®. That is, E is a (D, T )-wavelet set,
as desired. O

We have exhibited above the essential nature of the argument in [57]. That is, what is desired is a
general criterion for the following question:

Question 5. Given an expansive matrix a, a full rank lattice £ and two sets €27 and 9, when does there
exist a set () that is a-equivalent to €21 and £ equivalent to Q57?

In the above case, we were forced to restrict to the case that Qs is a fundamental region for the full
rank lattice £, since that is what was shown in [15]. As a final generalization in this section, we show
that what is really necessary is that 2o contain a neighborhood of the origin. The reader should compare
the theorem below with the statement and proofs of the theorems in [17] and [18].

Theorem 1.18. Let a be an ezpansive matriz and 3 C R™ a set of positive measure such that |a?Qy N
ale| =0 whenever j # k. Let M = UjeZ a’Qy. Let L C R™ be a full rank lattice and Qo C R™ such that
|Q2 4+ k1 NQa+ka| =0 for ky # ke € L and such that there exists € > 0 such that M N B.(0) C Q2N B(0).
Then, there exists a set Q) such that § is a equivalent to Q1 and L equivalent to 5.

Before proving Theorem 1.18,; we state and prove its main corollary, which is Theorem 2.1 of [57] with
all but one technical assumption removed.

Corollary 1.19. Let D C GL(n,R) be such that DT is a multiplicative tiling set. Let T be a spectrum
with interior such that there exists a full rank lattice such that T — T C L. Then, if DT is a-invariant
for some expansive matrix a, there exists a (D,T)-wavelet set.
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Proof. Since translations of spectral sets are again spectral sets, we may assume without loss of generality
that 5 contains 0 as an interior point. By Lemma 3.1 of [57], (Q2+k1)N(Q2+k2) has measure 0 whenever
k1 # ko € L*. So, by 1.18, there is a set {2 that is a equivalent to 21 and £* equivalent to 25. By Lemma
1.12, {dTQ | d € D} tiles R", and by Lemma 3.2 in [57], (Q2,7) is a spectral set. Therefore, Q is a
(D, T)-wavelet set. O

We turn now to proving Theorem 1.18. We begin by noting that arguing as in the proof of Theorem
1.16, one can restrict to the case £ = Z™. Next, we need to extract the following lemma from the proof
of Corollary 1 in [15], then we will follow very closely the proof in [18].

Lemma 1.20. Let a be an expansive matriz in GL(n,R). Let Fy be a set of positive measure such that
la? Fy N a*Fy| = 0 whenever j # k. Let E = [~1/2,1/2]". Then, for every ¢ > 0, there exists ko € Z and
by € Z™ such that |[akoFy N (E + £y)| > 1 —e.

The proof of Lemma 1.20 is a clever use of a Lebesgue density argument, which we will not repeat
here.

Proof of Theorem 1.18. First, note that as in the case of Theorem 1.16, Lemma 1.20 is really a lemma
about arbitrary full rank lattices £. Moreover, one can replace E = [-1/2,1/2]"™ by any subset E of a
fundamental region of £ to get the following formally stronger lemma.

Lemma 1.21. Let a be an expansive matriz in GL(n,R). Let Fy be a set of positive measure such that
la? Fona®F Fy| = 0 whenever j # k. Let £ C R™ be a full rank lattice with fundamental region Q0. Then, for
every set E C Q and every e > 0, there exists ko € Z and ly € L such that |a* Fy N (E+4o)| > (1—¢€)|E]|.

Turning to the proof of 1.18, note that by Theorem 1.14, we may assume without loss of generality
that €2; is bounded and bounded away from the origin. We may also assume that {25 is contained in a
convex, centrally symmetric fundamental region of £. The rest of the proof follows very closely the proof
of Theorem 3.7 in [18], with Lemma 1.21 playing the role of Proposition 3.5 in [18]. We will construct a
family {G;; | i € N,j € {1,2}} of measurable sets whose a-dilates form a measurable partition of €, and
whose translates by vectors in £ form a measurable partition of 25. Then

(1.1.1) Q ::UGU-
is the set desired in Theorem 1.18. Since the steps are so similar to [18], we will give the first step of the
inductive definition, and the properties needed for induction. Details are the same as in [18].

Let {a;} and {f;} be sequences of positive constants decreasing to 0 and such that a; < e chosen so
that Bq, (0) N M C B, (0) N Q. Let By = Qy \ Bq, (0). Then, |(E1;)| > 0. Let F1; be a measurable
subset of Q; with measure strictly less than |2;]. By Lemma 1.21, there exists k; € N and ¢; € £ such
that

(1.1.2) la¥' Fyy 0 (B — 01)] > %|E11\

Let Giq := a™ Fy1 N (Eu —{1), let Ey1 := Gy + 41, and let

(1.1.3) Fiy= Fauna ™™ (B —)a "G
Then Fy; C Fy; C ©; and |24 \F11| > |9\ Fi1] > 0. Also, By C F11, and
(1.1.4) 1Bl = Gl > 5Bl

Also, G1; = a** Fy;. Now choose Fio C Qy, disjoint from Fjy, such that Q \ (Fi; | Fi2) has positive
measure less than ;. Choose m; such that a=™ F}5 is contained in Ny = Bal/Q(O) and is disjoint from
G11. (This is possible since G1; is bounded away from 0.) Set

(115) G12 = E12 = a7m1F12’
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The first step is complete.

Proceed inductively, obtaining disjoint families of positive measure {E;;} in Qa, {F;;} in Q; and {G;}
such that for ¢ =1,2,... and j = 1,2 we have

1. Gi + 4 = Ei;

Gip = E;;

% "o
a~" Gy = Fi;
a™i G = Fio;

0\ (FulUFU--UFaUF2)| < B, and
|E11| Z %|QQ \ (E11 UE12 U s UEi—l,l UEi—LQ)) — %|NZ|, where N1 is a ball centered at 0 with
radius less than «;.

A e

Since 3; — 0, item 5 implies that F'\ (| F;;) is a null set, and since oy; — 0, item 6 implies that
(E\ (UE;j)) is a null set. Let
(1.1.6) F=J{Gjli=12...,j=12}
then, G is congruent to €25 by items 1 and 2, and the a dilates of G form a partition of M, as desired. [
For sets D C GL(n,R) which are invariant under an expansive matrix, Corollary 1.19 is nice in that it
reduces the question of existence of wavelet sets to the the question of existence of tiling sets for dilations
and translations separately. It is still in some sense unsatisfactory, because it relies on the existence of
objects external to the sets (D,7) under consideration. From the point of view of characterizing sets

(D, T) for which wavelet sets exist, something more is needed. We will present in section 4 some progress
on this question when D is a countable subgroup of GL(n,R).

2. ADMISSIBLE GROUPS AND FRAMES

We will now turn to the applications of those results to frames and wavelets in R™. But first we recall
some results about the continuous wavelet transform.

Recall that translations and dilations on the real line form the so-called (ax + b)-group. Assume in
general that we have a group G acting on a topological space. Assume that p is a Radon measure on
X and that the measure g - pu : E — u(g~! - E) is absolutely continuous with respect to u. Then pu is
quasi-invariant, i.e, there exists a measurable function j : G x X — R™ such that

[ 16 2)dute) = [ itg.07(a) duta)
X X
for all f € L*(X). Then, we can define a unitary representation of G on L?(X) by

(7 (9) f1(x) =g~ @) 2 fg ™ ).

For a fixed 1) € L?(G) define the transform Wy, : L?(X) — C(G) by
Wy (f)(g) == (f,7(g9)¥)

and notice that Wy, intertwines the representation m and the left reqular representation, i.e.,

Wy(m(g)f)(x) = (w(9)f,m(x)¥)

= (fim(g™"-2)y)

Wo)g™ ).
Notice that Wy (f)(g) < || fll2]|%¥|l2, and hence Wy, (f) is bounded. One of the important question now is:

Question 6. Given the group G acting on X find a discrete subset D C G and a function @ such that
{m(g~ 1) | g € D} is a frame for L?(X).

For a general discussion we refer to the fundamental work of Feichtinger and Grochenig [23, 24].
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Definition 2.1. Let H be a separable Hilbert space, and let J be a finite our countable infinite index
set. A sequence {f;} ey in H is called a frame if there exists constants 0 < A < B < oo such that for all

x € H we have.
Alle|> <@, )P < Bllz)?.
2
{f;j}jer is a tight frame if we can choose A = B and a normalized tight frame or Parseval frame if we
can choose A = B = 1.

Example 2.2. Let H be a Hilbert space and K C H a closed subspace. Assume that {u,} is a orthonor-
mal basis of H. Let pr : H — K be the orthogonal projection. Define f; = pr(u;). Then {f;} is a
Parseval frame for K. In fact it is easy to see that every Parseval frame can be constructed in this way. In
particular we can apply this to the situation where (€2, 7) is a spectral pair and M C € is measurable with
|M| > 0. Then {|Q|~'/2e)}rer is an orthonormal basis for L(Q) and hence {fy := [Q|7'/2ex|a}aeT is
a Parseval frame for L2(M).

Example 2.3. For the (az + b)-group j(a,x) = |a|~! is independent of 2 and we get:

Wy(f)(a,b) = (f,7(a,b)y)
= (faTbDaw

= oV / (@) (@ = b)a) de

Here Ty : L?*(R) — L%(R) stands for the unitary isomorphism corresponding to translation Tpf(z) =
f(z —0b) and D, : L>(R) — L?(R) is the unitary map corresponding to dilation D, f(x) = |a|~'/2f(z/a),
a #0.

The discrete wavelet transform is obtained by sampling the wavelet transform W, (f) at points gotten
by replacing the full (axz +b)-group by a discrete subset generated by translation by integers and dilations
of the form a = 2™:

Wi @™ =27"m) = (f|=((2",m)"")y)
271/2/]“ 2”x+m)dx

= (f,Dy-nT_im1)).
Hence, the corresponding frame is
(2.2.1) {7((2",m) Y | n,m € Z} = {DanTy9p | ny,m € Z} .
The inverse refers here to the inverse in the (az + b)-group.

As in the last example, it is well known, that the short time Fourier transform, and several other
well known integral transforms have a common explanation in this way in the language of representation
theory. This observation is the basis for the generalization of the continuous wavelet transform to higher
dimensions and more general settings, and was already made by A. Grossmann, J. Morlet, and T. Paul
in 1985, see [34, 35]. In [34] the connection to square integrable representations and the relation to the
fundamental paper of M. Duflo and C. C. Moore [20] was already pointed out. Several natural questions
arise now, in particular to describe the image of the transform W, and how that depends on . But we
will not go into that here, but refer to [2, 3, 6, 8, 19, 21, 24, 25, 28, 30, 31, 32, 33, 34, 35, 39, 46, 51, 59]
for discussion. Here, we will concentrate on the connection to frames, wavelets and wavelet sets.

Denote by Aff(R™) the group of invertible affine linear transformations on R™. Thus Aff(R™) consists
of pairs (x, h) with h € GL(n,R) and « € R™. The action of (z,h) € Aff(R™) on R™ is given by

(z,h)(v) = h(v) +
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The product of group elements is the composition of maps. Thus
(2, a)(y,b) = (aly) + x, ab)
the identity element is e = (0,id) and the inverse of (z,a) € Aff(R") is given by
(2.2.2) (z,0)7t = (—a " (z),a™ ).
Thus Aff(R™) is the semidirect product of the abelian group R"™ and the group GL(n,R); Aff(R™) =

R™ x5 GL(n,R). Let H C GL(n,R) be a closed subgroup. (In fact it is not necessary to assume that H
is closed, but for simplicity we will assume that.) Define

R" x4 H :={(z,a) € Aff(R") |a € H, x € R"}.

Then H xs R™ is a closed subgroup of Aff(R™), and hence a Lie group. From now on H will always
denote a closed subgroup of GL(n,R).
Define a unitary representation of R* x, H on L?*(R") by

(2.2.3) [r(x,a) f](v) = | det(a)] "2 f((z,0) " (v)) = | det(a)| /2 f(a™ (v — ) .

Write 9, o for m(z,a)y. Because of the role played by the Fourier transform, we will also need another
action of H on R™ given by a-w := (a~1)T(w). We denote by 7(z,a) the unitary action on L?(R") given
by

(2.2.4) #(x,a)f(v) = /] det(a)le>™ ) f(a" - v) = /] det(a)|e ™) f(aT (v)) .

Remark 2.4. Some authors use the semidirect product H x; R™ instead of R™ x4 H. Thus first the
translation and then the linear map is applied, i.e., (a,x)(v) = a(v + z). In this notation the product
becomes (a,z)(b,y) = (ab,ab(y) + a(z)), the inverse of (a,z) is (a,2)~! = (a~!, —ax), and the wavelet
representation is

(2.2.5) T(a,x) f(v) = |deta| V2 f(a v —2).

Furthermore, instead of using the transposed action, we could just as well represent R™ in the frequency
picture as row vectors and use the right action.

The Fourier transform intertwines the representations m and 7 [21], Lemma 3.1, i.e.,

(2.2.6) m(z,a) f(w) = 7(z,a)f(w), feL*R").

Denote by dug a left invariant measure on H. A left invariant measure on G is then given by dug(z,a) =
|det(a)|~tdpg(a)dx. Let f,1p € L2(R™). A simple calculation shows that

(2.2.7) LG ir@anPanctea) = [ 1F@PF [ a0 dulads
(2.2.8) = [ 1@ [ e @) dun )

There are several ways to read this. First let M C R” be measurable and invariant under the action
HxR" > (h,v) — h-v:=(h~1)T(v) € R". Then we denote by L2,(R"™) the space of function f € L?(R")
such that f (¢) = 0 for almost all £ ¢ M. Notice that L%,;(R") is a closed invariant subspace, and that
the orthogonal projection onto L3,(R™) is given by f (fXM)V. The first result is now:

Theorem 2.5. Let M C R"™ be measurable of positive measure, and invariant under the action (a,v)
a-v. Then the wavelet transform

Wy f o (f | 7z, a)i) oy = | detal ™/ / F@) o —2)) dy
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is a partial isometry Wy, : L3,(R™) — L?(G) if and only if

(2.2.9) / [(a”w)|? dug(a) =1
for almost all w € M.
Motivated by [46, 59] we define

Definition 2.6 (Laugesen, Weaver, Weiss, and Wilson). Let M C R™, be measurable, invariant, and
|M| > 0. Let v € L?>(R™) then v is said to be a (normalized) admissible (H, M )-wavelet if for almost all
w € M we have

/H |1/AJ(GTW)|2 d/AH(a) =1.

We say that the pair (H, M) is admissible if a (H, M)-admissible wavelet ¢ exists. If M = R™ then we
say that H is admissible and that v is a (normalized) wavelet function.

Assume that ¢ € L3,(R") is a normalized admissible wavelet. Then
G 3> (z,a) — F(z,a) :== Wy f(z,a)s.q € L3;(R™)
is well defined and if g € L3,(R™) then

[P0 91z duotaa) = [ Wwﬂx,a)( wz,a@)@dy) dyic(z,a)
G G R™

- /GWwf(x,a)Wduc(%a)

= (Wyf | Wyg)r2q)
= (fl9r2wn -
Hence

Lemma 2.7. Assume that ¢ € L3,;(R") satisfies [, lh(aTw)|? dug(a) =1 for almost all w € M. Then,
as a weak integral,

(2.2.10) f= /Wwf(x,a)wﬂa dug(z,a)
for all f € L*(R™).
Question 7 (Laugesen, Weaver, Weiss, and Wilson). Give a characterization of admissible subgroups of
GL(n,R).
It is easy to derive one necessary condition for admissibility. For w € R™ let
(2.2.11) H*={heH|h-w=w}={heH|h (w) =w}

be the stabilizer of w. Then admissibility implies that H is compact for almost all w € R™. This condition
is not sufficient and by now, there is no complete characterization of admissible group. The best result
is the following, due to Laugesen, Weaver, Weiss, and Wilson [46]:

Theorem 2.8 (Laugesen, Weaver, Weiss, and Wilson, [46]). Let H be a closed subgroup of GL(n,R).
Forw e R"™ and € > 0 let

HY ={heH||a w-uw| <e}
be the e-stabilizer of w. If either

1. G =R" x4 H is non-unimodular, or
2. {w e R™ | HY is non-compact } has positive Lebesgue measure
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holds, then H is not admissible. If both (1) and
(3) {w e R™ | H¥ is non-compact for all € > 0} has positive Lebesgue measure fail,

then H is admissible.

Remark 2.9. If M is homogeneous under H”. Then (H, M) is admissible if and only if H is compact
for one - and hence all - w € M, c.f. Lemma 3.1.

Various versions of the following discrete version of the wavelet transform are well known in the
literature. From now on H will always stand for a closed subgroup of GL(n,R).

Theorem 2.10. Let M C R™ be measurable with positive measure and such that ’M \ M| = 0. Assume
that there exist a countable, discrete subset I' C GL(n,R) and a measureable set F C M such that the
following holds:

L [MA\U,er7"Fl=0;
2. super#{o el | |JTIFQ 'yT]F| #0} =L < oo;
3. There exists a set T C R™, such that

{edr |t €T}
is a frame for L*(M) with frame constants 0 < A < B.
Let ¢ = xf. Then
{r((t,) e |teT, yeT}

is a frame for L%, (R™) with frame constants A and LB. In particular if L =1 and {e:|r | t € T} is tight
frame, then {m((t,y) )¢ |t € T, v €'} is a tight frame, with same frame constant.

Proof. First recall that (t v)~t = (=771, by equation (2.2.2). Hence by (2.2.4) and (2.2.6) it follows
that (with v# = (y~1)~!

(fom((ty) ™) = (67 D)
= det(7)| " [ FN)e 2O BN ya(5 - A) dA

\/Idet(w)l/Ff(vTA)e‘Q”“’” dA

= ([Dyfllr,exle) -
As {ei|r | t € T} is a frame for L?(F) with frame bounds A and B, it follows that

ANDy# fllel® < Y 1Dy fles e0)? < BID# fllell?

teT

or

Al fxyrsll® < D 1w ()" NP < Bl el

teT
But by assumptions (1) and (2), it follows that

IF1P <Y 1 Pxrr < LIFP

~el’

and the statement of the theorem follows. |

Few remarks about this theorem are at place here:



WAVELETS, WAVELET SETS, AND LINEAR ACTIONS ON R" 13

Remark 2.11. If F is bounded and satisfies (1) and (2) then we there are always infinitely many 7°
satisfying (2). Just, c.f., [8], p. 605, take any parallelpiped

n
R:{thuj|aj§tj§bj,j:1,... ,n}
j=1

such that F C R. Then uyq, ... ,u, is a basis for R™. Let vq,...,v, be the dual basis, and define
T .= J
{Z bj —a
j=1"

Then {|R|~"?e/|p | t € T} is an orthonormal basis for L?(R). By Example 2.2 it follows that
{|R|=Y?es|p | t € T} is a tight frame for L?(F).

vj|k:(k1,...,kn)€Z”}.

J

Remark 2.12. The function ¢ in the above Theorem is non smooth, as its Fourier transform is an
indicator function and hence not even continuous. But instead of ¢ we can choice a smooth, compactly
supported function h such that there exists constants 0 < a < b such that a < |h|p < and such that the
support of h satisfies condition (2) (possibly with another L). Then a simple modification of the above
proof shows that {7 ((t,y)"1hY) | (t,7) € T x '} is a frame, see [8], Theorem 3.

In the above theorem we did not assume that M is invariant under a subgroup of GL(n,R) or that T
has any special structure. But in applications, or for constructing examples, we will later use that M is
invariant under a group H and then use the structure of H to construct both I' and F. The following
theorem is the prime tool for that. We will need the following, which is a part of Lemma 3.3 in [23]:

Lemma 2.13 (Feichtinger and Grochenig). Let H be a locally compact, Hausdorff, topological group. Let
I' C G. Then the following conditions are equivalent:
1. There exists a relatively compact open subset V. C H, e € H, such that YV NoV =0 if vy,0 € T,
v F# O
2. Given any relatively compact subset W in H such that W° # (), then

sup#{o e T |[yW NoW # 0} < o0, .
yel’

Theorem 2.14. Assume that M is H-homogeneous under the action (h,x) v h-x, and that (H, M) is
admissible. Suppose there exists a relatively compact measurable set Fyy C H with non-empty interior,
and a discrete set I' C H such that the following holds:

Lopp(H\ U'yGF VFu) = 0;

2. super #{o €T | oFy NFy # 0} < co.
Let w € M and set F = Fy - w. Then the pair (T 71, F) satisfies the conditions (1), (2), and (3) in
Theorem 2.10.

Proof. As M is homogeneous it follows that M ~ H/H%, where ~ stands for diffeomorphic. Hence F is
measurable with finite measure. Then notice that
U~ Fu-w

U 'F

yelr'—1 vyer

= J@Fn) w
yel
= H-w

M.
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By Lemma 2.13 there exists an open, relatively compact set V' C H, with e € V, such that

(2.2.12) YWNnoV =0, v#o.

As H¥ is compact, it follows that K := FyH* is relatively compact. Hence, by (2.2.12) and Lemma
2.13, we get:

(2.2.13) sup#{oc €T |yKNoK #0} = L < 0.
~el

By Lemma 1.4 in [51] we have

(2.2.14) sup #{o €T [/TFNo"F# 0} =sup#{oc €T |7yKNoK # 0} = L < 0
yer—1 ~yer

and condition (2) in Theorem 2.10. As Fg is compact, it follows that F is compact. In particular F is
bounded and the existence of the set 7 in (3) follows by Remark 2.11. |

Corollary 2.15. Assume that M is homogeneous and that (H, M) is admissible. If there exists a co-
compact subgroup I' C H, then there exists a set F C M satisfying the conditions in Theorem 2.10

3. THE FO CONDITION AND FRAMES

Theorem 2.14 combined with Theorem 2.10 gives us a tool to construct frames in subsets of R". The
problem becomes to find groups such that (H,R™) is admissible and such that we can apply Theorem 2.14.
In this section we discuss a special class of such group introduced in [21] and [51]. Those are admissible
groups with finitely many open orbits. They groups are closely related to the so-called prehomogeneous
vector spaces of parabolic type [9]. We say that the pair (H.M), H C GL(n,R), § # M C R", satisfies
the condition FO if M is H”-invariant, and there exists finitely many H”-invariant open and disjoint

sets Uy, ... ,Ux € M, such that each U; is HT-invariant and homogeneous, and |M \ U?Zl Uj‘ =0. We

start with a simple lemma:

Lemma 3.1. Assume that the pair (H, M) satisfies the condition FO. Then (H, M) is admissible if and
only if the stabilizer H* is compact forw e U;, j=1,... k.

Proof. 1t is clear, that if (H, M) is admissible, then H* is compact for each w € U;U;. For the other
direction, fix w; € U;. For j =1,... ,k let g; € C.(U;), g; >0, g # 0. Then the function

H>ar~ g;(a”(w;))eC

has compact support and [, g;(a” (w;)) dur(a) > 0. Let w € U;. Choose h € H such that w = h' (w;).
This is possible because U; is homogeneous under H T Then

/ 0;(a” () du(a) = / 0;(aTh7 (w;)) dpgr(a)
H H
_ / 0;((ha)T (w;)) dprr(a)
H
- / g;(aT (w;)) dur(a)
H

Hence Aj = [}, gj(a” (w)) dup(a) > 0 is independent of w € U;. Define ¢ : R™ — C by

() = g;(w)/A; if we U
= 0 ifwgU,U;
Then ¢ € C.(R™), so in particular ¢ € L*(R™). Define ¢ := V. Then ¢ satisfies the admissibility
condition (2.2.9). Hence, H is admissible. O
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Question 8. Classify the pairs (H, M) satisfying the condition FO.

We will discuss the construction of frames for L3,(R™) for pairs (H, M) satisfying the condition OF.
Lemma 3.2. Let H C GL(n,R) be a closed subgroup such that H can be written as H = ANR =
NAR = RAN with R compact, A simply connected abelian, and such that the map

NxAxR>(n,a,r)—nar € H
is a diffeomorphism. Assume furthermore that R and A commute, and that R and A normalize N.
Finally assume that there exists a co-compact discrete subgroup I'ny C N. Let 'y C A be a co-compact

subgroup in A. Choose bounded measurable subsets Fy C A, and Fny C N such that N = T'yFy, and
A =T 4F and such that the union is disjoint. Let ' =T'4AI'y and Fg = FNFAR C H. Then we have

H= U YFu
yer

and the union is disjoint. Furthermore we can choose Fy such that FS; p.
Proof. We have

|J'FrFaR = Tuln(Fn)FaR
5
= I'aNFsR because'yFy = N
= |J Ny ) FAR
YET A
= U NAF AR because A normalizes N
vyela
= NIAF4R
= NAR
= H.
Assume now that

YAYN N faT = 0A0NGNGAS

for some y4,04 € T4, Yyn,0n € TN, fa,94 € Fa, fn,gn € Fy, and 7,8 € R. Then, as Ax N x R >
(a,n,r) — anr € H is a diffeomorphism, it follows that » = s. Hence yaynfnfa = caongnga. But
then — as A normalizes N —

Win = (va'oa)ongn(gafs')
= (va'oagafi') ((gafa) tongn(gafsl))
Hence 7;10AgAf;1 =1or
yafa =o0aga.
As the union I'"4F 4 is disjoint, it follows that y4 = 04 and f4 = g4. But then the above implies that
INFN =ONgN -

But then - again because the union is disjoint — it follows that vy = on and fy = gn. |

Our first application of this lemma is to give a simple proof of the main result, Theorem 4.2, of [51],
without using the results of [8]. We will reformulate those results so as to include sampling on irregular
grids, see also [4].

Assume now that H = AN R satisfies the conditions in Lemma 3.2. Let ' = T'4I'y and Fg = FNF4 R
be as in that Lemma. Suppose that M C R” is H invariant and such that there are finitely many open
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orbits Uy, ..., Uy € M such that |[M \ U?:l U;| = 0. Finally we assume that for each w; € U; the
stabilizer of w; in H under the action (h,w) — (h™1)T(w) is contained in R and hence compact. Let
Fj=Fpg-wjand F = U?=1 F;. Then the Lemma 3.2 implies that we have a multiplicative tiling of M as

(3.3.1) M=JvF={J V@

yel yer—1

(up to set of measure zero).

Theorem 3.3. Let the notation be as above. Suppose that {ei|r}ieT is a frame for L*(F). Let ¢ =
xy. Then the sequence {m((t,7) ")} yerxr is a frame for L?(M) with the same frame bounds. In
particular there exists a constant T > 0 such that {Tﬂ'((t,’y)_l)w}(m)eyxp is a Parseval frame for
L2,(R™) if and only if {Tei|r}ieT is a Parseval frame for L*(F).

Proof. This follows from Theorem 2.14. O

There are several ways to state different versions of the above theorem. In particular one can have
different groups H; = A;N;R;, with compact stabilizers, such that each of them has finitely many open
orbits, Uj1,... ,Ujk, such that R" = UN I';U;,; a disjoint union. One can also construct a set Fy that is
not necessarily R-invariant (c.f. Example 3.8), and finally, one can allow more than three group. But we
will not state all those obvious generalizations, but only notice the following construction from [21]. We
refer to the Appendix for more details. In [21] the authors started with a prehomogeneous vector space
(L, V) of parabolic type, see [9] for details. Then L has finitely many open orbits in V, but in general
the stabilizer of a point is not compact. To deal with that, the authors constructed for each orbits U; a
subgroup H; = A;N;R; such that U; is up to measure zero a disjoint union of open Hj orbits U; ;. It
turns out, that it is not necessary to pick a different group for each orbit, the same group H = H; works
for all the orbits.

Theorem 3.4. Let H = ANR be one of the group constructed in [21]. Then H is admissible.
Proof. This follows from Theorem 3.6.3 and Corollary 3.6.4 in [9)]. O

Remark 3.5. The statement in [9] is in fact stronger than the above remark. In most cases the group
AN has finitely many open orbits. This group acts freely and is therefore admissible. The only exception
is the so-called Type III spaces, where the group AN R has one orbit and is admissible.

Example 3.6 (RTSO(n)). Take A = RTid, R = SO(n), the group of orientation preserving rotations in
R", and N = {id}. Then H = R*SO(n) is the group of dilations and orientation preserving rotations.
Notice that g=! = g7 if g € SO(n) and therefore g - w = g(w). The group H has two orbits {0} and
R™ \ {0}. The stabilizer of e; = (1,0,...,0)T is isomorphic to SO(n — 1). In particular the stabilizer
group is compact. It follows that R*SO(n) is admissible. In fact any function with compact support in
R™\ {0} is, up to normalization, the Fourier transform of an admissible wavelet.

Example 3.7 (Diagonal matrices). Let H be the group of diagonal matrices H = {d(A1,... ,A\n) | Aj #
0}. Thus A = {d(A1,..., ) |V : A\; >0} and R = {d(e1,... ,€,) | ¢, = £1}. The group N is trivial.
Then H has one open and dense orbit

U={(z1,...,z.)" |G=1,...,n)z; #0} =H-(1,...,1)7T.

The stabilizer of (1,...,1)7 is trivial and hence compact. It follows that H is admissible. We can also
replace H by the connected group A. Then we have 2" open orbits parameterized by € € {—1,1}2

Ue = {(21,...,7;)" | sign(z;) = ¢} = H- (€1,... ,€n).

The stabilizers are still compact and hence H is admissible.
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Example 3.8 (Some two-dimensional examples). In this example we discuss some 2-dimensional appli-
cations. Most of those examples can be found in several other places in the literature, but we would like
to show how all of them fits into our general construction.

Upper triangular matrices: Let first H be the group of upper triangular 2 x 2-matrices of determinant

1
H:{(g 1%) |a7é0,teR}.

Here A is the group of diagonal matrices with a > 0, N is the group up upper triangular matrices with
1 on the main diagonal and R = {+id}. Then we have one open orbit of full measure given by

U={(z,9)" |y#0}=H e

where e = (0,1)7. The stabilizer of ey is trivial which implies that H is admissible.
Now take R = {id}. Then AN has two open orbits

Ur={(z,y)" |y >0} and Uz={(z,y)" |y<0}.
Take any A > 1 and b > 0. Then we can take

FN::{((l) kib>|kez} and FA::{(AOTL /\9n>|n€Z}.
IE‘N:{((l) klb)|kez} and FA::{(S I?H)me(l/)\,l)}.

Taking w = (0,1)7 we get
F = {(x,y)" € R? | x =ty for some t € (0,b) and some y € (1/X\,1)}.

)

Take

There are several choices for a spectral set €2 containing F. One of them is
1
Q={(z,y)" [0<z<b L <y<1},

To see how the elements in I acts, lets us see how the generators of I'y and I'4 acts:

(6 1) i)™ € [o =ty te 0,20, € /A1)
In particular, the line segment that bound F are moved into:
{(z, DT 0<z<b} — {(z,1)]|b<z<2b}
{(z, 1/ 0T |0<z<b/A} — {(x,1/\) | b/X <z <2b/\}

{(0.9)7 |

{(z,9)" |2 =1by,

1
<y<lp = Ay le=by, v <y<l}

1
<y<1l} = A{l@ylz=2by +<y<l}

Sl =

Similarly

(3 1(/)/\) F = {(z,y)" € R? | x = sy for some s € (0, \?b) and some y € (\"2, \"1)}.

Dilations and rotations: In this case we let A = RTid, the group of dilations,

v=s0,0)={r (3G ) 10<e<).
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the group of orientation preserving rotations, and R = {id}. (Notice, that we could have interchanged
to role of R and N, as N is compact in this case.) Then we have one open orbit U = R?\ {(0,0)7}. Fix
A>1land s € Nandtake 'y = {\"id | n € Z} and 'y = {Ry/s | K =0,1,... ,5 —1}. Then I'y is a
finite subgroup of V and I'yI'y is a group. In this case we can take

F= {T(cos(27rt9),sin(2779)T INt<r<1,0e€(—1/(25),1/(29)}.

Dilations and hyperbolic rotations: The example H = R*SO,(1,n) was discussed in details in [51].
Take n = 2. Then we can take A = R¥id and and

_ [ (cosh(t) sinh(?)
- {(sinh(t) cosh() G
In this case we have four open orbits

Uy = {@y’ o<y <z}, Us={(z,9)" |0< |yl < —a},
Us = {(z,9)" [0<|z| <y}, Us={(z,9)" |0<|z| <—y}.

Fix A>1and b>0. Let T4 := {\"id | n € Z} and

v { (o) ) ez}

Notice, that in this case I' is in fact a group as A and N commute. In this case we can take

Fa={uid|1<p<A} and Fy= {(Zﬁlgg (Sjg:fl((@ Ite (b/?,b/?)} :

The fundamental domain in Uj is then
F = {(z,y)" | 1 <z < cosh(b/2), 2* —y* € (1,A?)}.
The boundary of this domain is given by
OF = {(cosh(t),sinh(t))” | =b/2 <t < b/2} U {\(cosh(t),sinh(t))T | —b/2 <t < b/2}
U{s(cosh(b/2), £sinh(b/2) | 1 < s < A}.
We leave it to the reader to determine a spectral pair (2, 7) such that F C 2.

4. CONSTRUCTION OF WAVELET SETS

We apply now our construction in section 1 to discrete subgroups of GL(n,R). We start by the following
reformulation of Theorem 2.8 for discrete groups. Our aim is later to apply it to the discrete subgroup
I'4 from the last section. As before we use the notation a - x(a=1)7 (z).

Lemma 4.1. Let D be a discrete subgroup of GL(n,R). If for almost every x € R™, there exists an € > 0
such that e-stabilizer D¥ is finite, then there exists a measurable function h such that

(4.4.1) S Id x)? =1 ae.
deD

We have the following improvement of Lemma 4.1.

Proposition 4.2. Let D be a discrete subgroup of GL(n,R). If for almost every x € R™, there exists an
€ > 0 such that D? is finite, then there exists a measurable function g of the form g = xx such that

(4.4.2) Z lg(dT2)]> =1 a.e.

deD
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Proof. We first recall some notation and preliminary results from [46]. For an open ball B C R", we
define the orbit density function fp : R™ — [0, 00] by

(4.4.3) fe(z) =pu({de D |d"z € B}),
where p is counting measure. Lemma 2.6 of [46] asserts that
(4.4.4) Qo :={z € R" | D¥ non — compact Ve > 0} = {z € R" | fg(z) =00, VB: BNO, # 0}

Now, let B = {B;}, j € N, be an enumeration of the balls in R™ having rational centers and positive
rational radii. Let f; = fp,. We claim that

(4.4.5) =JfzerR"| @) =13 JW (N,

j>1
where

(4.4.6) N = U {z eR" | d'z =z}
deD,d#id
To see this, suppose that = & (Qo|JN). Then, there exists an open ball B such that BN O, A, and
fB(x) < 0o. Since BN O, # 0, there is a dy € D such that di'x € B. Therefore, there is a j such that
d¥x € B; C B;in particular B;NO, # 0 and co > f;(z) > 0. Now, write {d € D | d'x € B;}{d},...dL}.
Since ¢ N, the df'z = dJTx only if i = j. Hence, there is an open set O such that u({d € D | d"z € O}1.
Choose j such that di x € B; C O so that fj(z) = 1.
Continuing along the lines of [46], let

Q ={z eR"| fi(z) =1}
and
Q= {ee® | fe) =1\ @ U

The sets {Q;},>1 form a disjoint collection of Borel sets such that R™ \ (U;‘;l ;) has measure 0 (it is a
subset of QJ N). Let us define

(44.7) Zm 2)xg (@

and g(z) = 0 for z & (U;>, ©;). Note that
(4.4.8) g(x) =xx, K=J@;nB)

so all that is needed to complete the proof, is to show {dT K | d € D} is a tiling of R", equivalently,
> aep 9(dx) =1 a.e. This is a special case of the argument in [46], which we outline now.

First, note that if z € R™ such that f;(z) = 1 for some smallest j, then there is a unique d € D such
that dz € B;. Since f; is constant on orbits, d’z € Q; N Bj and dTx ¢ (Q1U---UQ;-1). Therefore,
red- K and Uyep dTK = R™ up to a set of measure 0.

For disjointness, since d7'Q; = Q;, it suffices to check that (2; N B;) N (£, N B;)a has measure 0 for
all d not the identity id. If z € (Q; N By), then f;(z)1. If, in addition, x = d”w for some w € (; N B;),
then d~'z € B; which means that d -z = 2 and d = id since f;(z) = 1. O

Theorem 4.3. Let D be a discrete subgroup of GL(n,R) that contains an expansive matriz, and L C R™
a full rank lattice. If for almost every x € R™, there exists an € > 0 such that D? is finite, then, there
exists a (D, L)-wavelet set.
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Proof. By Proposition 4.2, there exists a function g = xx such that equation 4.4.2 holds. Therefore,
{dTK | d € D} tiles R™. Thus, by Theorem 1.17 there exists a (D, £)-wavelet set. O

Note that there are examples of discrete subgroups of GL(n,R) that are not generated by a single
element, c.f. Example 3.8.

Question 9. If D is a subgroup of GL(n,R) and L is a full rank lattice such that there exists a (D, 7)-
wavelet set, then for almost every = does there exist an € > 0 such that the e-stabilizer D? is finite?

One final comment is that in all of the above considerations, the set D is assumed to be invariant
under multiplication by an expansive matrix. Removing this condition seems to be very hard. Indeed,
even when the set D = {a’ | j € Z}, it is not clear what happens when a is not an expansive matrix. In
this case, the interplay between dilations and translations becomes crucial in understanding when there
(2) 293) D = {d’ | j € Z}, and TZ? Tt is easy to see
that there is a set of finite measure 2 such that {a’Q} tiles R?. However, there exist full rank lattices
L1 and £ such that there are no (D, £1)-wavelet sets, yet there are (D, Lo)-wavelet sets [54]. Hence, in
the non-expansive case, it is not enough to simply prove the existence of sets that tile via dilations and
translations separately.

We will now apply this to the discrete subgroup I'y C A from the last section, where A is as in
Theorem 3.4.

exists a wavelet set. For example, let a = <

Theorem 4.4. Let H = ANR be one of the group constructed in [21]. Then the following holds:

1. The group A contains a discrete co-compact subgroup T'n C A such that E4 = {d € T4 |
d is expansive} is a non-trivial subsemigroup. In particular there exists an expansive matriz a
such that I' 4 is a invariant.

2. Let 'y and FX be as in the Appendiz and let ' =T 4I'y. Then ITX crl.

Proof. (1) follows from Lemma 5.3 in the appendix. For (2) we recall that I' is contained in the center
of ANR. Hence

T TATNT
IR

C Tu'y=T.

We have now proved, using Theorem 4.3 the following theorem:

Theorem 4.5. Let the notation be as in Theorem 4.4. Let L be a full rank lattice in R™. Then there
exists a (T a, L)-wavelet set and a (T, L)-wavelet set.

Remark 4.6. Theorem 4.4 gives several examples of non-groups of dilations for which wavelet sets exist.
Unfortunately from the point of view of characterizing sets (D, 7) for which wavelet sets exist, if one
starts with the set D, one still has to rely on the existence of an object external to the set D for the
existence of wavelet sets. It would also be interesting to remove the condition that £ is a lattice.

5. SYMMETRIC CONES

In this section we discuss the important example of homogeneous cones in R™. Those cones show up in
several places in analysis. As an example one can take Hardy spaces of holomorphic function on tube
type domains R™ + ¢ @ Q [55]. An excellent reference for harmonic analysis on symmetric cones is the
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book by J. Faraut and A. Koranyi [22]. A nonempty open subset Q C R”™ is called an open (convez) cone
if Q is convex and RTQ C Q. Let © be an open cone, define the dual cone Q* by

O ={veR" |VueQ\{0} : (v,u)>0}.
If Q* is nonempty, then Q* is a open cone. (Q is self-dual if Q = Q*. Let
GL(©?) = {g € GL(n,R) | g(22) = 0} .

Then Q is homogeneous if GL(2) acts transitively on €. From now on we assume that € is a self-dual
homogeneous cone. Let g € GL(Q) and u € Q\ {0}. Then g(u) € Q\ {0}. Hence if v € Q = Q*, then

(9" (v),u) = (v,9(u)) >0 .

Thus g7 (v) € Q* = Q. It follows that GL(f2) is invariant under transposition, and hence reductive. Let
e € Q. Then

K =GL(Q) ={g € GL(Q) | g(e) = ¢} .
Let 0(g) = (¢-1)T. Then it is always possible to choice e such that K = {g € GL(Q) | 0(g) = g} =
SO(n) N GL(n,R). Define the Lie algebra of GL(2) by
gl(Q) :={X e M(n,R) |VteR : ¥ € GL(Q)} .
Then gl(Q) is invariant under the Lie algebra automorphism 6(X) = —X7. Let
t={X egl(Q)|6(X) =X}
and
s={X €gl(Q) ] (X)=—-X} = Symm(n,R) N gl(R)

where Symm(n,R) stand for the space of symmetric matrices. Let a be a maximal subspace in s such
that [X,Y] = XY —YX = 0 for all X,Y € a. Notice that (X,Y) = Tr(XY7T) is an inner product on
gl(Q) and that, with respect to this inner product, ad(X) : gl(Q2) — gl(Q2), Y — [X, Y] satisfies

ad(X)T = ad(X7T) .
Hence the algebra {ad(X) | X € a} is a commuting family of self adjoint operator on the finite dimensional
vector space gl(£2). Hence there exists a basis {X}; of gl(Q2) consisting of joint eigenvectors of {ad(X) |

X € a}. Let 3(a) be the zero eigenspace, i.e., the maximal subspace of gl(Q) commuting with all X € a.
Then there exists a finite subset A C a* \ {0} such that with

gl()*={Y €gl(Q) |VX €a : ad(X)Y =a(X)Y}
we have

gl() =3(a) & P al(V)™ .
aEA
Notice that if & € A then —a € A. In fact, if
(5.5.1) X egl(Q)* = XT egl()™>.

Let o/ = {X € a|Va € A : «a(X) # 0}. Then o’ is open and dense in a. In particular a’ # {0}.
Fix Z € o’ and let AT = {a € A | a(Z) > 0}. Then A = AT |J—AT, and if a, 3 € AT are such that
a+ B €A, thena+ € AT, Let

n= @ gl(Q)*.

acAt
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Then n is a nilpotent Lie algebra (as [gl(Q)%, gl(Q)?] C gl(2)**#) and [a,n] C n. In particular it follows
that ¢ = a @ n is a solvable Lie algebra. Notice that the algebra 3(a) is invariant under transposition.
Hence 3(a) = 3(a) N €@ a. Because of (5.5.1) it therefore follows that

gl(Q)=tdadn.

This decomposition is called the Iwasawa decomposition of gl(Q). Let A= {eX | X € a} and N = {eY |
Y € n}. Then A and N are Lie groups, A is abelian, and aNa~! = N for all a € A. It follows that
Q := AN = NA is a Lie group with N a normal subgroup. Furthermore we have the following Iwasawa
decomposition of GL():

Lemma 5.1 (The Iwasawa decomposition). The map
Ax N x K > (a,n, k) — ank € GL(Q)
is an analytic diffeomorphism.

We note that the one dimensional group Z = R%id is a subgroup of GL(f2) and in fact Z C A. If
a(A) = Aid € Z, with A > 1, then a()) is expansive. In particular it follows that the set E of expansive
matrices in A is a nonempty subsemigroup of A. Let Xy =id, X1,..., X, be a basis of a and let

'y ={exp(noXo+...+n.X,) | n; € Z} .

Then A/T'4 is compact. Furthermore there exists a discrete subgroup I'y C N such that N/Ty is
compact.

Let now D =T and d = exp(2Xy). Then d is expansive and dD = Dd C D, because d is central in
GL(Q). It follows that the results from the previous sections are applicable in this case.

APPENDIX: PREHOMOGENEOUS VECTOR SPACES

One way to find admissible groups with finitely many open orbits is to start with prehomogeneous vector
spaces. Those are pairs (H,V) where H is a reductive Lie group, say H' = H, and V is a finite
dimensional vector space, such that H has finitely many open orbits in V. There is no full classification
of those spaces at the moment, but a subclass, the prehomogeneous vector spaces of parabolic type has
been classified. We refer to [9] Section 2.11, for detailed discussion and references. The problem, from
the point of view of our work is, that the compact stabilizer condition does not hold in general, but as
shown in [21] one can always replace H by a subgroup of the form ANR as before, such that ANR is
admissible. Notice that, by using either ANR or ATNTRT | which satisfies the same conditions, we can
consider either the standard action on R™ or the action (a, ) — (a=1)T(z). We will use the second action
in what follows.

Let H = H” be a reductive Lie group acting on V = R”. Then H can be written as H = LC where
C = C7 is a vector group, isomorphic to a abelian subalgebra ¢ of gl(n,R) = M (n,R). The isomorphism
is simply given by the matrix exponential function

> J
X —exp(X) =¥ :Z%
j=0
The vector space V' is graded in the sense that there exists a subset A C ¢* such that
(5.5.2) V=@
acA

where

(5.5.3) Va={veV|Ver : X v=aX)v}.

If ¢ = exp(X) € C and X € ¢*, then we write ¢* = e*X), In particular ¢ - v = c®v for all v € V.
Denote by pr,, the projection onto V,, along @ﬁ;M V3.
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Lemma 5.2. We have H -V, C V, for all o € A. Furthermore if v € V and H - v is open, then
pr,(v) #0 for all « € A.
Proof. Let c€ C, h € H and v € V,,. As C is central in C it follows that ¢- (h-v) = h-(c-v) = ¢*h-v. O

The set A has the properties that 0 ¢ A, if & € A, then —a ¢ A, and finally there exists ag, ... ,a € A
such that if a € A, then there are nq,... ,n, € Ny such that

(5.5.4) a=no1+...+n.q.

For o € Alet Ny = {X € ¢ | a(X) = 0}. Then {J,cp Na is a finite union of hyperplanes and hence
the complement is open and dense in ¢. Let ¢ be a connected component of the complement of | JN,.
Because of (5.5.4) we can choose ¢t such that

(5.5.5) VX € c'Vae A o(X) >0.
Notice that ¢T is convex, ¢& + ¢T C ¢t and RT¢t C ¢t.
Lemma 5.3. The group A contains a non-trivial abelian semigroup of expanding matrices.

Proof. Let C* := exp(ct). Suppose that a,b € CT. Choose X,Y € ¢* such that a = exp(X) and
b= exp(Y). Then ab = exp(X +Y) € C*. Thus CT is a semigroup. Let a = exp(X) be as above. Let
v=7,vs €V with v, €, then

exp(X)-v= Zea(x)va

and e*X) > 1 because a(X) > 0 for all a. O

Choice a basis Xi,...,X, of a such that the vectors Xy,... , X} and the vectors Xy41,...X, form a
basis for the orthogonal complement of ¢ in a. Here we use the inner product (X,Y) = Tr(XY7T). As ¢t
is an open cone in ¢ we can choose X; € ¢, j =1,... k. Let

Fy:= {exp(anXj) |Vj:n; €Z}.
j=1

Then I'4 is a co-compact, discrete subgroup of A and every element of
= {exp(m X1 + ... + e Xg) | V5 n; >0} \ {id}
is expansive. As
exp(m Xy + ...+ n. X )exp(mi1 X1+ ... + m. X)) exp((n1 +m) X1+ ...+ (n + my) X,)

it follows that FX is a subsemigroup of I'4 such that T" AFX CT's. Thus I'4 is 7y invariant for all v € FX.
We have therefore shown the following:

Lemma 5.4. There exists a co-compact discrete subgroup I' of A and a subsemigroup Fj such that each
element of I‘X is expansive and FAFX cTla.
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