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1 Introduction

This chapter is concerned with several important aspects of modern signal analysis.
Usually, signals are modeled as elements of function spaces such as L? or Sobolev
spaces. To analyze such a signal and to extract the information of interest from it,
the first step is always to decompose the signal into suitable building blocks. This is
performed by transformation, i.e., the signal is mapped into function spaces on an
underlying parameter set, and then the signal is processed and analyzed by studying
and modifying the resulting coefficients. By now, a whole zoo of suitable trans-
forms have been introduced and analyzed such as the Fourier transform, the Gabor
transform, or the wavelet transform, just to name a few. Some of them have already
been very succesful, e.g., the Fourier transform works excellently for signals that
are well-localized in the frequency domain, whereas wavelets are often the method
of choice for the analysis of piecewise smooth signals with well-localized singular-
ities such as edges in an image. Which transform to choose obviously depends on
the application, i.e., on the type of information one wants to detect from the sig-
nal. However, in recent years, it has turned out that a serious bottleneck still has
to be removed. Most of the classical transforms such as the wavelet transform per-
form suboptimally when it comes to the detection of directional information. The
reason is very simple: most of these transforms are essentially isotropic, whereas
directional information is of anisotropic nature. This observation triggered many in-
novative studies how to design new building blocks that are particularly tuned to
this problem, such as curvelets [4], contourlets [16], ridgelets [3] and many oth-
ers. In this chapter, we are in particular interested in one specific contribution to
this problem, i.e., the shearlet approach. Shearlets are new affine representation sys-
tems that are based on translations, shearings, and anisotropic dilations. We refer
to the monograph [37] for an overview. Among all the new approaches, the shear-
let transform stands out for the following reason: the continuous shearlet transform
can be derived from a square-integrable representation of a specific group, the full
shearlet group [9, 10, 13]. This property is not only of academic interest but has the
important consequence that the whole powerful machinery derived in the realm of
square-integrable group representations such as reproducing kernels, inversion for-
mulas etc. can directly be employed. This feature of the shearlet transform clearly
has strengthened the interest in the shearlet theory, and many important results con-
cerning the group-theoretical background have been derived so far. It is the aim
of this chapter to push forward, to clarify and to unify this theory with respect to
several important aspects. Our main objectives can be described as follows.

After the full shearlet group has been discovered, the question arose if other
suitable concepts of shearlet groups could be constructed. A first example was the
shearlet Toeplitz group [14], where the shearing part of the group has a Toeplitz
structure. As we will see later in Subsection 3.3 of this chapter, the full shearlet
group and the shearlet Toeplitz group are in a certain sense the “extreme” cases of
a general construction principle. In this view, the full shearlet group corresponds to
the nilpotency class n = 2, whereas the Toeplitz case corresponds to the nilpotency
class n = d, where d denotes the space dimension. Therefore, one would conjecture
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that there should be a lot of examples “in between”. Indeed, in [30], a positive
answer has been given, and a first classification of low-dimensional shearlet groups
has been derived. In this chapter, we further extend these results and present an
approach to the systematic construction of suitable shearlet groups. The starting
point is a general class of shearlet groups introduced in [30]. We say that a dilation
group H is a shearlet group if every h € H can be written as h = £ds,d € D,s € §
where D is a diagonal scaling subgroup and S denotes a connected, closed abelian
matrix group, the shearing subgroup. The key to understanding and constructing
shearing subgroups lies in the realization that their associated Lie algebras carry a
very useful associative structure. This associative structure also greatly facilitates
the task of identifying the diagonal scaling groups compatible with a given shearing
subgroup. Through the notion of Jordan-Hdolder bases the problem of characterizing
all suitable scaling group generators translates to a rather simple linear system of
equations. It turns out that all examples known so far are special cases of this general
construction.

In recent studies, it has also been observed that shearlets provide a very powerful
tool in microlocal analysis [32], e.g., to determine the local regularity of a function.
In the one-dimensional case, pointwise smoothness can very efficiently be detected
by examining the decay of the continuous wavelet transform as the scale parame-
ter a tends to zero [34]. In the multivariate setting, pointwise smoothness does not
cover all the geometic information one might be interested in. E.g., if the function
under consideration exhibits singularities, one usually wants to know in which di-
rection the function is singular. This can be described by the so-called wavefront set
of a distribution. It has turned out that the continuous shearlet transform can be em-
ployed to detect this wavefront set, once again by studying its decay as the scaling
parameter tends to zero. This property has been first observed in [36], we also refer
to [32] for an overview. In [22], this concept has been generalized to much more
general classes of dilation groups. It has been shown that under natural assump-
tions, a wavefront set can again be detected by the decay of the voice transform.
Essentially, two fundamental conditions are needed, that are related with the dual
action of the dilation group H: the dual action must be microlocally admissible in
direction & and it must satisfy the V-cone approximation property at &, see Sec-
tion 4.1 for the precise definitions. If these properties hold for one point &) in the
open dual orbit, a characterization of wavefront sets is possible. In this chapter, we
show that both properties are satisfied for our general construction of shearlet di-
lation groups, provided that the infinitesimal generator Y of the scaling subgroup
satisfies Y = diag(1,42,...,44),0 < A; < 1,2 < i < d. Consequently, characteriza-
tions of wavefront sets are possible for a huge subclass of our general construction.
It is worth mentioning that anisotropic dilations are necessary for the detection of
wavefront sets, in particular the classical (isotropic) continuous wavelet transform
would not do the job.

A third important issue we will be concerned with in this chapter is the relations
of our general shearlet groups to other classical groups, in particular to the symplec-
tic groups Sp(d,R). The symplectic groups are one of the most important classical
groups, because they play a prominent role in classical mechanics. We therefore
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investigate to which extent our shearlet dilation groups can be embedded into sym-
plectic groups, in a way that intertwines the quasi-regular representation with the
metaplectic representation. For the full shearlet groups and the shearlet Toeplitz
groups, these issues have been studied in [6], see also [35]. Their connected com-
ponents can indeed be embedded into the symplectic groups, which yields group
isomorphisms of the positive parts of shearlet groups with the so—called TDS(d)
subgroups that have already been studied in [15]. In this chapter, we generalize
this result to dilation groups of the form G = RY rtimesH, where H is a subgroup
of T(d,R); = {h € GL(d,R) : hy;; > 0and h; ; = 0 for every i > j}. We show that
for any such group there exists a group embedding ¢ : G — Sp(d,R), and that its
quasi-regular representation is unitarily equivalent to i o ¢, where u denotes the
metaplectic representation of Sp(d,R). Since the positive part of any shearlet group
falls into this general category, the desired embeddings for shearlet groups follow
from this result. Let us also mention the following very interesting fact: for the full
shearlet dilation groups, such embeddings are never possible. Indeed, in [6] it has
been shown that already for the two-dimensional full shearlet group there does not
exist an injective continuous homomorphism into Sp(2,R) or into any of its cover-
ings.

Let us also mention a nice by-product of our construction. In recent studies
[8, 10, 11, 13], an interesting relation of the shearlet approach to the coorbit the-
ory derived by Feichtinger and Grochenig [17, 18, 19, 20] has been established.
Based on a square integrable group representation, coorbit space theory gives rise
to canonical associated smoothness spaces, where smoothness is measured by the
decay of the underlying voice transform. In [8, 10, 11, 13], it has been shown that
all the conditions needed in the coorbit setting can be satisfied for the full shearlet
and the shearlet Toeplitz groups. In [27], the coorbit approach has been extended to
much more general classes of dilation groups, and it turns out that the analysis from
[27] also carries over to the construction presented in this chapter, so that we obtain
many new examples of coorbit spaces. In particular, we refer to [30] for explicit
criteria for compactly supported functions that can serve as atoms in the coorbit
scheme.

This chapter is organized as follows. In Sections 2 and 3, we present our con-
struction of generalized shearlet dilation groups. After discussing the basic nota-
tions and definitions in the Subsections 2.1 and 2.2, in Subsection 2.3 we start with
the systematic investigation of the Lie algebras of shearing subgroups. One of the
main results is Lemma 6 which provides a complete description of a shearing sub-
group in terms of the canonical basis of its Lie algebra. This fact can be used to
derive linear systems whose nonzero solutions determine the anisotropic scaling
subgroups that are compatible with § (Lemma 9). These relationships are then used
in Section 3 to derive a systematic construction principle. The canonical basis can
be directly computed from the structure constants of a Jordan-Holder basis (Lemma
13). The power of this approach is demonstrated by several examples. In Section 4,
we study the suitability of shearlet dilation groups for the characterization of wave-
front sets. Here the main result is Theorem 28 which shows that shearlet groups with
anisotropic dilations and suitable infinitesimal generators for the scaling subgroups
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do the job. The proof is performed by verifying the basic conditions from [22]. The
last section is concerned with the embeddings of shearing dilation groups into sym-
plectic groups. The main result of this section is Theorem 33 which shows that the
huge class of semidirect products of the form G = R? x H, where H is a subgroup
of T(d,R)4 can be embedded into Sp(d,R).

2 Generalities on shearlet dilation groups

2.1 Basic notations and definitions

This chapter is concerned with the construction and analysis of large classes of gen-
eralized shearlet transforms. These transforms are constructed by fixing a suitable
matrix group, the so-called shearlet dilation group. By construction, these groups
have a naturally associated isometric continuous wavelet transform, which will be
the generalized shearlet transform. In this subsection, we summarize the necessary
notation related to general continuous wavelet transforms in higher dimensions. We
let GL(d,R) denote the group of invertible d x d-matrices. We use I; to denote the
d x d identity matrix. The Lie algebra of GL(d,R) is denoted by gl(d,R), which
is the space of all d x d matrices, endowed with the Lie bracket [X,Y] = XY —YX.
Given h € gl(d,R) its (operator) norm is denoted by

||l = sup [hx].

[x]<1
We let exp : gl(d,R) — GL(d,R) denote the exponential map, defined by

oo Xk
exp(X) = —
p(X) L
known to converge absolutely for every matrix X. Given a closed subgroup
H < GL(d,R), the associated Lie algebra of H is denoted by b, and it is defined
as tangent space of H at I;, or, equivalently, as the set of all matrices X with
exp(RX) C H. It is a Lie subalgebra of gl(d,R), i.e., it is closed under taking Lie
brackets.

A matrix group of particular importance for the following is the group 7' (d,R) of
upper triangular matrices with ones on the diagonal. Elements of T'(d,R) are called
unipotent. Its Lie algebra is the subspace t(d,R) C gl(d,R) of all strictly upper tri-
angular matrices. It is well-known that exp : t(d,R) — T'(d,R) is a homeomorphism
[33]. In particular, whenever s C t(d,R) is a Lie subalgebra, the exponential image
exp(s) is a closed, simply connected and connected matrix group with Lie algebra
given by s. Conversely, any connected Lie subgroup S of T (d,R) is closed, simply
connected and S = exp(s) where s C t(d,R) is the corresponding Lie algebra, see
Theorem 3.6.2 of [39].



6 G. S. Alberti et al.

For the definition of generalized wavelet transforms, we fix a closed matrix
group H < GL(d,R), the so-called dilation group, and let G = R? x H. This is
the group of affine mappings generated by H and all translations. Elements of
G are denoted by pairs (x,h) € R? x H, and the product of two group elements
is given by (x,h)(y,g) = (x + hy,hg). The left Haar measure of G is given by
duc(x,h) = |det(h)|~'dxdh, where dx and dh are the Lebesgue measure and the
(left) Haar measure of R? and H, respectively.

The group G acts unitarily on L2 (R?) by the quasi-regular representation defined
by

[ ) F)(y) = ldet()[ 2 (7 (v—x)) - ()

We assume that H is chosen irreducibly admissible, i.e. such that 7 is an (irre-
ducible) square-integrable representation. Recall that a representation is irreducible
if the only invariant closed subspaces of the representation space are the trivial
ones. Square-integrability of the representation means that there exists at least one
nonzero admissible vector w € L2(R?) such that the matrix coefficient

(0, 1) = (w, w(x, ) )

is in L?(G), which is the L2-space associated to the left Haar measure dii. In this
case the associated wavelet transform

Wy : L2 (RY) 3 f s ((x,h) = (f, 7(x,h)y)) € L*(G) )

is a scalar multiple of an isometry, which gives rise to the wavelet inversion formula
1
f=— /G Wof (e, )7 (e, ) W dpt(x, 1) 3)
"4

where the integral is in the weak sense.

We note that the definition of Wy, f also makes sense for tempered distributions
f, as soon as the wavelet ¥ is chosen as a Schwartz function and the L?-scalar
product is properly extended to a sesquilinear map .’ x . — C. Analogs of the
wavelet inversion formula are not readily available in this general setting, but it will
be seen below that the transform has its uses, for example in the characterization of
wavefront sets.

Most relevant properties of the wavelet transform are in some way or another
connected to the dual action, i.e., the (right) linear action RY x H 3 (&,h) s hT&.
For example, H is irreducibly admissible if and only if the dual action has a single
open orbit & = {hT &y : h € H} C R of full measure (for some &) € ©), such that
in addition the stabilizer group He, = {h € H : hT&y =&y} is compact [28]. This
condition does of course not depend on the precise choice of & € €. The dual
action will also be of central importance to this chapter.
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2.2 Shearlet dilation groups

The original shearlet dilation group was introduced in [9, 10], as

H:{:I:(gaf)ﬂ) :a>0,b€R} .

The rationale behind this choice was that the anisotropic scaling, as prescribed by
the exponents 1, 1/2 on the diagonal, combines with the shearing (controlled by the
parameter b) to provide a system of generalized wavelets that are able to swiftly
adapt to edges of all orientations (except one). A mathematically rigourous formu-
lation of this property is the result, due to Kutyniok and Labate, that the continuous
shearlet transform characterizes the wavefront set [36]. Approximation-theoretic
properties of a different, more global kind were the subject of the chapter [10]
describing the so-called coorbit spaces defined in terms of weighted integrability
conditions on the wavelet coefficients.

The original shearlet dilation group has since been generalized to higher dimen-
sions. Here, the initial construction was introduced in [13], and further studied, e.g.,
in [11, 5]. It is a matrix group in dimension d > 3 defined by

a st ... 84-1
a*
S=¢+ . :a>0,s81,...,5 1 €ER . 4)
ald
Here Ay,...,Ay are positive exponents, often chosen as A = ... = A, = 1/2. It

should, however, be noted that they can be chosen essentially arbitrarily (even neg-
ative), without affecting the wavelet inversion formula. Coorbit space theory is ap-
plicable to all these groups as well [11, 27]. Furthermore, it was recently shown that
the associated shearlet transform also characterizes the wavefront set [22], as long
as the exponents Ay, ..., A4 are strictly between zero and one.

A second, fundamentally different class of shearlet groups are the Toeplitz shear-
let groups introduced in [14] and further studied in [8]. These groups are given by

[ S T Y 17 o |
a s S ... ... Sq4-2
H=<{+ - :a>0,51,....5¢_1€ER 3. (5
52
S1
a
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Coorbit space theory can be applied to these groups as well [8, 27]. By [22, Lemma
4.10], the fact that H contains nontrivial multiples of the identity implies that H
does not characterize the wavefront set. However, it will be shown below that by
properly adjusting the diagonal entries, it is possible to construct a closely related
group H' that does lend itself to the characterization of the wavefront set.

A closer inspection of the two higher-dimensional families of shearlet group re-
veals several common traits: fix one of the above-listed groups H. Then each h € H
factors as

h = +diag(a,d,...,d*) u

where the first factor denotes the diagonal matrix with the same diagonal entries
as h, and the second factor u is unipotent. In fact, this factorization is necessarily
unique. Furthermore, denoting by D the set of all diagonal matrices occurring in
such factorizations, and by S the set of all unipotent ones that arise, it is easy to see
that D (and consequently S) are closed subgroups of H. Finally, one readily verifies
that the groups S that occur in the examples are in fact commutative. We will now
use these properties to define a general class of shearlet dilation groups, that we will
study in this chapter:

Definition 1. Let H < GL(d,R) denote an irreducibly admissible dilation group. H
is called generalized shearlet dilation group, if there exist two closed subgroups
S,D < H with the following properties:

(i)  Sisaconnected abelian Lie subgroup of 7'(d,R);

(i) D ={exp(rY):r € R} is a one-parameter group, where Y is a diagonal ma-
trix;

(iii) Every h € H can be written uniquely as h = +ds, withd € D and s € S.

S is called the shearing subgroup of H, and D is called the diagonal complement or
scaling subgroup of H.

Remark 2. As noted in Subsection 2.1, S is closed, simply connected and the expo-
nential map is a diffeomorphism from its Lie algebra s onto S.

Remark 3. The class of shearlet dilation groups was initially defined in [30], and for
some of the following results and observations, more detailed proofs can be found
in that paper. In particular, it was shown there that coorbit space theory applies to
all generalized shearlet dilation groups. In fact, it is possible to construct wavelet
frames with compactly supported atoms, with frame expansions that, depending on
the provenance of the signal, converge in a variety of coorbit space norms simulta-
neously.

As will be seen below, shearlet dilation groups can be constructed systematically.
The natural order in finding the constituent subgroups S, D is to first pick a candidate
for S, and then determine the infinitesimal generators of the one-parameter group D
that are compatible with S. The details of this programme are given in the next
subsections.
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2.3 Shearlet dilation groups and their Lie algebras

It is the aim of this subsection to give an overview of the most important struc-
tural properties of shearlet dilation groups. The following proposition gives a first
characterization of these groups, see [30, Proposition 4.3].

Proposition 4. Ler S denote a connected abelian subgroup of T(d,R). Then the
following are equivalent:

(i) S is the shearing subgroup of a generalized shearlet dilation group;

(ii)  There is & € R such that S acts freely on STE via the dual action, and in
addition, dim(S) =d —1;

(iii)  The matrix group A ={rs:s € S,r e R*} is an abelian irreducibly admissible
dilation group. It is also a shearlet dilation group.

The fundamental observation made in [26, Remark 9] is that if A is abelian and
admissible, as in part (iii) of the above proposition, then its Lie algebra a is in fact
an associative subalgebra containing the identity element, hence it is closed under
matrix multiplication. This associative structure is in many ways decisive. To begin
with, one has the relations

a=span(A), A=a"
i.e., A consists precisely of the multiplicatively invertible elements of the associative
algebra a. We will see in Subsection 3.1 below that this connection to associative
algebras can be used for the systematic —even exhaustive— construction of shearing
subgroups.

There is however a second ingredient, that is more directly related to the prop-
erties of the dual action. It is described in the following lemma, see [30, Corollary
4.7]. We use ey, . .., ey for the canonical basis of RY.

Lemma 5. Let S denote a connected abelian subgroup of T (d,R) of dimension d —
1, with Lie algebra s. Then the following are equivalent:

(i)  Sis a shearing subgroup;
(ii)  There exists a unique basis X3, ...,Xy of s with Xl-Tel =e¢;, foralli=2,....,d.

We call the basis from part (ii) the canonical basis of s.

The canonical basis plays a special role for the description of shearing subgroups.
As a first indication of its usefulness, we note that all off-diagonal entries of the
elements of shearing groups depend linearly on the entries in the first row.

Lemma 6. Let S denote a shearing subgroup with Lie algebra s, and canonical
basis Xo,...,X; of s. Then the following holds:

(@) S={l;+X:X s}
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(b) Let h €S be written as

Lhia ... ...... h17d
01 hgjz...... hy 4
he 00
00 0 ..
00 0 0 1 hy_14
00 0 0O 1
Then
d
hZId—FZth,'.
=2

Proof. For part (a), denote the right-hand side by S;. Since s is an associative sub-
algebra consisting of nilpotent matrices, S; consists of invertible matrices, and it is
closed under multiplication. Furthermore, the inverse of any element of S; can be
computed by a Neumann series that breaks off after at most d terms:

d—1
L+X)" =L+ Y (11X
k=2

and the result is again in S;. Hence S is a matrix group. It is obviously closed and
connected, with tangent space of S at the identity matrix given by s. It follows that
S| is a Lie subgroup of 7'(d,R) and, hence, it is simply connected. Thus S and S; are
closed, connected, and simply connected subgroups sharing the same Lie algebra,
hence they are equal. Now part (b) directly follows from (a) and the properties of
the canonical basis.

We now turn to the question of characterizing the scaling subgroups D that are
compatible with a given shearing subgroup S. It is convenient to describe D in terms
of its Lie algebra as well. Since D is one-dimensional, we have D = exp(RY), with a
diagonal matrix Y = diag(A, Az, ...,A4). We then have the following criterion [30,
Proposition 4.5]:

Proposition 7. Ler S < GL(d,R) denote a shearing subgroup. Let Y denote a
nonzero diagonal matrix, and let D := exp(RY) the associated one-parameter group
with infinitesimal generator Y. Then the following are equivalent:

(i) H=DSU(=DS) is a shearlet dilation group;
(ii) ForallX € s we have [X,Y]| =XY —YX € s, and in addition the first diagonal
entry of Y is nonzero.

Remark 8. The above proposition states that H = S x R*, so that H is solvable group
with two connected components, and each of them is simply connected.

Since Y and rY, for nonzero r € R, determine the same one-parameter subgroup,
part (ii) of the proposition allows to fix A; = 1. Note that part (ii) is trivially ful-
filled by isotropic scaling, which corresponds to taking 1 = A, =4, =... = A;. In
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what follows, we will be particularly interested in anisotropic solutions; our interest
in these groups is mainly prompted by the crucial role of anisotropic scaling for
wavefront set characterization.

It turns out that the relation [Y,s] C s translates to a fairly transparent system
of linear equations. Once again, the canonical basis X,...,X; of s proves to be
particularly useful: As the following lemma shows, the adjoint action s 3 X — [V, X]
maps s into itself if and only if the X; are eigenvectors of that map. The lemma uses
the notation E; ; for the matrix having entry one at row i and column j, and zeros
everywhere else.

Lemma 9. Let s denote the Lie algebra of a shearing subgroup, and let X5, ..., Xy
denote the canonical basis of s, given by

d d
Xi:El,i+Z Z di j i Ejk (6)
=2k=j+1

with suitable coefficients d; j . Let Y = diag(1,A2,...,4) be given. Then [Y,s] C s
if and only if
Joralli=2,....d : i =14+pu;,

and the vector (Uy, ..., W) is a solution of the system of linear equations given by
forall (i,j,k) € {2,....d} withd; j;x #0 : wi+u; = py . (7

In particular, (U, ..., Uuq) — (1, 14+ Uy, ..., 14+ Uy) sets up a bijection between the
nonzero solutions of (7) on the one hand and the anisotropic scaling subgroups D
compatible with S on the other.

Remark 10. Note that (6) shows that d; j x = (X;) jk.

Proof. We first note that the E;  are eigenvectors under the adjoint action of any
diagonal matrix:
Y.Eju] = (A — M)Eji - ®)

As a consequence, given any matrix X, the support of the matrix [Y, X] (i.e., the set
of indices of its nonzero entries) is contained in the support of X.

Note that ¥ normalizes s if and only if [Y,X;] € s fori =2,...,d. Now the calcu-
lation

Y. Xi|=[Y.Erl+ Y dijlV.Ejx] = (1= A)E1i+ Y diji(Aj—M)Ejx (9)
(Jk) (J.k)

shows that the only (potentially) nonzero entry in the first row of [¥,X;] occurs at
the ith column, hence [Y,X;] is in s if and only if it is a scalar multiple of X;. In view
of (9) and the linear independence of the E; , this holds precisely when

forall (i, j,k) € {2,...,d}> withd; j; #0 : 1— A=A — A . (10)

Rewriting this system for u; = A; — 1, fori = 2,...,d, yields (7).
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Finally, let us return to properties of the associated shearlet transforms. In view
of the central role of the dual action, it is important to compute the associated open
dual orbit. Here we have the following, see [30, Proposition 4.5]:

Proposition 11. Let S be a shearing subgroup, and D any diagonal complement of
S. Then H = DSU —DS acts freely on the unique open dual orbit given by 0 =
R* x RI-1,

Note that the dual orbit is the same for all shearing groups. Somewhat surpris-
ingly, the same can be said of the admissibility condition [30, Theorem 4.12]:

Theorem 12. Let H < GL(Rd) denote a generalized shearlet dilation group. Then
v € L2(RY) is admissible iff

Gk
Jou e <

3 A construction method for shearlet dilation groups

3.1 Constructing shearing subgroups

In this subsection we want to describe a general method for the systematic construc-
tion of shearing subgroups. Recall that given a shearing subgroup S with Lie algebra
s, taking the Lie algebra a = RI; ®s and its associated closed matrix group A results
in an abelian irreducibly admissible matrix group. Following [26], this entails that
a is an associative matrix algebra. Furthermore, note that s consists of strictly upper
triangular matrices, which entails that any product of d elements of s vanishes.

These features of a can be described in general algebraic terms. Given a finite-
dimensional, associative commutative algebra <7, we call an element a € 7 nilpo-
tent if there exists n € N such that a” = 0. The set of all nilpotent elements in .7 is
called the nilradical of <7, denoted by .4". We call <7 nilpotent if every element of
& is nilpotent. .4 is an ideal in <7, i.e., given a € 4 and an arbitrary b € <7, one
has (ab)" = a"b" = 0 for sufficiently large n, i.e. ab is again in the nilradical. We call
the algebra o irreducible (over R) if it has a unit element 1, satisfying 1,b = b
for all b € 7, and such that &/ =R -1, @ .4 holds. Note that .4” determines 7 in
this case, and we will freely switch between .7 and .4 in the following.

Now the above considerations show that a is an irreducible associative commu-
tative algebra. In the remainder of this subsection, we will be concerned with a
converse to this statement, i.e., with the construction of shearing subgroups from
an abstractly given irreducible associative algebra. Assume that <7 is an irreducible
commutative associative algebra of dimension d, and denote its nilradical by .4,
We let

n(/)=min{fk eN:a*=0,Vaec A},

which is called the nilpotency class of <7 Letting
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N ={ay...aqp:a;€ N},
fork>1,and 4% = _#, one can prove that
n(e/) =min{k e N: #*={0}} <d.

By definition of the nilpotency class, we obtain that .4/ n(/)-1 # {0}, and for all
ac /MY~ and b € A, it follows that ab = 0.

Hence, choosing a nonzero a,; € NM) =1 e find that .%; := R - ay is an ideal
in A7; in fact, we get A4 .#; = {0}. Applying the same reasoning to the algebra
A/ #; (and choosing any representative modulo .#;) produces a second element
ay—1 with the property that .%; 1 = span(ay_1,ay) fulfills A% 1 C .#,. Further
repetitions of this argument finally yield a basis a3, . ..,a, of .4, that we supplement
by a; = 1 to obtain a basis of ./ with the property

NI C Iy forl <k<d, (11)

and ¥ = 4. We call a basis ay,...,a, of 4 satisfying condition (11) a Jordan-
Hélder basis of A".

The existence of a Jordan-Holder basis can be also proved by referring to a gen-
eral result about nilpotent representations of nilpotent algebras, see Theorem 3.5.3
of [39]. Indeed, regard .4 as nilpotent algebra and o7 as a vector space. It is easy
to check that the (regular) representation p of the Lie algebra .4 acting on 7 as
p(a)b = ab is nilpotent, so that there exists a basis {aj,...,ay} of & such that for
each a € ./, the endomorphism p(a) is represented by a strictly upper triangular
matrix ¥(a) € gl(d,R) according to the canonical isomorphism

d
p(a)aj:Z'P(a)jykak jzl,...,d.
k=1

Since p(a)1 . = a, it is always possible to choose a; = 1, and, by construction, for
allae A andfori=1,...,d—1

p(a)spania;,...,aq} C spanf{a;ti,...,a4} pla)ag=0.

These bases provide accesss to an explicit construction of an associated shearing
subgroup, explained in detail in the next lemma. Recall the notation E; ; for the
matrix possessing entry one in row i, column j, and zeros elsewhere. Note that
the map ¥ : & — gl(d,R) in the following lemma coincides with the identically
denoted map that we just introduced.

Lemma 13. Let o/ denote an irreducible commutative associative algebra of di-
mension d with nilradical A possessing the Jordan-Holder basis

ay,...,aqg € A .

Leta) = 1,4, and let y : RY — of denote the induced linear isomorphism
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d
l[l((xl,...,xd)T) = inai .
i=1

Let ¥ : of — gl(d,R) denote the associated linear map satisfying for all a € o/ and
forall x € RY:

(a) The set
S={l;+¥()" :ac N}
is a shearing subgroup, with associated Lie algebra given by

s={P@)! :acH}.

(b) Defining X; = W(a;)T, fori=1,...,d, we get that Xi is the identity matrix,

and X, ..., Xy is the canonical basis of s in the sense of Lemma 5.
(c) Let (d;j)i<i,ji<a denote the structure constants associated to the basis, de-
fined by the equations
forall1<i,j<d : aa;= Z d; jray . (12)
Then

ding dinp ... dig
Xi={ :+ . (13)
digi dign ... diga

(d) We note the following nontrivial properties of the d; i, valid for all 1 <
i,j,k<d:

di,j,k = dj,i,k , dl,j,k = 3]'71( , di,j,k = 0 whenever k < max(i, j) .
In particular, we get for2 < j<d
d d
J=2k=j+1

Proof. We start with part (c). Since multiplication with a; = 1, is the identity op-
erator, the statement about X| is clear. Let 1 < i, j < d. By definition of y, we have
v(ej) = aj, and hence by definition of ¥

‘I’(ai)ejzlllfl(az viej)) = ‘l’l(azaj)

d
<Zdljkak Z i,j,k€k -
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Hence the jth column of ¥(«;) is the vector (d; j1,...,d; jq)", and its transpose is
the jth row of ¥(a;)”. This shows (13).
Now, with (c) established, the equation

a1aj:aj

for i = 2,...,d, yields that d, ;; = &;, which also takes care of part (b). Fur-
thermore, the fact that q;a; = aja; ensures that d; ; = d;; ;. Finally, recall that
o/ J; C Fip1 by (11), which entails g;a; € #i1, and thus d; j, = 0 whenever
k <. Since d; j = d;;x, we then obtain more generally that k < max(i, j) entails
d; jx = 0. Now equation (14) is clear, and (d) is shown.

In order to prove (a), we first note that ¥ is a homomorphism of associative alge-
bras, hence s = ¥(.#")T is a commutative associative matrix algebra. In particular,
it is also an abelian Lie-subalgebra. Furthermore, the relation d; ; x = 0 whenever
k < max(i, j) ensures that the basis X,,...,X, consists of strictly upper triangular
matrices. In addition, dy jx = 0, x entails that X5, ..., X; is indeed a canonical basis,
and thus Lemma 5 gives that the associated Lie group is a shearing subgroup. Now
part (a) of Lemma 6 yields (a) of the current lemma, and (b) is also shown.

Remark 14. 1t is natural to ask whether the construction of shearing subgroups S
from irreducible commutative associative algebras o7, as described in Lemma 13, is
exhaustive. The answer is yes. To see this, consider the Lie algebra s of a shearing
subgroup S. Let Xj,...,X; be the canonical basis of s. Since X is strictly upper
triangular, and the first row of X; equals eiT, it follows that the first i entries of the
first row of X;X; vanish. This product is again in the span of the X}, hence

XiXj =Y dijuXi

k>i

with suitable coefficients d; ; ;. But the fact that the sum on the right-hand side starts
with k =i+ 1 shows that the basis X5, ..., X, is a Jordan-Holder basis of the nilpotent
associative matrix algebra s. If one now applies the procedure from Lemma 13 (with
a; = X;), direct calculation allows to verify that ¥(X)” = X for all X € 5. Hence
every shearing subgroup arises from the construction in Lemma 13.

In particular, the observations concerning the structure constants d; ;, made in
part (d) of Lemma 13 also apply to the d; ;; in Lemma 9.

Remark 15. A further benefit of the above construction of shearing groups via as-
sociative algebras is that it settles the question of conjugacy as a byproduct. By
Theorem 13 in [26] and the remarks prior to that result, one sees that two shearing
subgroups S7 and S are conjugate iff their Lie algebras are isomorphic as associa-
tive algebras.

In particular, following the observation made in [26, Theorem 15], in dimension
d > 7 there exist uncountably many nonconjugate shearing subgroups.
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3.2 An inductive approach to shearlet dilation groups

For possible use in inductive proof strategies, we note a further consequence of the
block structure:

Proposition 16. Let H = £DS < GI(d,R) denote a shearlet dilation group, with
d >3, and let

/
H, z{h’eGL(d—l,R):HheH,ZERd1756R\{0} with = (% i) } '

Then H\ is a shearlet dilation group as well.
Conversely, the elements of H can be described in terms of Hy as follows: There
exists amap y : Hi — R4~ such that we can write each h € H uniquely as

with hy € Hy,r € R.

3.3 Examples

As a result of the previous subsections, we obtain the following general procedure
for the systematic construction of shearlet dilation groups:

1. Fix a nilpotent associative algebra ./".

2. Pick a Jordan-Holder basis ap,...,ay of .4, and compute the canonical basis
Xa,...,X, of the Lie algebra s of the associated shearing subgroup. Note that
this amounts to determining the structure constants (d; j x)1<;,jk<a. The shearing
subgroup is then determined as S = I; + 5.

3. In order to determine the diagonal scaling groups that are compatible with S, set
up and solve the linear system (7) induced by the nonvanishing d; ; .

We will now go through this procedure for several examples or classes of exam-
ples.

Example 17. We start out with the simplest case of a nilpotent algebra .#” of dimen-
sion d — 1, namely that of nilpotency class 2. Here one has ab = 0 for any a,b € ./,
and it is clear that for two such algebras, any linear isomorphism is an algebra iso-
morphism as well. Picking any basis ay,...,a, of 4", we obtain X; = E; ;. In par-
ticular, the linear system (7) is trivial. Hence any one-parameter diagonal group can
be used as scaling subgroup. We thus recover the groups described in (4).
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Example 18. Another extreme class of nilpotent algebras of dimension d is that
of nilpotency class d. Here there exists b € .4 with b?~! # 0. This implies that
b,...,b%"! are linearly independent, and then it is easily seen that a; = b'~!, for
i=2,...,d, defines a Jordan-Holder basis of .#". In this example, the defining rela-
tions read

aiaj=ajyj1,2<i,j,i+j—1<d, (15)

and the resulting canonical Lie algebra basis is then determined as

01 00 1
01 00 1
X2: .. .. ’X3: '-' .-‘ .-. s,
001
01 00
0 0
0.t 01
X, =
0
0

Thus we see that the resulting shearing subgroup is that of the Toeplitz shearlet
group from (5). The linear system (7) becomes

Wi+ = Ui, for2<i,ji+j—1<d.
It is easy to see that all solutions of this system are given by
.LL]:(Jfl)(sa 1:275d

with & an arbitrary real parameter. Thus the scaling subgroups compatible with the
Toeplitz dilation group are precisely given by

exp(Rdiag(1,1+9,...,1+(d—1)3)),
with 6 € R arbitrary.

Remark 19. For d = 3, the two above listed cases are all possible examples of shear-
ing subgroups, and not even just up to conjugacy. In particular, we find that all
shearing subgroups in dimension 3 are compatible with anisotropic dilations.

We now turn to the shearing subgroups in dimension 4, with focus on the groups
not covered by (4) and (5).
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Example 20. Since the nilpotency classes n = 2,4 are already covered by the pre-
vious examples, the remaining 4-dimensional cases of irreducible algebras .7 all
have nilpotency class 3. It is shown in [26] that &7 =~ R[], Yz]/(Yl3,Y22 - ale,Yl Y2),
with oo € {—1,0,1}. Here, R[Y},Y>] denotes the algebra of polynomials with real
coefficients and indeterminates Y1,Y>, and ¢ = (Y;},Y} — a¥?,Y1Y») denotes the
ideal generated by the three polynomials. Then the nilradical .4 is generated by
Yi+ 7. Yo+ #.Wechoosethebasisar =Y+ 7, a3=Yo+ ¢, a4:Y12+/,
and obtain as the only nonzero relations

a%:a4,a§:aa4.

This allows to conclude that a»,a3,a4 is indeed a Jordan-Holder basis. Following
Lemma 13 (c), we can read off the canonical basis of the associated shearing sub-
group as

0100 0010 0001
0001 0000 0000
X2=10000| " |o00a| {0000
0000 0000 0000

We next determine the compatible scaling subgroups. In the case a # 0, we obtain
the system of equations

20y = Ha, 203 = Ug.

Thus the infinitesimal generators of scaling subgroups are of the form Y = diag(1, 1+
6,1+6,1426), with 6 € R arbitrary.
In the case o = 0, we only get one equation, namely

2y = g,

showing that here the compatible infinitesimal generators are of the form Y =
diag(1,14 8,14 &,1420;), with d;, 5, € R arbitrary.

Finally, we give an example of a shearing subgroup which is only compatible
with isotropic scaling. It is based on the same algebra as Example 18 (with d =
4), and as a result the associated shearing subgroups are conjugate. Recall that the
groups in Example 18 are compatible with anisotropic scaling. This illustrates an
important, somewhat subtle point: While the precise choice of Jordan-Holder basis
in the procedure described in Lemma 13 is immaterial if one is just interested in
guaranteeing the shearing subgroup property, it may have a crucial influence on the
availability of compatible anisotropic scaling subgroups.

Example 21. Let o7 = R[X]/(X*). We use the Jordan-Holder algebra a, = X + X2 +
(X*), a3 = X%+ (X*), ag = X* 4+ (X*). This leads to the following nonzero relations
a% = a3 +2a4, araz = ay,

which gives rise to the basis
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0100 0010 0001
0012 0001 0000
X2=10001] "% |ooo00| ®= {0000
0000 0000 0000

Now the nonzero entries in the matrix X, imply that the linear system (7) contains
the equations

20 = U3, 20 = g, Hp + Uz = Hg.

The first two equations imply 3z = 2u» = U4, and then the third equation yields
U2 = 0. Hence this shearing subgroup is only compatible with isotropic scaling.

4 Anisotropic scaling and wavefront set characterizations

In this section we investigate the suitability of the various groups for microlocal
analysis. The idea is to verify the criteria derived in [22] that allow to establish
the suitability of a dilation group for the characterization of the wavefront set via
wavelet coefficient decay. As it will be seen, this property only depends on the scal-
ing subgroup.

4.1 Criteria for wavefront set characterization

Throughout this subsection H is an irreducibly admissible matrix group, i.e. its dual
action has a single open orbit & C R?, with associated compact fixed groups. We
use V € O to denote that the closure of V inside & is compact.

Given R > 0 and x € R?, we let Bg(x) and B (x) denote the open/closed ball with
radius R and center x, respectively. We let S?~! ¢ R? denote the unit sphere. By a
neighborhood of & € $97!, we will always mean a relatively open set W C S9~!
with & € W. Given R > 0 and an open set W C S9!, we let

C(W):= {ré':é'eW,r>0}:{<§ eRd\{O}:QGW},

C(W,R) := C(W)\ Bg(0).

Both sets are clearly open subsets of R? \ {0} and thus of R,

Given a tempered distribution u, we call (x,€) € R? x S9! a regular directed
point of u if there exists ¢ € C°(RY), identically one in a neighborhood of x, as
well as a E-neighborhood W  $?~! such that for all N € N there exists a constant
Cy > 0 with

forall §" e C(W) : |pu(&")| <Cn(1+1&)7". (16)
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We next formally define the sets K; and K, which will allow to associate group
elements to directions.

Definition 22. Let 0 # W C S¢~! be open with W C & (which implies C (W) C ©).
Furthermore, let @ #V € & and R > 0. We define

KW, V,R):={heH:h""V CC(W,R)}

as well as
K,(W,V,R):={heH:h""VNC(W,R) #0}.

If the parameters are provided by the context, we will simply write K; and K,. Here,
the subscripts i/o stand for “inner/outer”.

We now define what we mean by dilation groups characterizing the wavefront
set. We first extend the continuous wavelet transform to the space of tempered dis-
tributions. IL.e., we use Wl,,u, for a Schwartz wavelet y and a tempered distribution
u.

Definition 23. The dilation group H characterizes the wavefront set if there exists a
nonempty open subset V € & with the following property: For all 0 # y € .7 (R%)
with supp(¥) C V, for every u € .%/(R) and all (x,&) € RY x (6 NS§¢1), the
following statements are equivalent:

(@) (x,&) is aregular directed point of u.

(b)  There exists a neighborhood U of x, some R > 0 and a &-neighborhood W C
§9=1 guch that for all N € N there exists a constant Cy > 0 such that for all
y € U, and for all h € K,(W,V,R) the following estimate holds:

(Wyu(y,h)| < Cy|n|".

Note that the definition excludes a set of directions & from the analysis of the
wavefront set, namely the directions not contained in & N S?~!. These directions
always constitute a set of measure zero. Recall from Proposition 11 that in the case
of shearlet dilation groups, this exceptional set is given by ({0} x R¢~1)ns¢-1,

We next recall the sufficient conditions for dilation groups that characterize the
wavefront set, as established in [22]. The first one is related to the problem that one
would like to interpret the norm as a scale parameter.

Definition 24. Let £ € 6N S? ! and 0 # V € 0. The dual action is called V-
microlocally admissible in direction & if there exists a &-neighborhood Wy C
§9=1'N ¢ and some Ry > 0 such that the following hold:

1. There exist a; > 0 and C > 0 such that
[h=t < C- A~

holds for all 1 € K,(Wp,V,Rp).
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2. There exists ap > 0 such that

/ 1]|% dh < oo.
Ko,(Wp,V,Ry)

The dual action is called microlocally admissible in direction & if it is V-microlocally
admissible in direction & for some @ £V € 0.

The second important condition is contained in the following definition. It can be
understood as formalizing the ability of the associated wavelet systems to be able to
make increasingly fine distinctions between different directions, as the scales go to
Zero.

Definition 25. Let £ € 0N S? ! and 0 # V € &. The dual action has the V-cone
approximation property at & if for all &-neighborhoods W € $?~! and all R > 0
there are R’ > 0 and a &-neighborhood W’ C §¢~! such that

K,(W'V,R") C K;(W,V,R).
We now have the following [22, Corollary 4.9]:

Theorem 26. Assume that the dual action is V -microlocally admissible at some &) €
O and has the V -cone approximation property at &y, for some nonempty open subset
V C O. Then H characterizes the wavefront set.

Remark 27. The property of characterizing the wavefront set is linked to anisotropic
scaling, in the following sense: If H characterizes the wavefront set, then

HQRJF'Id: {Id}7

by [22, Lemma 4.10]. Hence if H is a shearlet dilation group characterizing the
wavefront set, its shearing subgroup must admit at least one anisotropic compatible
scaling subgroup. This excludes the shearing group constructed in Example 21.

Theorem 26 therefore implies that every group failing the anisotropy criterion
HNR"-I; = {I;} must necessarily fail either the microlocal admissibility or the
cone approximation property. It is in fact the latter that breaks down, as noted in
[22, Lemma 4.4].

These considerations highlight the importance of understanding when a given
shearing groups admits anisotropic scaling.

4.2 Characterization of the wavefront set for shearlet dilation
groups

We can now state a very general theorem concerning the ability of shearlet groups
to characterize the wavefront set. Note that there are no conditions on the shearing
subgroups.
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Theorem 28. Assume that H is a shearlet dilation group. Let Y = diag(1,A5,...,44)
denote the infinitesimal generator of the scaling subgroup. If 0 < A; < 1 holds, for
all 2 <i <d, then H characterizes the wavefront set.

Remark 29. We can now quickly go through the examples of shearing subgroups in
Subsection 3.3 and show that for most cases, there exists a compatible anisotropic
scaling subgroup that allows to characterize the wavefront set. Writing A; = 1+ y; as
in Lemma 5, the condition from Theorem 28 translates to —1 < i; < 0, for2 <i <d.
Apart from the group in Example 21, which was specifically constructed to not allow
any anisotropic scaling, all other shearing groups can be combined with a compat-
ible scaling group in such a way that the resulting shearlet transform fulfills the
conditions of Theorem 28, and therefore characterizes the wavefront set. Note that
this was previously known only for the original shearlet group [36, 22]. In particu-
lar, we may combine the Toeplitz shearing subgroup with the scaling subgroup with
exponents (1,1 —6,...,1—(d—1)0), and choosing é € (0,1/(d — 1)) guarantees
that the Toeplitz shearlet transform characterizes the wavefront set.

The proof of the Theorem amounts to verifying the cone approximation property
and microlocal admissibility of the dual action, and this will be carried out in the fol-
lowing two propositions. For the remainder of this section, we fix a shearlet dilation
group H with infinitesimal generator diag(1, A, ...,Ay) of the scaling subgroup. We
let Amax = max;>2 A;, and Apyin = min;>2 A;.

Proposition 30. If An.x < 1, there exists an open subset 0 =V & O such that

the dual action of H on the orbit O has the V-cone approximation property at
(1,0,...,00T e8¢~ 1no.

Proof. We will employ the structural properties of shearing subgroups derived in
Section 2.2. We let S and D denote the shearing and scaling subgroups of H, re-
spectively. The infinitesimal generator of D is a diagonal matrix with the entries
1,42,...,A4. We let X, ..., X, denote the canonical basis of s, consisting of strictly
upper triangular matrices X;. By Lemma 6, each & € § is uniquely described by

d
h=h(t,1) =1+ Y t:X;,
i=2

where t = (t,...,t;)7 denotes the vector of first row entries of A(t,1). For H, we
thus obtain the global chart

d
h(t,a) = (Id + Zt,-X,-) sgn(a)diag(lal, |a®,...,|a*) € GL(d,R), (t,a) e R4 xR .
i=2

For the purpose of the following computations, it is possible and beneficial to
slightly modify this construction and replace h(z, 1) by its inverse. Thus, every h € H
can be written (uniquely) as # = +h(t,1)"'h(0,a) with t € R~ and a € (0, +).
The dual action is then given by
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(DT = +(h(0,a) 'h(t,1))T =+ <1d+ zd‘,t,-xf> h(0,a7 "), 17)
i=2

where by construction

(1 0"
I X7 = 1
d+i:22tt i (l I —I—A(l‘)T) ’ ( 8)
with A(¢) being a (d — 1) x (d — 1) strictly lower-triangular matrix satisfying
[A@)]| < Cle] (19)

with a constant C depending only on H.
We now parametrise the open orbit & by the global chart provided by affine
coordinates
Q:R*xR*"' 50 Q(r,v)=1(1,v")7,

and $4~1 N € by the corresponding diffeomorphism to its image

(v’

VI+PPR

o:R' 5850w, o(v) =

Given € > 0, we set
We={ve R [v] < €} = B(0),

since {W, : € > 0} is a neighbourhood basis of the origin in R~ ! and {®(W;) : € >
0} is a neighbourhood basis of & = (1,0,...,0) € S 'no.
Furthermore, for fixed 0 < 7; < 7, and & > 0 the set

V=0((11,1) x Wg,)

is an open subset with V € 0.
Given h € H, as in (17), and £ € V, then & = Q(7,v) with 7; < T < T, and
v € We,, and we get

()76 =2 C I fﬁxw) (avfl) =alc <t+ (T Jer(t)T)v”>

A

where v/,v"" € R?~! have components given by v = a~*v; and v/ = a' “%; for all

i=2,...,d. Hence
(V) =Q ((xa 'm,ta™ " 1) x (14 (Lo + A0 )W)
where W& = {V" e R v/ = a' v, v < &}

Fix now R > 0 and a neighborhood W C $?~! N & of &. Without loss of gener-
ality we can assume that W = (W) for some € > 0. Furthermore, since
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R
V14e?
where the last inclusion on the right holds if € < 1, then the V-cone approximation

property holds true if there exist R > 0 and 0 < & < 1 such that for all h € H
satisfying

(R, +o0) x We C Q71 (C(0(We),R)) C ( +oo) x We C (;—koo) X We,

o) (o) e ) 20 200
it holds that
(V) CQ((R,+o0) x We). (20b)

Take R’ > 0 and 0 < €' < /3, which we will fix later on as functions of R and &,
and h € H as in (17). If h = —(h(0,a)~'h(¢,1))7 then

R _ _
((2’+°°) X ng) N((—a Mo, —a ') x (1 4+ (I +A(t)T)Wb%)) =0,
so that (20a) implies that # = 4(h(0,a)~"h(¢,1))” and

R _ _
((2,+oo) X ng> N((a 1,0 1) x (t+ (I +A(’)T)W8%)> 7 0.
Hence
R <2 ',  Won(r+1dgi+A@)")WE) 0.
If we choose R’ > 21, the first inequality gives

27T
a<7/2<1, 1)

and, since a < 1, setting Amax = max{A,,..., A4}, clearly

WE € Wi 1 - (22)

By the above inclusion, since W N (14 (Ig—1 +A(r)T)Wg ) # 0, then there exists
Ee Wea1-#max Such that ¢ +E+A(t)TE| < €. Hence, triangle inequality, (19) and
(21) give

1| <€ +(1+[IA0)IE] < €+ (1+Cle])a' e
2T2
R

1
< e 4 (S2) e (14 Clr])gp < 2¢'+ S 1t

where the last inequality holds true provided that
&

1 1
R > 2mmax{1, () s (2Ce) T }. (23)

Hence, if (20a) holds true with R’ satisfying (23), then
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27

a< 50 <1 (24a)
|t] < 4¢€ (24b)

212 1_Afmax 1 1
(?) € < min{¢’, %} (24c¢)

The condition (20b) is equivalent to
(ailfl,ailfz) X (t4+1- —i—A(l)T)Wg(g) C (R, +oo) X We,

which is ensured by a~!7; > R and, recalling (22), by t + (I, —l—A(t)T)Wgoal,,xmax C
Wg .

By (24a) the first condition is satisfied if 7; /R > 2 2. Taking into account (23), it
is sufficient to assume that

R > 2t max{l, ( )1 o ,(2Cep) ™hmax ST 7} (25)

To ensure that # 4 (I, +A(I)T)W£Oa1—amax C We, note that, for all £ € Wey a1 —Amas »
conditions (19), (24a), and (24b) give

64 (ama +AWOTIE] < ]+ +CHDIE] < [+ (1 +Clral g

27
<4g' + (14 Cae')(52)! g,

R
<de +¢e 12 =7¢,

where the last inequality follows from (24¢). Hence, with the choice €’ =min{1,&/7}
and R’ satisfying (25) for all & € W i1t »

[t + (a1 +A(N)T)E| <&,
so that (20b) holds true for all & € H satisfying (20a).

Remark 31. The proof does not make use of the fact that the shearlet group . is
abelian. The proof is based only on the following two properties of S

a) a global smooth chart ¢ + s(t) from R?~! onto S;
b) forallt € R? the dual action of s(¢) is of the form

ry-( )

where ||B(2)|| < C; + C,|t]| for a suitable choice of C; and C.

With the cone approximation property already established, the remaining condi-
tion is quite easy to check.
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Proposition 32. If 0 < Apin < Amax < 1, there exists an open subset ) £V € O such
that the dual action of H on the orbit O is V-microlocally admissible in direction

(1,0,...,0) € 84" 1no.
Proof. We retain the notations from the previous proof, as well as the open set
V= 'Q((Tlvr2) XWSO) )

with 7] < 1 < Tp. Since we assume Amax < 1, the cone approximation property
holds, and then condition (2) of Definition 24 follows from condition (1) by [22,
Lemma 4.7]. In addition, the cone approximation property allows to replace K, in
that condition by the smaller set K;. In short, it remains to prove the existence of
o > 0and C” > 0 such that

|A~] < C|lh||

holds for all i € K;(w(Wg),V,R), for suitable €,R > 0. In the following com-
putations, we let € = 1 and R > 2. Now assume that » = +h(t,1)"'h(0,a) €
K;(w(We),V,R), which means that =7V C C(@(W),R). This implies in particular
that

1 1 a!

0 0 0
T | = £h(e,DTh(0,0)7 | . | ==£h(e, )T

0 0 0

—— (i) € Co(W,),R).

This implies that the sign is in fact positive. Furthermore, we have |¢t| < & =1, and

then
1

0
20 ' > 0T ||>R>2,
0
which implies a < 1. By using the fact ||a(z, 1) < C(1+¢]) <2C < V2(1+ (1 +
O)t]) < V2(2+ C), where C was the constant from (19), we can now estimate

17~ = 117(0,a) " R(e, 1) < [|1(0,a) " |[|A(, V)] < V2(2+C)a™",
where we used a < 1 and Apax < 1 to estimate the norm of /(0,a)~!. In addition,
i) = [|A(t, 1) h(0,a) || < ||A(t, 1) [|A(0,a)| < C'amin .

Here we used that the set {A(¢,1) : |f| < 1} C H is compact to uniformly estimate
the norm of the inverses by a suitable C’, and a < 1 to estimate the norm of /(0,a).
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But these estimates combined yield
Il < V22 +C)at < V2(2+C)(C') i) = Amin

Since we assume that Ay, > 0, the proof is finished.

5 Embeddings into the symplectic group

From the analytical point of view, we saw that shearlet dilation groups are a use-
ful tool for the characterization of the wavefront set of distributions. On the other
hand, from the algebraic and geometrical points of view, these groups and the asso-
ciated generalized wavelet representation exhibit an interesting link with the sym-
plectic group and the metaplectic representation. More precisely, in this section we
show that the positive part DS of any shearlet dilation group DS U (—DS) may be
imbedded into the symplectic group. Note that the full group DSU (—DS) cannot be
expected to be imbedded into Sp(d,R) [6, Theorem 3.5]. Moreover, we prove that
the wavelet representation is unitarily equivalent to the metaplectic representation,
provided that they are restricted to a suitable subspace of L?>(R?). In fact, a much
more general class of groups is allowed, see Theorem 33.

The relevance of the symplectic group and of the metaplectic representation in
this context has already been shown in several works [15, 1, 2, 6]. In particular, the
argument given here generalizes [6].

Let T(d,R) denote the subgroup of GL(d,R) consisting of the upper triangular
matrices with positive entry in position (1, 1), namely

T(d,R); ={h e GL(d,R): hi >0andh; ; =0 for every i > j}.
We consider the following subspace of L?(R9):
A ={f e L*(R?) :suppf C O}, where O = {E e RY: & <0}
The main result of this section reads as follows.

Theorem 33. Tuke H < T(d,R) . The group G = R? x H may be embedded into
the symplectic group, namely there exists a group embedding ¢: G — Sp(d,R).
Moreover, the restriction to € of the quasi-regular representation T defined in
(1) is unitarily equivalent to [ o ¢ restricted to F, where W is the metaplectic
representation of Sp(d,R).

The rest of this section is devoted to the proof of this theorem. The embedding ¢,
the subgroup ¢(G), as well as the intertwining operator between the quasi-regular
representation and the metaplectic representation will be explicitly constructed.

First, we construct the subgroup ¢(G) < Sp(d,R) and the map ¢. The vectorial
part of G = R? x H will correspond to the subspace of the d-dimensional symmetric
matrices given by
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by by/2 - by/2
b2:/2 i beRY}.
ba/2

We shall need the following preliminary result concerning the map

p: T(d,R), — GL(d,R), hs\/hi b T (26)

Lemma 34. The map p is a group homomorphism and for all b € R? and h €
T(d,R) there holds

p(h) " opp(h) ™" = o 27)

Proof. The first part is trivial, since the matrices in H are upper triangular with
hy1 > 0. The second part can be proven as follows. Fix b € RY and i € T(d,R)..
The assertion is equivalent to

thhT = hl,lo'hb.

Write fori =2,...,d

" b
2
h= . hi=Tlh1 n], hi=[0h], b= g
hy ba
We have
hi1 h/l h1,1b1 +h/1b//2 h171b/T/2
o — 0 1 by T2 B b’ /2 0
P \e20 )7 s D
0 hﬁ, hﬁlb//Z 0
whence
h1$1b1+h/1b’/2 /’ll’lb’T/Z
ho T ' /2 0 hiy 0 - 0
T : : A
h’db’/Z 0
hia(hyaby+RB )2) +h BTHE 2 i BTHE 2 - by OTRT )2
B hihyb' /2
: 0
hi b’ /2

Therefore, since b7 hiT = h}b' for every i and h}b' = h;b for i > 2, we obtain
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hy by + b RSB )2 e W2 by hab)2 --- hab)2
b )2 hab)2
hoph” =hy 2 ) =hi1
: 0 : 0
b /2 hab /2

whence hop hT = h1,10pp, as desired.

We use the notation
¢(o,h) = ( a hT> €Sp(d,R), o€ Sym(d,R),h € GL(d,R).

The product law is
8(01,h1)g(02,h2) = g(01 + hy " o2k o). (28)

In the following result we show that G = R? x H is isomorphic to the subgroup of
Sp(d,R) givenby X x p(H) :=g(X,p(H)). This proves the first part of Theorem 33.

Proposition 35. Take H < T (d,R) . Then the map
¢RdXH*>g(27p(H))<Sp(d7R)v (b,h)Hg(Gb,p(h))

is a group isomorphism.
It is worth mentioning that Lemma 2.3 in [6] immediately follows from this result.

Proof. Recall that the product in R? x H is defined by
(br,) (b2, o) = (by + hiba, o), by € R h; € H.
By definition of ¢ and using (28) there holds
¢(b1,h1)9 (b2, h2) = g(0b,,p(h1))8(0b,,p(h2))
= g(0p, + p(m) " op,p(h1) !, p(h1)p (h2)).

Therefore, Lemma 34 gives

¢ (b1,h1)¢(b2,h2) = g(Ob, + Onyiy, p(M112))
= g(o-b1+hlb2,p(hlh2))
=¢

((blvhl)(b2vh2))7

as desired. Note that the fact that g(X, p(H)) is a subgroup follows a posteriori.

Intertwining the quasi-regular representation 7, given in (1), with the Fourier trans-
form .# : ¥ — L*(®L) we obtain the representation #(b,h) := .Zn(b,h).Z ' on
L?(@y) given by

#(b,h)f(E) = |deth|' e M PS F(ATE),  fel?(@y).
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The metaplectic representation restricted to X x p(H) takes the form

w(d(b,h)f(§) = |detp(h)| 2™ @SS f(p(h)1E),  fel*(OL). (29)

We now show that & and p are unitarily equivalent, which concludes the proof of
Theorem 33. The intertwining operator is given by

Wi L(0r) — LX(Or), WF(E) =|detdy1 (§)]'2F(Q7'(8)),

where Q: @ — Oy is defined by Q(&) = —1&;&.

Proposition 36. Let ¢ be the group isomorphism given by Proposition 35. For every
(b,h) € RY x H there holds

Yu(¢(b,h)) P~ = Fn(b,h).F ' = #(b,h).

Proof. We start by giving a few identities without proof [6]:

|detJo(&) =2"""&1[", (30)
|detdy 1(8)] =25 7"1&| ¢, 31)
(0,8,8) = —2(b,0(5)), (32)
(&) =v2E/ V-4 (33)

By (32) and (27) there holds

—2(b,Q(h"E)) = (o, h" &, T E) = (hoyp &, &) = hy 1 (omE, €).

Therefore, using again (32) we obtain

—2(b,Q(h"E)) = =211 (hb,Q(&)) = —2(b,h1 1 hT Q(E)),

whence
Q(hTE) = hy 1 hT Q(&). (34)

By using the definition of ¥, (29), (32), (26) and once again the definition of ¥, we
can now compute for f € L>(@r), b€ R and h € H

A

Pi(0(b.h) P F(§) = [detio (§)] (9 (b.m) ¥ F)(Q 7 (£))

= [detdg1(&)[/?[detp(h)] 2@ OCTEW fp () 07! (€)

= |detg-1(§)]'?|detp ()] "'/ 2e 2SI fp ()10 (&) (35)
= [detlg 1 (&)1 § deth] V2o 250 £ fn, T Q7))

= | detJy (5)\1/%1; | deth|!/2e~2mitb4)

Jdetdo(hy AT Q1 (E) RO F AT 07 ()):
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Now note that by (34) and by the fact that Q is quadratic there holds

Q(hf,%hTQ_l(é)) = hl,lhTQ(hil%Q_l(‘g)) =n'Q(Q7'(§))=h"E.  (36)

Moreover we have

(detdohy § HTQV(E))] = 21| (hy £ AT Q1 ()|
= 21 $ (AT Q1 (E))
— 21 dpy Tk 01 (E) [
—21pf 2¥ 1|8,

where the first equality follows from (30), the third one from the fact that 4’ is lower
triangular and the forth one from (33). Therefore by (31)

1 d 1 _d

_1 d
|detdg-1 (€)]"/2 | detlg(hy { AT Q7' (€))['/2 =243 |&|752375h] 2
Finally, inserting (36) and (37) into (35) we obtain
W (9 (b,h) P F(E) = |deth|'2e "8 (R E) = #(b,h) f(£),

as desired.

Acknowledgements G. S. Alberti was partially supported by the ERC Advanced
Grant Project MULTIMOD-267184. S. Dahlke was supported by Deutsche
Forschungsgemeinschaft (DFG), Grant DA 360/19-1. He also acknowledges sup-
port of the Hausdorff Research Institute for Mathematics during the Special Trimester
“Mathematics of Signal Processing”. F. De Mari and E. De Vito were partially
supported by Progetto PRIN 2010-2011 “Varieta reali e complesse: geometria,
topologia e analisi armonica”. They are members of the Gruppo Nazionale per
I’ Analisi Matematica, la Probabilita e le loro Applicazioni (GNAMPA) of the Is-
tituto Nazionale di Alta Matematica (INdAM). H. Fiihr acknowledges support from
DFG through the grant Fu 402/5-1.

Part of the work on this paper was carried out during visits of S. Dahlke and H.
Fiihr to Genova, and they thank the Universita di Genova for its hospitality.

References

1. Alberti, G.S., Balletti, L., De Mari, F., De Vito, E.: Reproducing subgroups of Sp(2,R). Part
I: Algebraic classification. J. Fourier Anal. Appl. 19(4), 651-682 (2013)

2. Alberti, G.S., De Mari, F., De Vito, E., Mantovani, L.: Reproducing subgroups of Sp(2,R)
Part II: admissible vectors. Monatsh. Math. 173(3), 261-307 (2014)

3. Candes, E.J., Donoho, D.L.: Ridgelets: A key to higher-dimensional intermittency? Phil.
Trans. R. Soc. 357(1760), 2495-2509 (1999)



32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

G. S. Alberti et al.

. Candes, E.J., Donoho, D.L.: New tight frames of curvelets and optimal representations of

objects with piecewise C2 singularities. Comm. Pure Appl. Math. 57(2), 219-266 (2004)

. Czaja, W., King, E.J.: Isotropic shearlet analogs for L?(IR¥) and localization operators. Numer.

Funct. Anal. Optim. 33(7-9), 872-905 (2012)

. Dahlke, S., De Mari, F., De Vito, E., Hiuser, S., Steidl, G., Teschke, G.: Different faces of the

shearlet group. J. Geom. Anal. , 1-37 (2015), DOI:10.1007/s12220-015-9605-7

. Dahlke, S., Hduser, S., Steidl, G., Teschke, G.: Shearlet coorbit spaces: traces and embeddings

in higher dimensions. Monatsh. Math. 169(1), 15-32 (2013)

. Dahlke, S., Hduser, S., Teschke, G.: Coorbit space theory for the Toeplitz shearlet transform.

Int. J. Wavelets Multiresolut. Inf. Process. 10(4), (2012)

. Dahlke, S., Kutyniok, G., Maass, P., Sagiv, C., Stark, H.-G., Teschke, G.: The uncertainty

principle associated with the continuous shearlet transform. Int. J. Wavelets Multiresolut. Inf.
Process. 6(2) , 157-181 (2008)

Dahlke, S., Kutyniok, G., Steidl, G., Teschke, G.: Shearlet coorbit spaces and associated ba-
nach frames. Appl. Comput. Harmon. Anal. 27(2), 195-214 (2009)

Dahlke, S., Steidl, G., Teschke, G.: Multivariate shearlet transform, shearlet coorbit spaces
and their structural properties. In: G. Kutyniok, D. Labate (eds.) Shearlets, pp. 105-144.
Birkhéuser/Springer, New York (2012)

Dahlke, S., Steidl, G., Teschke, G.: Shearlet coorbit spaces: compactly supported analyzing
shearlets, traces and embeddings. J. Fourier Anal. Appl. 17(6), 1232-1255 (2011)

Dahlke, S., Steidl, G., Teschke, G.: The continuous shearlet transform in arbitrary space di-
mensions. J. Fourier Anal. Appl. 16(3), 340-364 (2010)

Dahlke, S., Teschke, G.: The continuous shearlet transform in higher dimensions: Variations
of a theme. In: Group Theory: Classes, Representations and Connections, and Applications,
pp. 165-175. Nova Science Publishers, (2010)

De Mari, F,, De Vito, E.: Admissible vectors for mock metaplectic representations. Appl.
Comput. Harmon. Anal. 34(2), 163-200 (2013)

Do, M.N., Vetterli, M.: Contourlets: a directional multiresolution image representation. In:
Proceedings of the International Conference on Image Processing, vol. 1, pp.357-360 (2002)
Feichtinger, H.G., Grochenig, K.: A unified approach to atomic decompositions via integrable
group representations. In: Proc. Conf. Lund 1986 ’Function spaces and applications’, Lect.
Notes in Math. 1302 (1988), pp 52-73

Feichtinger, H.G., Grochenig, K.: Banach spaces related to integrable group representations
and their atomic decompositions. Part I. J. Funct. Anal. 86(2), 307-340 (1989)

Feichtinger, H.G., Grochenig, K.: Banach spaces related to integrable group representations
and their atomic decompositions. Part II. Monatsh. Math. 108(2-3), 129-148 (1989)
Feichtinger, H.G., Grochenig, K.: Non-orthogonal wavelet and Gabor expansions and group
representations. In: Ruskai, M.B., et al. (eds.) Wavelets and Their Applications, pp.353-376.
Jones and Bartlett, Boston (1992)

Feichtinger, H.G., Sun, W., Zhou, X.: Two Banach spaces of atoms for stable wavelet frame
expansions. J. Approx. Theory 146(1), 28-70 (2007)

Fell, J., Fiihr, H., Voigtlaender, F.: Resolution of the wavefront set using general continuous
wavelet transforms. J. Fourier Anal. Appl., 1-62 (2015)

Folland, G.B.: A course in abstract harmonic analysis. CRC Press, Boca Raton, FL(1995)
Frazier, M., Jawerth, B.: Decomposition of Besov spaces. Indiana Univ. Math. J. 34(4), 777-
799 (1985)

Frazier, M., Jawerth, B., Weiss, G.: Littlewood-Paley theory and the study of function spaces.
(1991)

Fiihr, H.: Continuous wavelet transforms with abelian dilation groups. J. Math. Phys. 39(8),
3974-3986 (1998)

Fiihr, H.: Coorbit spaces and wavelet coefficient decay over general dilation groups. Trans.
Amer. Math. Soc. 367(10), 7373-7401 (2015)

Fiihr, H.: Generalized Calder6n conditions and regular orbit spaces. Colloq. Math. 120(1),
103-126 (2010)



Recent Progress in Shearlet Theory 33

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Fiihr, H.: Vanishing moment conditions for wavelet atoms in higher dimensions. Adv. Com-
put. Math. 42(1), 127-153 (2016)

Fiihr, H., Raisi-Tousi, R.: Simplified vanishing moment criteria for wavelets over general
dilation groups, with applications to abelian and shearlet dilation groups. To appear in Appl.
Comp. Harm. Anal. DOI:10.1016/j.acha.2016.03.003

Preprint available under http://arxiv.org/abs/1407.0824 (2014)

Grochenig, K.: Describing functions: atomic decompositions versus frames. Monatsh. Math.
112(1),1-42 (1991)

Grohs, P.: Shearlet and microlocal analysis. In: Kutyniok, G., Labate, D. (eds.) Shearlets:
Multiscale Analysis for Multivariate Data, pp. 39-67. Birkhéuser, Boston (2012)

Hilgert, J., Neeb, K.-H.: Structure and geometry of Lie groups. Springer Monographs in
Mathematics. Springer, New York (2012)

Jaffard, S., Meyer, Y.: Wavelet Methods for Pointwise Regularity and Local Oscillations of
Functions, Mem. Amer. Math. Soc. 123(587), (1996)

King, E.J.: Wavelet and frame theory: frame bound gaps, generalized shearlets, Grassmannian
fusion frames, and p-adic wavelets. Dissertation, University of Maryland, College Park (2009)
Kutyniok, G., Labate, D.: Resolution of the wavefront set using continuous shearlets. Trans.
Amer. Math. Soc. 361(5), 2719-2754 (2009)

Kutyniok, G., Labate, D. (eds.): Shearlets: Multiscale Analysis for Multivariate Data.
Birkhéuser/Springer, New York (2012),

Triebel, H.: Characterizations of Besov-Hardy-Sobolev spaces: a unified approach. J. Approx.
Theory 52(2), 162-203 (1988)

Varadarajan, V. S.: Lie groups, Lie algebras, and their representations. Springer-Verlag, New
York (1984)



