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Abstract

This paper is concerned with generalizing the theory of coorbit spaces and frame con-
structions to domains and manifolds and with applying it to the construction of modulation
spaces and Gabor frames on spheres. Starting from group theoretical considerations, we
initially introduce a generalized wavelet transform. This allows the definition of coorbit
spaces on homogeneous spaces just by collecting all functions for which this generalized
wavelet transform belongs to some weighted L, space. A reasonable discretization of the
wavelet transform gives then rise to atomic decompositions and Banach frames. After con-
sidering aspects of nonlinear approximation, we show how the established theory can be
applied to the Gabor transform on spheres. For the S!, we have derived special admissible
Gabor atoms that are very closely related to uncertainty minimizing states.
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1 Introduction

In this paper, we study the problem of analyzing functions on the sphere by means of Gabor
frames. To analyze a given signal, the first step is always to decompose it into suitable building
blocks. These building blocks depend on the given situation, they may consist of the elements
of an (orthonormal) basis, of a frame, or even of the elements of huge dictionaries. At first
sight, an orthonormal or more general a Riesz basis seems to be the most promising choice
since then the representation of the signal is unique and usually very fast decomposition and
reconstruction algorithms are available. However, in recent studies, it has turned out that the
Riesz basis setting is very often not flexible enough. Indeed, when dealing with complicated
domains or manifolds, such a suitable Riesz basis might not exist or it might suffer from serious
problems such as a lack of numerical stability. Moreover, in other applications such as in Gabor
analysis a Balian—Low theorem [15] prohibits the existence of a good basis.

One way to overcome these difficulties is to work with a weaker concept, i.e., to work
with frames. Frames provide stable and usually redundant nonorthogonal expansions in a
Hilbert spaces H. In general, a countable set of elements {e; };cz is called a frame if there exist
constants 0 < A; < Ay < oo such that

ALl < Y1 F eanl® < Al fll3

1€Z

Recent studies indeed indicate that frames on domains and manifolds are much easier to
construct than a Riesz basis, see, e.g., [3, 4, 17]. In this overview article, we are especially
interested in the construction of Gabor frames on a very prominent manifold, the sphere. The
approach presented here has been introduced and discussed in its full generality in [3, 4, 5].
It is essentially based on square integrable group representations and generalizes the well—-
known coorbit space theory developed by Feichtinger and Grochenig in a series of papers, e.g.,
[8, 9, 10, 11, 14]. The important Feichtinger-Grochenig theory has the following advantages:

e The theory is universal in the following sense: Given a Hilbert space H and a square
integrable representation of a group G, the whole abstract machinery can be applied.

e The approach provides us with natural families of smoothness spaces, the coorbit spaces.
They are defined as the collection of all elements in the Hilbert space H for which the voice
transform associated with the group representation has a certain decay. In many cases,
e.g., for the affine group and the Weyl-Heisenberg group, these coorbit spaces coincide
with classical smoothness spaces such as Besov and modulation spaces, respectively.

e The Feichtinger-Grochenig theory does not only give rise to Hilbert frames in H, but also
to frames in scales of the associated coorbit spaces. Moreover, not only Hilbert spaces,
but also Banach spaces can be handled.

e The discretization process that produces the frame does not take place on the manifold
(which might look ugly and complicated), but on the Lie group at hand (which is usually
a more handy object), and is transported to the manifold by the group representation.

So far, the Feichtinger-Grochenig theory is well-established for problems on the whole
Euclidean plane. In view of the advantages stated above, it seems to be quite natural to apply
this approach also to compact manifolds such as the spheres. However, then one is usually faced



with the following problem: in many cases, there exist group representations, but they are not
square integrable since the groups are ‘too large’ with respect to the manifold. Therefore it
is necessary to make the group ‘smaller’ which can be performed by factoring out a suitable
subgroup. Then one has to work with coset spaces. This might cause serious problems since
usually the group structure gets lost. Nevertheless, in a small series of papers [3, 4, 5] we have
shown that a generalization of the Feichtinger-Grochenig theory to representations of quotient
spaces is indeed possible.

In this paper, we present the basic steps of this construction. Special emphasis is laid
on the application to the spheres. We show that by combining our approach with the local
Fourier transform on the spheres as introduced by Torressani [18], one obtains generalized
modulation spaces on the spheres and atomic decompositions and Banach frames for these
scales of spaces. We recall the principle ideas without going into details, but nevertheless the
proofs of the central Theorems 4.1 and 4.2 that provide us with atomic decompositions and
Banach frames, respectively, are briefly sketched. We also discuss a new aspect of constructing
atomic decompositions and Banach frames on spheres, namely uncertainty relations. Given a
square integrable group representation, one obtains a set of self-adjoint differential operators
by taking the derivatives of the representation at the identity element. Then any pair of these
operators gives rise to ‘spherical’ Heisenberg uncertainty principles, and those vectors that
minimize the uncertainty can be interpreted as canonical analyzing atoms.

This paper is organized as follows. In Section 2, we briefly review the group theoretical
background and introduce the generalized wavelet transform. In Section 3, we define associated
coorbit spaces and state the basic correspondence principle. The main result is then given in
Section 4. In this section we formulate conditions for the existence of atomic decompositions
and Banach frames. After having established decomposition (and therewith approximation)
principles, the next natural goal is to determine the quality of approximation. This is the topic
of Section 5. As the special focus of this paper, we consider in Section 6 the application of the
general theory to the construction of local Gabor frames and associated modulation spaces on
spheres. As a new aspect, we state related uncertainty principles for the local Fourier transform
on the sphere S' and compute the corresponding minimizing states in Section 6.2. Since these
minimizing states do not meet all the conditions of the proposed coorbit theory, we suggest a
reasonable approximation.

2 Square Integrable Representations modulo Subgroups

Let G be a locally compact group with left Haar measure v and let U be a strongly continuous,
unitary representation of G on a separable Hilbert space H. We say that U is square integrable
if there exists ¢ € H\{0} such that

/G (. U(g) )2 dilg) < oo.

For the classical integral transforms like the short time Fourier transform and wavelet trans-
form related to the reduced Weyl-Heisenberg-group and the affine group, respectively, the
representations in question are in fact square-integrable. However, for integral transforms re-
lated to group representations on Lo-spaces on manifolds, for example on the sphere, square
integrability fails to hold. In other words, the corresponding group is too large.



A way to overcome this fact is to factor out a suitable closed subgroup H. In this way,
we restrict the representation to a quotient X := G/H which always admits a strongly quasi-
invariant measure. Since in general the representation is not directly defined on X we need
to introduce a section ¢ : X — G which assigns to each coset a point lying in it. In other
words, if Il : G — X denotes the canonical projection then Il o 0 = Id. It is always possible
to choose a measurable section or even a continuous one on some dense open subset of X. In
many examples the section will be continuous. For technical reasons we assume further that
G and, hence, also X = G/H is o-compact. A unitary representation U of G on H is called
square-integrable modulo (H,o) if there exists a function ¢ € H such that the self-adjoint
operator A, : ' H — H weakly defined by

Af = /X (U0 (@)Y U (@) dulx),

is bounded and has a bounded inverse A;!. The function 1 is called admissible. If A, is
a multiple of the identity then 1 is called strictly admissible. In this paper, we restrict our
attention to the strictly admissible setting, where A, = Id. More general operators A, were
considered in [5].

The wavelet transform Vy, : H — Lo(X) is defined by

Vof(x) = (f,U(o(@))n, weX. (2.1)

Note that the set Sy := {U(o(z)) : © € X} is total in H, i.e., S} = {0}. Based on the wavelet
transform we introduce the Hermitian kernel

Ry(z,y) = VpU(o(2))(y) = U(o(2))y, U0 (y))P)n- (2:2)

Then V,, gives rise to the following correspondence between H and the reproducing kernel
Hilbert space
My :={F € Ly(X) : (F,Ry(z,-)) = F(z) ae.}.

Theorem 2.1. (Correspondence between H and My) Let U be a square integrable re-
presentation of G mod (H,o) with a strictly admissible function . Suppose that Vi, and Ry,
are defined by (2.1) and (2.2), respectively. Then Vy is a bijection of H onto the reproducing
kernel Hilbert space M.

For a proof see, e.g., [1, Theorem 7.3.1]. Furthermore, Vy, is an isometry such that it can
be inverted on its range by its adjoint VJ . For f € H, we have the reconstruction formula

f=ViVyf.
3 Weighted Coorbit Spaces on Homogeneous Spaces

We want to extend our consideration from Lo(X) to more general weighted L,-spaces. For
some positive, measurable weight function v on X and 1 < p < o0, let

Ly (X) := {f measurable : fv e L,(X)}

with [[fll1,., = ([ [F(@)Po(@)du(@) """, 1< p < 0o and ||f]| ..., = ess sup |f (@)[v().



The spaces Hi, and H),. First we need to provide a suitable large reservoir for the
objects of our coorbit spaces. To this end, let w be some weight function on X satisfying
w(z) > 1 for all z € X. Throughout this paper, we impose the fundamental condition

wi@)

(
) du(z) < co. (3.1)

ess sup/ |Ry(x,y)]
yeX JX

By the Generalized Young Inequality A.1, this implies that Ry (x,-) = Vy(U(o(x))v) is in Ly

and that the map F' +— (F, Ry(x,-)) is continuous on L1 ,,. Then the linear space

Hiw:={f€H:Vy(f) € L1,(X)}

together with the norm || f||+, , := |[Vi fl/z,, becomes a Banach space which is continuously
embedded in H. In particular, since Ry (x,-) € L1, (X) we see that U(o(x))y € Hyw. Intro-
ducing the dual space H ,, of Hi ., we have the continuous embeddings Hi.,, C H C Hi,,
where H ,, is norm dense in H and H is weak-* dense in M} ,,. In other words, (H1 ., H,H] ,,)

forms a Gelfand triple. Now the operator Vy, can be extended to an operator on H {7w by
wa(l‘) = <fvu(0(m))¢>H{’w><H17w .

By (3.1), we see that Vi : H} ,, — Lo 1/0(X) is a continuous operator. Then an operator f/w

1w

can be weakly defined on L ;/,,(X) by
(VoF, 9)1g,  xrtr = (F.Vyg)  forallg € Hiy.
It can be shown that V, is a bounded operator on Loo,1/w(X) and we obtain for F' € Ly 1 /,,(X)
VpVyF(x) = (Ve F U0 (2)W)3, < = (B Ve U(o(2)9)) = (F, Ry(z,)), (3:2)

Weighted coorbit spaces. Now we introduce the weighted coorbit spaces. To this end, let
v be a positive measurable weight function on X. We impose the fundamental conditions

esssup/ ]R¢(x,y)\Mdu(x)<oo and esssup/ |Ry(x,y)]
yex Jx v(y) vex Jx

v(z)

v(y)

By the Generalized Young Inequality A.1, this implies that F' — (F, Ry(x,-)) is continuous
on L,,. Additionally, we require that the weight function w is associated to v in the sense
that {(F, Ry(x,-)) : F € Lpy} C Lo 1/ In [5] natural weight functions w associated to v are
proposed. In particular, we can chose w =1 if v > 1. For 1 < p < oo, we define the weighted
coorbit spaces

du(y) < oco.  (3.3)

Hpo ={f € Hlw: Vol € Lpo(X)}

with norms || f||#,., := ||V fllL,.. The spaces (Hy., || - ||#,.,) are Banach spaces. Under mild
additional conditions it can be shown that H, , does not depend on the choice of .



Correspondence principle. The basic ingredient in the coorbit theory is a correspondence
principle between the spaces H,, ., and certain subspaces of functions on X, which are defined
by means of the reproducing kernel Ry,. For 1 < p < oo and Ry, with property (3.3), let

Mpy :={F € Lp,(X) : (F,Ry(x,-)) = F(x) a.e. }.

Theorem 3.1. (Correspondence between H, , and M, ,) Let € H be given such that
the corresponding kernel Ry, satisfies (3.3). Then, Vi f € My, i.e.,

<V¢'f’ R¢($, )> = V¢f($), f € Hp,v-

Conversely, for every F € Mp,, 1 < p < oo, there exists a uniquely determined element
f € Hp such that F' = Vi f.

By Theorem 3.1 and (3.2) we see that V¢f/¢ is the identity on M, ,. Since we have for
f € Hpy that Vi f € My, it follows Vi,V Vi f = Viu f. Now Vy, is injective on 'H'Lw so that
‘7¢V¢ is the identity on H)p,.

4 Atomic Decompositions and Banach Frames

In this section we show that judicious discretizations of the continuous wavelet transform
give rise to atomic decompositions and Banach frames of the form {U(o(z;))¢ : z; € X} for
weighted coorbit spaces.

Discretizations. A major tool is that of a bounded uniform partition of unity which we
adapt to homogeneous spaces. A sequence (z;)ic; C X is called U-dense if | J;c; o(2;)U D
o(X) for some relatively compact neighborhood U of e € G with non—void interior and it is
called relatively separated, if sup;cr#{i € I : o(z;)L No(x;)L # 0} < Cp, for all compact
subsets L C G. It can be proved that there exist relatively separated and U-dense sequences
(zi)ier € X for all (o—compact) locally compact groups G, all closed subgroups H and all
relatively compact neighborhoods U C G of e € G with non—void interior.

It is standard to construct a bounded partition of unity corresponding to some U-dense
and relatively separated sequence (x;);cy, i.e., a sequence of (continuous) functions ¢;,i € I,
on (G such that

(a) 0 < ¢i(g) <1forallgeQ,
(b) supp ¢; C o(x;)U,
(c) Dicr®ilo(x)) =1forall z € X.

We introduce the subsets X; := {x € X : o(x) € o(z;)U}. Clearly, these sets form a covering
of X with uniformly finite overlap. In order to carry through the discretization machinery we
require for the weight function v that

v(x)
v(y)

<D forallz,ye X;,iel (4.1)

for some constant D < oo independent of ¢ € I. In the terminology of Feichtinger and Grébner
[12] this means that v is moderate with respect to the covering {X;}ier.



For simpler notation, we introduce the numbers a; := pu(X;). Let ¢

pwal/p denote the space
of sequences over I for which

1
Imierlle, = I ietlle, oy < oo

Clearly, if (a;);er is bounded from above and below then épwal/p = €p7va1/p_1 = {,, with
equivalent norms. In particular, this is the case if X; = o(z;)II(U).

Atomic decompositions. For some relatively compact set U, we introduce the kernel oscyy
dependent on 1
oscy(z,y) = sug (U (o (x))(Id — Uu1))p.U(o(y)D)].
ue

The first theorem is a decomposition theorem which says that discretizing the representation
by means of an U-dense set indeed produces an atomic decomposition of H,,,.

Theorem 4.1. Let G be a locally compact group with closed subgroup H and let v be a weight
function on X = G/H. Further, let U be a square integrable representation of G mod (H, o)
with strictly admissible function 1. Assume that the kernel Ry fulfills (3.3) and (3.1) with a
weight w(zx) > 1 associated to v. Let a relatively compact neighborhood U of the identity in G
v(z) v(z)
osev () or dula) <5 and [ osu(n) S du <, (42)
/x v(y) X v(y)
where v < 1. Let (x;)ier be a U—dense, relatively separated family and assume that v satisfies
(4.1). Then Hp,, 1 < p < 00, has the following atomic decomposition: if f € Hp,, 1 < p < o0,
then f can be represented as
= ctl(o(x:), (4.3)
i€l
where the sequence of coefficients (¢i)ier = (¢i(f))ier € £, q1/p-1 depends linearly on f and
satisfies

I(ci)ierlle | 1jps < Allfll3.0- (4.4)
If (ci)ier € £, yr/o—1, then f =3 rcild(o(xi))y is contained in H,, and
il < Bleidierlle oo (4.5

Banach frames. Given such an atomic decomposition, the problem arises under which con-
ditions a function f is completely determined by its moments and how f can be reconstructed
from these moments. This question is answered by the following theorem which shows that
{Wi :=U(o(z;))y : i € I} indeed gives rise to a Banach frame.

Theorem 4.2. Impose the same assumptions as in Theorem 4.1 with

v(x) gl v(x) gl
/XOSCU(l',y)@ du(x) < C_w and /Xoch(x,y)@ du(y) < C—w, (4.6)

where 4 < 1, instead of (4.2)
Then the set

{thi :==U(o(z:))y : i € I}

is a Banach frame for Hy .. This means that



1) f € Hpo if and only if ((f,¥i)re; 0 )iel € Ly parsvs

ii) there exist two constants 0 < A’ < B’ < 0o such that

ANty < ICEidrey v dietlle g < B oty

iii) there exists a bounded, linear reconstruction operator S from €, vat/v 10 Hpo such that

S <((f7 wi>H’17w><H1,w)ieI> = [

Approximation operators. Let us briefly explain the basic concept of the proofs of The-
orems 4.1 and 4.2. The main ingredient is that the operator which maps F' € M, , onto the
function (F, Ry (x,-)) is the identity on M, ,. The idea now is to approximate this operator
which is given by an integral by a sum. As in [4, 5] we use the following two approximation
operators

TyF(x) = Z(F, ¢io0)Ry(x;,x)

el

-3 / )) dps(y) Res (1, 3),

el

Sd)F(.%') = Z F(xz)<¢l ° 0, R¢(1‘, ))

el

- / (2:)6i(0 (1)) Ry (4, 7) du(y).

el

We have to prove that these operators are invertible under certain conditions, see Theorem 4.3
below. Then the correspondence principle (Theorem 3.1) combined with the operators T, and
S¢ yields an atomic decomposition and a Banach frame, respectively.

We shall only briefly explain how the operator Ty can be used to obtain the atomic decom-
position (4.3). For a detailed discussion on the operator Sy we again refer to [4, 5]. Assume
f € Hp, so that Vi, f € Ly, ,. If the operator Ty is boundedly invertible, we obtain

Vpf(a) = TuT, 'V f(z) = Z;<T¢_1wa7 i 0 0) Ry (i, ). (4.7)
S
Since Ry (zi,2) = Vi (U(o(x;)))(z) and Vi Vy is the identity on H,,, equation (4.7) yields
f=Vy (Z; Ci(f)VwU(U($i))¢>
i€
with ¢;(f) := (T, 'V f, ¢i 0 o). As Vy is continuous on H,, ,, we obtain
[ = Z;Cz‘(f)U(U(%‘)W-
i€

For the proof of the frame bounds (4.4), (4.5) we refer again to [4, 5].



Theorem 4.3. i) Suppose that there exists v < 1 such that (4.2) holds. Then || Id=Tg||m,, ,—M,., <
v < 1. In particular, Ty is bounded with bounded inverse.

ii) Suppose that R fulfills (3.3) and that there exists ¥ < 1 such that (4.6) holds where Cy is
the constant in (3.3). Then || Id — S4||mpo—m,., <7 < 1. In particular, Sy is bounded with
bounded inverse.

Proof: We only sketch the proof of part (i), the second part can be proved analogously. Using
the reproducing formula on M, ,, and the fact that (¢; o 0);cr is a partition of unity on X we
obtain for F € M, ,

Fa /F YRy (2, 9)du(y) Z/ F(y)i(o () Ry (9>) du(y).
el
It follows immediately that
F(@) = ToF(@) = 3 | F)oslot)Roo.a) = Roei. )] duty).
iel
By definition of R we obtain

() 2) < Z/ F ()] 6:(0)) | Ro(y.2) — Ry(ai, 2)] du(y)

el

/IF )| ¢i(a () [(U(o(y) — Ul (), Ulo(2)y)] duly).

el

Since supp ¢; C o(x;)U we are only interested in those y € X such that o(y) € o(z;)U which
implies o(y) = o(x;)u for some u € U or equivalently o(z;) = o(y)u~!. Hence, we have

F(@) =Ty (z)
< 3 [ 1Fwi >sugu(u(a(y))—M(a(y)uﬂ)w,u(a(x))w\du(y)
i€l ue
= 3 [ 1F@I6iton)) oseu 4. ) du IF(9) oscu () duy).
ZEZI/ u\y,x)aply / vly,x)auly

By (4.2) and the generalized Young inequality, see Theorem A.1, we obtain
IF =Ty Fllm,, = (Td =Tg)Fliam, ., <AIF Ay,

Hence, ||Id — Ty||rm,,,—M,., <7 <1 and thus Ty is boundedly invertible on M, . |

5 Nonlinear Approximation

The established atomic decomposition can now be used to decompose, to approximate and
to analyze certain functions on H,,. Then it is clearly desirable to determine the quality of
certain approximation schemes based on our atomic decomposition, i.e., the approximation
order comes into play. In this section, we are interested in the quality of the best N—term
approximation. We restrict ourselves to the case where the sequence (a;);er is bounded from



below and from above. This is the case if the measure under consideration is invariant and not
only quasi—invariant. Fortunately, for the application we have in mind this property is indeed
satisfied, see Subsection 6.1.

The setting can be described as follows. Let {¢; = U(o(x;))¢ : i € I} denote the set of
atomic functions constructed in the previous section, i.e., we have for any f € H,, that

F=) e (5-1)

iel
and
(ci)ierlle, . ~ 1 lI#,,. - (5.2)

We want to approximate our functions f € H,, by elements from the nonlinear manifolds X,,,
n € N, which consist of all functions S € H,,, whose expansions with respect to our discrete
coherent states have at most n nonzero coefficients, i.e.,

Sno={S €Hpy: S= by, JC1I, card] <n}.
e

Then we are interested in the asymptotic behavior of the error

En(f)?‘[p,v = SlélEfn ||f - SHHP,U .

Usually, the order of approximation which can be achieved depends on the regularity of the
approximated function as measured in some associated smoothness space. For instance, for
nonlinear wavelet approximation, the order of convergence is determined by the regularity as
measured in a specific scale of Besov spaces. For nonlinear approximation based on Gabor
frames, it has been shown in [16] that the ‘right’ smoothness spaces are given by a specific
scale of modulation spaces. It turns out that at least a partial result from [16], i.e., an estimate
in one direction, carries over to our case without any difficulty. The basic ingredient in the
proof of the theorem is the following lemma which has been shown in [16], see also [7].

Lemma 5.1. Let a = (a;)$2, be a decreasing sequence of positive numbers. For p,q > 0 set
a:=1/p—1/q and E, 4(a) := (> 2 aq)l/q. Then for 0 < p < q < oo we have

i=n 1

e e}

1/p
_ N 1
271/7||all,, < <Z(n En,q(a))p5> < Clalle,

n=1
with a constant C' > 0 depending only on p.
Now one can prove the following theorem, see also [16].

Theorem 5.1. Let {¢; : i € I} be a set of atomic functions for Hy,, 1 < p < oo, as
constructed by Theorem 4.1. If 1 <p <q, a:=1/p—1/q and f € Hy,, then

n
n=1

o0 1 1/17
< —(n“En(f)Hq,v)p> < Ol fl1#.0

for a constant C' < .

10



Proof: Let 7 permutate the sequence (c;)ic; in (5.1) in a decreasing order, i.e. |crq)| >
lcx(2)| > ... . Then we obtain

qu H Z F(Z)wﬂl HHq'U

i=n+1

and by (5.2) further that

1/q
En(f)Hgw < ( > lenp (@) ) = C Ent1,q([cx(i|v(@r@))) < C Epglleralv(@rm)) -

i=n+1

Now we finish by applying Lemma 5.1 and (5.2)

0o 1/p o) 1/p
(Z % (”O‘En(f)%q,v)p> (Z % (n® CEn,q(|C7r(i)|U(x7r(i))))p>

<

= a n=1
< C'er@ylv(@z@))lle, = C'liclle,.,
< C"fllny.. -

6 Application to the Sphere

In this section, we want to fill our technical consideration with live by deriving a generalized
windowed Fourier transform on the spheres S~ ! and check that the proposed construction of
weighted modulation spaces and Banach frames works well for this setting.

6.1 Modulation Spaces and Banach Frames

We start by establishing a suitable group representation for the Hilbert space H = Lo(S™™1).
Having the usual windowed Fourier transform generated by translations and modulations in
mind, Torresani suggested in [18] to choose the Euclidean group G := E(n) = SO(n) x R™,
with group operation

(R,p)o (R,p) = (RR,Rp+p), (R,p)'=(R"'-R'p).

As a natural analogue to the Schrodinger representation of the Weyl-Heisenberg group on
Ly (R™), we can define the continuous unitary representation

UR,p)f(s) = e "=HP> f(Rs) sec gnl

of G on H. Since this representation is not square integrable, we are looking for suitable
representations modulo a subgroup H of G.

In order to keep the notation simple, we restrict ourselves to the case H = Ly(S!)
Lo([—m,7]). In this setting, R € SO(2) and s € S! are given explicitly by

R C.OSQ sin 6 Cs= siny )
—sinf cos6 coS 7y

11

>~



To overcome the integrability problem, we use the subgroup H := {(0,0,p2) : p2 € R} of G
together with the flat section o(0,p1) := (0,p1,0). Then X := G/H carries the G-invariant
measure du(z) = dp,df,, where x = (0,,p,,0). In this case, the representation reads as

U0 (0,p1)f(y) = e OO f(y 4 9). (6.1)
The following lemma ensures strictly square integrability of & mod (H, o).

Lemma 6.1. Assume that the function ¢ € Lo([—7,m]) is such that supp ¢ C [—7/2,7/2]
and

w/2 )
27 / Mdv =1.
cos -y
—7/2

Then the map Vy, defined by (2.1) is an isometry.
The proof in [18] uses that
/2

Vo f (@) = Uo(n) ) fo0) = / ¢ F (3~ 0,)5(y) dy.

—7/2

As a consequence of the theorem, the wavelet transform can be inverted by using the adjoint
VJ. Of course the approach works also if

/2
2
0<cy:=2m / %dv < 0. (6.2)
—m/2

Then the inverse of the wavelet transform is given by VJ /\/Cap-
In the following, we choose the admissible function

() = cos® v X (/2,072 (7)-
For = (04,04,0),y = (8,,py,0) € X and § = 0, — 0, we see as in [3] that the kernel Ry can

be rewritten as .
Rw(y, m) = F@,py(_px) ,

where

Fyp,(t) == e~ Py sin@resint=0)y, (aresin t — 0) g (arcsint)/v/1 — t2.

The plots of |Ry(x,y)| = |Fg’py(—px)| for two values of 6 in Figure 1 describe the typical decay
behavior of Ry.

In analogy to the classical modulation spaces on the Euclidean plane, we consider specific
weight functions of the form v(6,p1) = (1 + |p1])®, s > 0 i.e., the modulation spaces are
generalized Bessel-potential spaces. To v we associate w = 1. In order to construct properly
defined weighted modulation spaces we have to establish the fundamental properties (3.3) of
our kernel R,. To this end, we use that

™

wi@) x) = ] (@ +pa))®
)[ Rl S5 dua) / R/ o )y e

12



R(x,y) for@=-2.642 R(x,y) for6=1.758

15

05

0
100

b, -100 -100 N b -100 -100
x

Figure 1: Left: ‘Fg,py(—pm)’ for § = —2.642, right: |F9,py(—p$)] for § = 1.758

Regarding that the outer integration is over a finite interval it remains to check that

oy (L’ [V 04 2
F o)l 5 dpx < C, and F o) |z dpy < C 6.3
J o ol e e < €. and [ g, () (o (©:3)

with some constants C' independent of § and p, and p,, respectively.

These properties are confirmed numerically and the resu}ts are presented in the Figures 2 — 4
for s = 0.5. Figure 2 shows the approximated values of [, |Fpp, (p2)|(1+|pe|)%® /(1+|py[)°® dpa
as functions of p, and Figure 3 the approximated values of [, \13]97% (p)|(1 + |p2))®?/(1 +
Ipy|)°? dp,, as functions of p,. Finally, in Figure 4, we have displayed maxp, i \FQJ,y (pz)(1 +

x10°
10

0.04

0.035

0.031

51 i 0.025-

0.02

2 X L L L L L L L L L
-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100

Figure 2: [g |Fpp, (p2)|(1 + |p2])0 /(1 + [py|)® dpy, left: 6§ = 2.642, right: 6 = 1.758

[p21)*% /(1 + [py 1) dpy and maxy,, [ [Fyp, (92) (1 + [pa])*® /(1 + [py|)® dpy for all 6 € [, 7).
These results clearly show that conditions (6.3) are satisfied.
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x10

6.5

0.0351

0.03

0.025

0.021

3 L L L L L L L L L 0.015 I I I I I L L L L
-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100
P,

Figure 3: [ |F97py (p2)| (1 + |pa)25 /(1 + |py|)°2 dpy, left: 6 = 2.642, right: 6 = 1.758

35

251

Figure 4: Maximum plot f(zr all 0 € [—m,7]; left: max,, fR\F@py(pw)](l + |pN%3/(1 +
[py)*® dpa, vight: maxy, fp [Fop, (pa)|(1+ [p2])**/(1+ py ) dpy.

For the construction of Banach frames in M, ,, we choose the neighborhood U := [—7 /N, 7 /N]x
[—7/M,m/M] x [=n/M,7/M] of the identity and a U-dense set (T m)n,myer With Tnm =
(0ns P, @m)- Then the assumptions concerning oscyy in Theorem 4.1 and Theorem 4.2, re-
spectively, can be verified directly by slightly modifying the steps in [3] with respect to the
additional weight function.

6.2 Time-Frequency Localized Analyzing Atmos

A general theorem which is well-known in quantum mechanics and harmonic analysis [13]
relates an uncertainty principle to any two self-adjoint operators and provides a mechanism for
deriving a minimizing function for the uncertainty relation. Before repeating this well-known
result on uncertainties, let us fix some notation. Let A, B be two self-adjoint operators. Their

14



commutator is defined by
[A,B] := AB — BA,

the expectation of A with respect to some state ¢ € dom(A), with || = 1, by
p(A) = pa = (Ap, )
and, finally, the variance of A with respect to some state ¢ € dom(A) by
(AA)? = p((A - p(A))%).

Theorem 6.1. Given two self-adjoint operators A and B, then for all ¢ € dom(A) N dom(B)
they obey the uncertainty relation:

AAAB > -|([A, B))|, (6.4)

DO =

where |([A, B])| := |([4, Bly,p)|. A state ¥ is said to have minimal uncertainty if the above
inequality turns into an equality. This happens iff there exists an A € iR such that

(A—pa)p=AB - pp)e (6.5)

Suppose that we are given a unitary representation of a Lie group. The linearized operation
of the group at the identity element can be described by the infinitesimal generators of the
related Lie algebra. If the group representation is unitary, then the infinitesimal generators
can transformed to be self-adjoint operators. Thus, the general uncertainty theorem stated
above provides a tool for obtaining uncertainty principles using these infinitesimal generators.
In the case of the Weyl-Heisenberg group, the canonical functions that minimize the corre-
sponding uncertainty relation are Gaussian functions. The canonical functions that minimize
the uncertainty relations for the affine group in one dimension and for the similitude group in
two dimensions, were the subject of the previous studies [1, 2].

In this section, we want to compute the canonical minimizing states for the local Fourier
transform on the sphere as introduced in Subsection 6.1. Since we are working with quotient
manifolds, we are usually loosing the group structure, but nevertheless, in the case of the
flat section, there is a canonical substitute for the identity element, namely (0,p1) = (0,0).
Since the representation is smooth, we may compute the derivatives at this point to obtain
generalized infinitesimal generators.

Theorem 6.2. The infinitesimal operators Ay, A, associated with the local Fourier transform
on the sphere are given by

(Aop)(v) =19’ (),  and (App)(7) = siny p(v). (6.6)

The state @ which is the minimizer of the associated uncertainty is of the form
() = cet ST, (6.7)

where t € R, pg := pa,, and c has to be chosen that such ||¢| 51y = 1.
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Proof: Taking the derivatives with respect to 6 and p; in (6.1) and evaluating them at
0 =0,p1 =0 leads to

0 0 .
FTid (0(0, 1))@l 0,p1)=(0,0)(7) = €' (7), 8—plu (o (8, 91))¢l(6,p1)=(0,0) (V) = —isiny (7).

These operators are not self-adjoint, but multiplication with the imaginary unit ¢ yields self-
adjoint operators Ay = i%l/l and A, = iaiplu. This proves (6.6).

The commutator between these two operators is non-zero. By means of Theorem 6.1, we
may calculate those states that minimize the corresponding uncertainty principle. Indeed, (6.5)
provides us with the differential equation

#'(7) = —ip(y) (Asiny = Apap, + pg) - (6.8)
Now (6.8) can be solved by separation of variables which leads with A = it, ¢t € R to

() = cemteos—Giotimn ),

However, since we need periodic functions, we necessarily have to choose p,,, = 0. This proves
(6.7) 0

Unfortunately, the conditions of Lemma 6.1 and Theorem 6.2 cannot be satisfied at the
same time, i.e., the minimizing states are not admissible. Nevertheless, we may define canonical
admissible vectors 1 supported on [—7 /2, 7/2] which fit ¢ in the least squares sense and fulfill
the admissibility condition (6.2). To this end, let us consider the strictly convex functional

w/2 2 /2

ew)i=a [ BG4 [T i) e)Par (6.9
—nj2 COS7Y —7/2

and compute the minimizers.

Theorem 6.3. The minimizer of the functional ®(1)) is given by

coS 7y

Y(y) = ¢(7) (—r/2,7/2 () (6.10)

cos*y—&-aX

Proof: Setting the first variation of (6.9) to zero we obtain the necessary and sufficient
minimum condition

w/2 N ) /2 _ —
o [ LMD E PO 4y 1 (™ ((660) — o)) + b)) — B =0

—7/2 cos 7y —7/2
for all h € Lo(S!) which is satisfied if

- cos 7y
cos 7y cosy+a
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A

Appendix

The generalized Young inequality for L, , is a major tool in our considerations:

Theorem A.1l. Let K be some kernel on X x X. We associate to K the integral operator

K(F)(z) = /X K (2, 9)F(y)du(y).

If K satisfies

ess EEE/X ]K(x,y)|%d,u(y) < (kg < 0, (A.1)

then K is a continuous operator on Lo (X). If K satisfies

v(x)
ess SEE/X ]K(x,y)|@d,u(ac) < Ck < o0, (A.2)

then K is a continuous operator on Ly ,(X). If K satisfies both (A.1) and (A.2) then K is a
continuous operator on L, ,(X), 1 <p < oo, and satisfies

KLy x) < CKIF L, (x)-
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