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ABSTRACT

We study the continuous and semi-discrete wavelet transform applied to functions with values in Lebesgue spaces.
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1. INTRODUCTION

In this paper we study the continuous and semi-discrete wavelet transform for functions with values in Lebesgue
spaces. What we basically will show is that the classical scalar-valued results carry over to this vector-valued
setting. In this sense our results can be considered as an extension and continuation of the work of T. Figiel.! In
the late 80’s, he proved that the scalar-valued theory on orthonormal wavelets can be transfered to the vector-
valued setting precisely when the underlying Banach space has the UMD property. (Most reflexive Banach spaces
satisfy this condition.) We? extended the Figiel result to redundant discrete wavelet transforms (wavelet frames)
and proved boundedness of localization operators with operator-valued symbol connected with the discrete
wavelet transform.

Here we focus on the continuous and the semi-discrete wavelet transform, for which we prove a norm estimate
and a reconstruction formula corresponding to the classical scalar-valued Littlewood-Paley theory (see e.g. [3]).
Our results are also related to square function estimates from [4] and the homogeneous Triebel-Lizorkin spaces
(see e.g. [5]).

Our primary interest is from a theoretical point of view. However, a vector-valued wavelet theory should also
be useful in applications, e.g. to the study of differential operators. In fact, the methods we use have already
been successfully applied in various fields (regularity of solutions of partial differential equations,® functional
calculus,” stochastic integration®).

2. DEFINITIONS, NOTATIONS, AND MAIN TOOLS

By B(X,Y) we denote the space of bounded linear operators from a Banach space X to some Banach space Y’
and X' = B(X,C) is the dual space of X. If 2’ € X’ and x € X, we also write {2/, z) x for z'(x).

The Schwartz class S(RY, X) is the space of X-valued rapidly decreasing smooth functions on RY,

N = {1,2,...} is the set of natural numbers and Ny = {0} UN. If r is a positive real number, then [r] =

max{n € Ny : n < r}. By R, we denote the multiplicative group R, endowed with its invariant measure %.
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2.1. Some notions from Banach space theory

We will need two notions from the theory of Banach spaces, the notion of Fourier type and the so-called UMD
property.
A Banach space X has Fourier type r € [1,2] if the Fourier transform F defined by

o~

FN) = Fl) = 072 [ ep)i, e S®X)

extends to a bounded linear operator from L, (R, X) to L. (R, X), where 1 + L = 1.

T T
The notion of Fourier type was introduced by Peetre.? Each Banach space has Fourier type 1 and the notion
becomes more restrictive as p increases to 2. A Banach space has Fourier type 2 if and only if it is isomorphic to
a Hilbert space.! The dual space and each closed subspace of a Banach space X has the same Fourier type as
X.

A Banach space X is a UMD space if and only if the Hilbert transform
f(v)

u—v

(Hf)(u):PV—/ dv,  feSRX),

extends to a bounded linear operator on L,(R, X) for some (and thus for each) p € (1, c0).

There are several equivalent definitions of UMD spaces (see [11, p.141-142] and the references given there). One
of these equivalent definitions is the property of unconditionality of martingale differences, where the abbreviation
UMD comes from.

It is clear from our definition that each Hilbert space is a UMD space. The dual space and each closed subspace
of a UMD space is a UMD space. A UMD space X always has a uniformly convex renorming'? and therefore is
super-reflexive.'® In particular, £; is not finitely representable in X. Hence X is B-convex [14,Theorem 13.6].
Now it follows from a result from Bourgain'® 16 that every UMD-space has some Fourier type r > 1.

2.2. The Lebesgue-Bochner spaces

In this paper we will deal with a special class of Banach spaces, the Lebesgue-Bochner spaces. For convenience
we shortly recall their definition here. For more details we refer to [17].

Let (Q, 3, u) be a o-finite measure space and let X be a Banach space. For a y-measurable function f: Q — X
we write

1/p
||f||me,ﬂ,X>=(/Q |f<w>|§du<w>) . pellwo),

1l 2oo (@) = esssup{|[f(w)[x : w € Q}.

Now the symbol L, (€, i, X) stands for the set of all (equivalence classes of) py-measurable functions f : Q@ — X
such that || f]|z,(q,u,x) is finite. Normed by || - ||z, (q,u,x), the vector space L,(£, 1) becomes a Banach space. If
X = C, we write L,(Q2, ) for L,(2, i, C).

If the dual space X’ of X has the Radon-Nikodym property (in particular, if X is reflexive) and p € [1, o0),
then the dual space of L, (€, p, X) is isometrically isomorphic to L, (9, s, X’), where p’ is the dual index of p,
e o+ =11

If X has Fourier type r, then L, (£, 1, X) has Fourier type min{r, p, p'}.'® If X is a UMD space and p € (1, 0),
then L, (€, p, X) is a UMD space [11,p.145].



2.3. R-boundedness
For the notion of R-boundedness we need the Rademacher functions, defined by

re(t) = signsin(287t), te0,1], ke N.
The sequence (r) is orthonormal in Ly([0, 1]), as one can easily see from their graphs:
A A

T1 T2 3

In the theory of Rademacher sums there is a fundamental principle, the so-called contraction principle.

LEMMA 2.1 (CONTRACTION PRINCIPLE). Let X be a Banach space. Then for eachn € N, all complex numbers
al,...,an and all x1,...,x, € X,

HZam ‘|
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The contraction principle basically says that one can “drop out” scalars from Rademacher sums. If X is a
Hilbert space, then the same is true if we replace the scalars a; by bounded linear operators Tj, on X. (One only
has to replace the absolute value |ax| by the operator norm ||T||.) But if X is an arbitrary Banach space this
does not hold in general. So we make the following definition.

DEFINITION 2.2. Let X and Y be Banach spaces. A set of operators T C B(X,Y') is called R-bounded if there is
a constant C < oo such that for alln € N, all Ty,..., T, € 7 and all x1,...x, € X we have that

reTLx ‘ SC’H TR ‘
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The infimum over all C' such that (1) holds is called the R-bound of 7 and is denoted by R(T).

If X and Y are Hilbert spaces, then 7 is R-bounded if and only if 7 is uniformly bounded with respect to the
operator norm in B(X,Y). It turns out that in many situations R-boundedness is the right notion for generalizing
Hilbert space results to Banach spaces. On of these situations is the operator-valued Fourier multiplier theorem
below.

(1)

Ly ([0,1],X)

We also recall a classical inequality from the theory of Rademacher sums, which will be very useful in the
proof of our main result on the continuous wavelet transform.

LEMMA 2.3 (KAHANE’S INEQUALITY). For g € [1,00), there is a constant K, < oo such that for each Banach
space X, eachn € N and all z1,...,z, € X,

K HZTk k’L2(01 = HZ kT k’ (2)

3

Lg([0,1], X) Lo([0,1],X)

In the case that X is a Hilbert space with scalar product (-|-), we have that

Hémm‘ o = / 1<§m<t>xk\§m<t>zj>dt =YY lanley) / (b (0t = énzknﬁ(.

:1j:1




Hence in this special case Kahane’s inequality reads

1 n ) >1/2 H n ’ <n ) >1/2
— Tr < TLT < K Tp . 3
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2.4. An operator-valued Fourier multiplier theorem of Mihlin type

Here we will state the main tool we will use in the proof of our result on the continuous wavelet transform. For
this we first make the following definition.

DEFINITION 2.4. Let X,Y be Banach spaces, p € (1,00), and M : RN\ {0} — B(X,Y) be a bounded measurable
function. For f € S(RN, X) consider

~

Tf:=FMQ)f()] € Luo(RY,Y).
Then M is a Fourier multiplier from L,(RY, X) to L,(RN,Y) provided there is a constant C), < oo so that
ITfllz,@y,yy < Cpllfllz, @y, x)
for each f € S(RY, X). The unique extension of T to an operator in B(L,(RY, X), L,(RN,Y)) is also denoted
by T.
With this definition the following Mihlin-type fourier multiplier theorem holds. For a proof see [19].

THEOREM 2.5. Let X and Y be UMD spaces with Fourier type r € (1,2], let N € N, and l = [%] + 1. Assume
that M : RN \ {0} — B(X,Y) is measurable, the distributional derivatives D*M are represented by measurable
functions for each o € NYY with |a| < I, and the set

7= {|¢[lP(DM)(€) : € € RV \ {0}, ]| <1}

is R-bounded. Then M is a Fourier multiplier from L,(RN,X) to L,(RN,Y) for p € (1,00).

If X and Y are Hilbert spaces, then R-boundedness reduces to boundedness. Therefore Theorem 2.5 can be
seen as a generalization of a corresponding result in the Hilbert space case by Schwartz.2°

REMARK 2.6. Suppose the conditions of Theorem 2.5 are satisfied. Then [M(-)] : RN\ {0} — B(Y', X") also
satisfies the conditions of Theorem 2.5 (cf. e.g. [21, Theorem 2.2.14]).

3. THE CONTINUOUS WAVELET TRANSFORM

In this section we assume that (€2, %, u) is some o-finite measure space and ¢ € (1,00). By X we denote the
Lebesgue space Ly (€2, p). Then X is a UMD space with Fourier type r := min{q, ¢'}. Furthermore, let N € N.

We will show that the continuous wavelet transform is bounded from L,(RY, X) to L,(RY,Y), where we
will choose Y = Ly(€, u1, L2(R,)). For this we need the following two assumptions on the wavelet ¢ € Lo(RM):

(C1) For all a € Ny with |a] <1:=[¥]+ 1, the distributional derivatives D%t are represented by measurable
functions and

Calw) = s ([~ 0Dy ) " < o

1€l=1"J0

(€2 atw)= it ([ eoPs) " >0



Now we define the continuous wavelet transform, applied to some smooth X-valued function. For ¢t € R\ {0}
we write 1y for the function defined by 1y (s) = [t|" N (t71s), s € RV.

DEFINITION 3.1. The continuous wavelet transform W, f of a function f € S(RYN, X) with respect to the wavelet
¥ is given by

W)t s) = (e * F)(s) = / NS fu)du, > 0,5 € RV

RN

First we will prove that the continuous wavelet transform can be extended to a bounded linear operator from
L,(RY, X) to L,(RY,Y). More precisely, we show that the following theorem holds.

THEOREM 3.2. Let (Q,%,u) be a o-finite measure space, ¢ € (1,00), and X = L,(Q,u). If p € (1,00) and
Y € Ly(RN) satisfies (C1), then there is a constant C such that for all f € S(RY, X),

H (/oookwwf)(t, .)|2Cit>1/2

In particular, Wy, can be uniquely extended to a bounded linear operator Wy, from L,(RYN,X) to L,(RN,Y),
where Y = L, (2, i, La(R,)).

To prove this theorem we will define an operator-valued multiplier function and then apply the Fourier

multiplier theorem 2.5. The following lemma will be used to show that our multiplier function satisfies the
conditions of Theorem 2.5.

LeEMMA 3.3. Let m : RV \ {0} — C be a measurable function such that m(-€) € La(R,) for each & € RN with
|€] = 1. Then the following hold.

<Ol fllz,® x)- (4)
LP(JRN,X)

(a) & — m(-£) is measurable as a function from RN \ {0} to La(R.). Moreover, for & € RN \ {0},
M€z :=m(-§) ® x, reX
defines a bounded linear operator M(€) : X — Y. The Banach space adjoint M (€)' of M () is given by

dt

M@y = o [Tmtor@OF]. v ev =L@ n®)

(b) If {m(-€) : |€] = 1} is bounded in Lo(R,), then {M (&) : & € RN\ {0}} is R-bounded in B(X,Y).
Proof. (a) That & — m(-£) is measurable as a function from R \ {0} to Ly(R,) follows from Pettis’ measura-

bility theorem,'” since Ly(R,) is separable and & +— m(-£) is weakly measurable. The operator M (£) is bounded
from X to Y since

IME)xlly = lm(-OllL,e.)ll=llx

for all z € X. Finally, for z € X and 4 € Y’, we have that
ME)Y 2)x =y, M(E)z)y = /Q T@)| (M (E)2)()) 1a(gydii(w)
- / @ m(€)2(w)) 1oz dii(w) = / F@NME)) 1z 2(w)dp(w)
Q Q

and therefore

dt

MO = [ = G ] = [0 [ mo @0

(b) Observe that the measure % is scale-invariant and therefore, using our assumption,

A= suplm(O)l|p, ey = 0[], < oo (5)



Now for n € N, &1,...&, € RN\ {0} and z1,...,7, € X we have by Kahane’s inequality and Fubini’s theorem
2 1/2 2) q 1/a
< Zﬁc M (&k)z ) < ( Zﬁc M (&)x )
q
( Zm (-&r)k(w)
Fubini
(ind ( Zm (-&r)zk(w)

Since Lo(R*) is a Hilbert space, Kahane’s inequality gives

(/ q dt)l/q 2 Kq(éxk(wwm(-sk)HZW)1/2

La(Ry)
(5) n ) 1/2
2 KA Ylen)
k=1

ey v

La(Ry)
q

dt du(w))l/q.

Ly (R.)

n

Z m(-§k)wr(w)

=1

for almost every w € ). So far we have seen that

(L85 ) " ol (o) ")

k=1
But by Kahane’s inequality and Fubini’s theorem we obtain

(/Q(gxk<w>|2)mdu<w>)l/q sl Zm e
2 g ([ S mtom @)
=t P

) L
< Kg(
0
1 2 1/2 2 1/2
( / dt) < K§A< dt)
0 Y

But this means that {M () : € € RN \ {0}} is R-bounded with R-bound < K7A. O

Now we prove Theorem 3.2.

Together we have

n

> ()M (&)

k=1

()

Proof of Theorem 8.2. We define the operator-valued multiplier
My :RYA\{0} = B(X)Y),  My(Qz=¢(& @z, eRV\{0}, € X,

and apply the Fourier multiplier theorem 2.5.

Let a be a multiindex with |a| < I and define m,(§) = |f|‘a|(Da1Z)(f). By Lemma 3.3(a) and assump-
tion (C1), & + mgq(-€) is measurable from RV \ {0} to Ly(R,). Moreover, mq(-¢) = [£[1*1(D¥mg)(-€). Since
€|l (DY M) (€)x = |-€]141(D¥mg)(-€) ® © = ma(-€) @ , the distributional derivatives DM, are measurable
functions from RV \ {0} to B(X,Y). In addition, Lemma 3.3(b) and assumption (C2) yield that {|¢|!*l(D*M,)(€) :
¢ € RNV \ {0}} is R-bounded for |a| < 1.



Now Theorem 2.5 implies that M, is a Fourier multiplier from L,(R", X) to L,(RY,Y). It remains to show
that, for f € S(RY, X) and s € RV,

Wy f)(-,8) = (1. % f)(s) = (2m) /2 (f_l[Md,f])(s) almost everywhere in R,.

Since f € S(RY, X), o Mw(a)f(a) = ’(ZJ\(-O')]/C\(O') is integrable as a function from R to Lo(R,, X)). Let
s € RY. By Theorem III.11.17 in [22], the function t (.7:_1[1;(75)]?()})(8) is an element of the equivalence
class (}"*I[Mﬂ)(s) € Ly(RY, X). But (ffl[i(t)f()])(s) = (2m)N/2(ap; * f)(s). This completes the proof of the
theorem. 0O
THEOREM 3.4. Let (Q, X, 1) be a o-finite measure space, q¢ € (1,00), X = Ly(Q, ), and Y = Ly(Q, u, La(R.)).
If p € (1,00) and ¢ € Lo(RY) satisfies both (C1) and (C2), then there is a constant C such that for all
f € LI)(RNv X)7

1
5||f||Lp(RN,X) < Wy pfllL,@v vy < Cllflle, @y x)-
Proof. Observe first, that if 1 € Ly(RY) satisfies (C1) and (C2), then ¢, defined by

s = ([Toeor®) e, e

also satisfies (C1) and (C2). Indeed, using our assumptions on ¢ we see immediately that ¢ € La(RY) and
satisfies (C2). To show that ¢ satisfies (C1), we look at h, defined by h(&) = [~ [¢(t€)|* %, ¢ € RV \ {0}. By our
assumptions on 1, it follows that h and its distributional derivatives of order < I are bounded. Moreover, % is
bounded and therefore has bounded distributional derivatives of order < [. Using Leibniz’ formula and the fact
that h is positively homogeneous of degree 0 (i.e. h(t&) = h(€) for all t > 0 and all ¢ € RV \ {0}), we obtain that

(6 (D°3)(1) = 3 (g) £ B (D0 L) (€)(18) (D ) ().
BLla

Hence ¢ satisfies (C2).

We define the multiplier function M, by M, (§)z" = §(-§)®a’. As in the proof of Theorem 3.2 it can be shown
that M, : RV\ {0} — B(X’,Y”) satisfies the assumptions of the multiplier theorem 2.5. Now let N,,(&) = M, (€)'
Since X and Y both are reflexive, N, : RN\ {0} — B(Y, X). By Remark 2.6, N,, satisfies the assumptions of the
multiplier theorem 2.5 and therefore is a Fourier multiplier from L,(RY,Y) to L,(RY, X). Moreover, by Lemma
3.3(a),

RN dt
Moty = [ [T om0 T]. RN\ @) v ©)
0
Now let My, : RV \ {0} — B(X,Y) as in the proof of Theorem 3.2. Then for all 2’ € X’ and = € X,
P

dt dt

W N OMu(a)x = [ 70 [T B9 T dule) = [ o @) dule) = (&' abx

Q

So N, (&§)My(€) = Idx for all £ € RV \ {0}. Therefore

f=F Ng(YMy()F() = FTHNG()F Wy )
Since N, is a Fourier multiplier from L,(RNY) to L,(RY, X), the lower estimate follows. The upper estimate
has been shown in Theorem 3.2. So the theorem is proved. O

REMARK 3.5. Reconstruction formula R
Suppose ¥, ¢ € Lo(R) satisfy (C1) and fR @(tf)w(té)% =1 for almost all ¢ € RN\ {0}. Let us denote by M., the



Fourier multiplier operator associated with the multiplier function N, defined in (6). Then the proof of Theorem
3.4 yields that M, is a bounded linear operator from L,(RN.Y) to L,(RY, X) and that

f = Msawwf

for all f € L,(RN, X). If f € S(RN, X), this reconstruction formula can be written as
_ ° dt
f=(2n) N/ <Pt*¢t*f7-
0

Indeed, for g € S(RYN, X"), Fubini’s theorem yields

o~

> ~ o dt .
[ seixds= [ [ a00509F G0 Flenx ag

~

=[] a-o.809 909 Fe)x e
0 RN

= [ [ oo zm N s v Do s
0 RN

= lim RN<g<s>,<27r>N /fwwtm@% ds.

e—0
X

R— oo

(Observe that || * ¥y = fllo. < Flell2llll2llfll1-) Now it is not hard to show that for each f € S(RY, X),

N [ dt

f=(2m) lim Pr* 1y * f?a (7)
R— 00 £

where the limit is taken in L,(RN,X). If we assume in addition that ¢, € Li(RY), then (7) holds for all
L,(RY,X). O
REMARK 3.6. Classical square functions R
Let P(x) = cn(1+ |z]|?)~WN+D/2 where ¢y > 0 is such that P(€) = e8|, Then Py(x) = t=NP(Z) is the Poisson
kernel. Let 1(z) == & Py(z)|,=1. Then v satisfies the conditions (C1) and (C2). Indeed, V(E) = %E(§)|t:1 =
%ﬁ(tf)h:l = —|¢le” €l A direct calculation of the derivatives completes the argument.
In the same way one can show that p(x) = 4G ;(x)|i=1 satisfies (C1) and (C2). Here G s denotes der Gaussian
kernel with G(z) = e~l=’/2,
With these choices of ¢ and 1 we obtain vector-valued analogues of the g-function of Littlewood-Paley.*?* O
REMARK 3.7. Further results
In [2], L. Weis and the author prove similar results as Theorem 3.2 and Theorem 8.4 for general UMD spaces
X. Here one has to replace the classical square function in (4) by the generalized square function introduced by
N. Kalton and L. Weis.”

4. THE SEMI-DISCRETE WAVELET TRANSFORM

As in the previous section, X denotes the Lebesgue space Ly(€, i), where (9,3, 1) is some o-finite measure
space and g € (1,00). Now we choose Y = L,(€, 1, {2(Z)) and assume that 1) € Ly(RY) and a > 1 are such that

(S1) for all @ € N}¥ with |a| < I, the distributional derivatives D%t are represented by measurable functions

and
Ct/x(w) = Ssup (Z azj‘al‘(Da{b\)(ajf)F)l/z < 0

1§|§|<a jeZ

/2

(52) p(¥) = 1nf1§|§|<a(2jez|$(aj€)|2>1 >0



REMARK 4.1. It is not hard to see that (S1) implies (C1), and (S2) implies (C2). Indeed, suppose (S1) holds.
Let w € C with |w| =1 and write £ = tw. Integrating over 1 <t < a with respect to the measure % yields

/ Za%\au Daw th)\ <C’ (qp)Qloga.

JEZL
But

aitt dt

2]\04 o @l 2j|a\ a 2 &b

[ S by =5 [ aoe g

JEL JEZ

“”1 dt > dt
2|oc| el 2% 2|« 2| a7 29
>3 [ @0 B = [ R0 gy T

JEZ
Therefore (C1) holds. For (S2) we proceed in a similar way (see also [24]).

DEFINITION 4.2. Let a > 0. The semi-discrete wavelet transform W, f of a function f € S(RN, X) with respect
to the wavelet ¥ is given by

(Wa,wf)(j75> = (Wwf>(ajas)v JEZ,s€ RY.

Now we can state our main result on the semi-discrete wavelet transform.

THEOREM 4.3. Let p € (1,00).
(a) If v € Ly(RYN) and a > 1 satisfy (S1), then then there is a constant C such that for all f € S(RY, X),

H( > 0% ) )1/2

In particular, W, can be uniquely extended to a bounded linear operator Wy p from LP(RN7 X) to LZ,(]RN7 Y),
where Y = L,(Q, u, 62(Z)).
(b) If € Lo(RN) and a > 1 satisfy (S1) and (S2), then there is a constant C' such that for all f € L,(RYN, X),

<Clfllz,®~ x)-
Ly (RN, X)

1
6||f||Lp(RN,X) <A WapfllL, @y vy < Clfllz, @~ x)-

The proof of this theorem is very similar to the one in the continuous case and will be omitted here.

REMARK 4.4. Reconstruction formula
Suppose that 1, p € Ly(RN) and a > 1 satisfy (S1) with

> B@e)(ale) = 1

JEZ

for almost all £ € RN\ {0}. As in Remark 3.5 we can show that

f = Ma,cpwa,wfv
for all f € L,(RN, X). If f € S(RN, X), this reconstruction formula can be written as
F=0m)™Y  pai x v * f. (8)
JEZ

If we assume in addition that ¢, € Li(RY), then (8) holds for all L,(RY, X).

REMARK 4.5. Classical square functions

Theorem 4.3 gives a vector-valued version of the fact that for p € (1,00) the homogeneous Triebel-Lizorkin spaces
D5 (RN) are isomorphic to L,(RY).3?
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