Proceedings of the Edinburgh Mathematical Society (2004) 47, 573-595 ©
DOI:10.1017/S001309150300107X Printed in the United Kingdom

WAVELET CHARACTERIZATIONS FOR ANISOTROPIC
BESOV SPACES WITH O <p <1

GUSTAVO GARRIGOS', REINHARD HOCHMUTH? AND ANITA TABACCO?

I Departamento de Matemdticas C-XV, Universidad Auténoma de Madrid,
Ciudad Universitaria Cantoblanco, 28049 Madrid,
Spain (gustavo.garrigos@uam.es)

2 Institut fiir Angewandte Analysis, TU Bergakademie Freiberg,
Agricolastrafie 1, 09596 Freiberg, Germany
(hochmuth@math.tu-freiberg.de)

3 Dipartimento di Matematica, Politecnico di Torino,

Corso Duca degli Abruzzi, 24, 10129 Torino,

Italy (anita.tabacco@polito.it)

(Received 9 December 2003)

Abstract  We present a wavelet characterization of anisotropic Besov spaces Bp¥ (R™), valid for the
whole range 0 < p,q < oo, and in terms of multi-resolution analyses with dilation adapted to the
anisotropy of the space. Our proofs combine classical techniques based on Bernstein and Jackson-type
inequalities, and nonlinear methods for the cases p < 1. Among the consequences of our results, we
characterize BS, as a linear approximation space, and derive embeddings and interpolation formulae for

Pq
B¢, , which appear to be new in the literature when p < 1.
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1. Introduction

The characterization of Besov norms as weighted sums of wavelet coefficients has impor-
tant applications in data compression, nonlinear approximation and the numerical resolu-
tion of elliptic partial differential equations (see, for example, the survey papers [4,6,7]).
In recent years, an increasing interest in non-isotropic models and semi-elliptic equations
has turned attention to the more general class of anisotropic Besov spaces B;’fq(}R”)7
where o = (a1,...,0,) € R} and 0 < p,¢ < oo [15,16,19]. Wavelet-based techniques
for such problems depend on a corresponding characterization of By, in terms of com-
pactly supported wavelets, which has only recently been introduced by the authors in
two different and independent frameworks* [13,14].

* Some earlier results with wavelets that are not compactly supported can be found in [1].
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There were, however, some limitations in these works that we try to overcome here. The
results in [14,16], for instance, provide characterizations of By, with no restrictions in the
indices a, p, q, but only for wavelet bases with a very special tensor-product construction
and for function spaces defined in the unit cube [0, 1]%. On the other hand, the results
in [13] were carried out with a very general multi-resolution analysis (MRA) setting
in R? which allows the use of non-separable wavelets, but with very specific techniques
of linear operators that only produced characterizations of ng(R") for indices p,q > 1.
These two works, therefore, left open the study of the cases 0 < p < 1 with a general
MRA setting of non-separable wavelets, which we think may play a useful role in certain
applications.

The goal of the present paper is precisely to fill this gap by presenting a uniform
approach to By (R") that is valid in the whole range 0 < p,q < oo and which takes
into account the general MRA setting introduced in [13]. This requires a new strategy
compared with [13], where classical methods based on Bernstein and Jackson inequalities
must be combined with the nonlinear techniques introduced by DeVore and Popov in the
isotropic situation (see [9] and also [3]). In fact, in this paper we shall focus more on the
quasi-Banach setting, 0 < p < 1, where nonlinear methods appear naturally, and we refer
to [13] for a complete treatment of the linear methods in the Banach situation p > 1.

To be more precise, let us fix throughout the paper an anisotropy a = (ay,...,a,),
with all aq,...,a, > 0 and normalized by (1/a;+---+1/a,)/n = 1. The wavelet system
we are looking for will be dilated by a matrix M, which we shall choose to be ‘compatible’
with a. Namely, we let

M = diag(A\Y%, ..., \Y%) for some A > 1, (1.1)
so that we have ‘the correct homogeneity’ over Besov seminorms:
|det M|1/p\f(M')|Bgf; = A flBga.

Our wavelet approach is based on multi-resolution analysis. We consider a fixed scaling
function ¢ € L*(R™) (which we assume to be compactly supported) and define, for each
0 < p < 00, the multi-resolution spaces

V) = spanp, {p?) = [det MP/Po(M - —4)}ezn, j € L. (1.2)

rel

As is well known, these spaces are nested Vj(p ) ¢ Vj(f)l C - -+, so that one obtains a mul-

tilevel decomposition for every f € LP(R™):

F=PRPf+> QY f felLr(®Y), (1.3)

Jj=0

where Pj(p ) are suitable ‘projections’ of LP onto 172 (which we shall define below) and
QEP ) are “details’ given by Qgp )= P;_’:_)l - P;p ). The first result in this paper can then be
stated as follows.
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Theorem 1.1. Let 0 < p,q < oo and o > 0. Then, for an MRA as above with a
compactly supported and sufficiently smooth scaling function we have

B @) = { € DY) : S A 1QP Sl < oo .

§=0
Moreover, the following equivalence of (quasi)-seminorms holds:

1/q o0 ) 1/q
and |f|Bgz~[ 3 AvQY f||g} .

j=—oc

1 £llsgs ~ 1B ]+ [qunczg-p)fng}
=0

The previous result can also be translated into the language of approximation theory.
In fact, if we denote the error of approzimation of f € LP(R™) to Vj(p) by

EP(f):= inf |[f—gll,, jeZ,
geV()

and define the approximation space of order («, ¢) by

0o 1/q
@) ={rer i+ | S amel s <o},
j=0
then a reformulation of Theorem 1.1 will show that A(LP) = B, (R™) with equivalent
norms (see Theorem 5.1 below). We must say that it is precisely this application which
will motivate our definition of the projector Pj(p ) f for p < 1, as an almost best approz-
imation of f to Vj(p ), Dealing with such projectors will require some extra care, since
typically they are nonlinear and of course they will not be continuous.
Before going into our second result, it is worth rephrasing our previous theorem when
> 1. In this case, if M is integer valued and m = |det M|, then it is well known that
there exists a family of compactly supported wavelets {1, ... ,¥m—1} such that Q(p) isa
linear projection from LP onto the subspace

W(p) = spaan{wL;J L = |det MP/Popy(M7 - —7) iy €2, £=1,...,m—1}

for every j € Z. Moreover, the multilevel decomposition in (1.3) takes the form

m—1 oo
f= Z Cypry + Z Z Z df;j,’yng})ﬁa feLPR"), (1.4)
yezn (=1 j=0~€zZn

(p)

and since the generators of V" and W-(p ) are p-stable bases we have

1P FIIE ~ > ey P and QS F[l7 ~ Z 3" ldejnl?, e

~EZP t=1 yezr

Finally, the coefficients can be expressed in terms of a dual basis {@-, Z/;g;j,,y}%g’j by

¢y =(f,¢y) and dgj= (f,wz V) YEL", jEZ L=1,...,m—1
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If we insert this in Theorem 1.1, we obtain, when p > 1, a third and much more useful
characterization of Besov spaces in terms of the size of the wavelet coefficients (compared
with the size of ‘details’ and approximation errors above). These are the results obtained
n [13].

Now observe that there is no hope that such reasoning can be applied when p < 1,
since the nonlinearity of P;p ) makes the space Im Qgp ) typically much larger than Wj(p ).
Our second main theorem gives a substitute for this situation and shows that, in a certain
range of indices, the Besov spaces By (R") with 7 < 1 can be embedded in L? for some
p > 1, and have corresponding characterizations in terms of weighted sums of wavelet
coeflicients.

Theorem 1.2. Let 0 < 7 < oo, n((1/7) — 1)y < a < n/T and p > 1 given by
1/7 =a/n+1/p. Then BY%(R") < LP, and for an MRA as above we have

m—1 oo
Bza—-{feszR" S e+ S (e }.

YEL™ (=1 j=0~eZm

Moreover, the following equivalence of quasi-seminorms holds:

nmwﬂxmw@WTfiwaﬂ}i

YEZL™ =1 j=0~ezn"

ows ~ [ £ 3 3 wnitir]

{=1 jEZ ~yelm

As far as we know, a complete proof of the previous result, even in the isotropic
situation, has only recently appeared in [4, Theorem 30.7], while previous works just
focused on the domain [0, 1]™ (see [9]), or on homogeneous Besov spaces [11]. We also
refer to [4] for modern applications of such theorems to problems involving thresholding.

Finally, we mention that among the consequences of our theorems there are some
interpolation and embedding results for anisotropic Besov spaces which seem to be new
in the literature when p < 1. These are presented in §5, complementing those obtained
for the unit cube in [16] and the isotropic case in [9]. We also make special reference to
the preprint [19], discovered after this paper was drafted, which contains related results
in nonlinear approximation and interpolation of anisotropic Besov spaces.

2. Background on anisotropic Besov spaces

Fix a = (a1,...,a,), with a; > 0 and 1/a; + - -- + 1/a, = n. We denote by
hla =Y k%, h=(hi,... hy) €R",

the anisotropic pseudo-distance related to a. Observe that |Mh|, = A|h|q. We use
the standard notation AF f for the kth iteration of the difference operator: Ay f(z) =
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flx+h)— f(x), k 21, z,h € R™. Also, if {ej,...,e,} is the canonical basis of R™, we
write
Aff(@) = (Aje, 00 Ay, ) f(2), @ €R,
for the mized difference of order £ = (¢1,...,£,) € N* and step h = (h1,...,h,) € R™.
Let 0 < a,p,q < oo and write &« = aa = (aq,...,a,). Consider the smallest posi-

tive integer L > max{ai,...,a,}. We say that a function f € LP(R™) belongs to the
anisotropic Besov space By (R™) whenever

P dh 144
flsg, = > {/ (Pla AR lp) | < oo (2.1)
|e|=L R | |a
We denote the corresponding Besov quasinorm by || f||ps, = [ fll, + £l -

We observe that our definition of seminorm in (2.1) is equivalent to other expressions
which are common in the literature, with A% f replaced by the total difference operator
ALf or by the partial differences Af;;if, for k; > «; (see, for example, [23, §2.3.4]
or [22, §1.4], where proofs of the equivalences are given, valid also for p < 1). In this
paper we shall stick to the mixed differences in (2.1), and some equivalent expressions
using the mized modulus of continuity

wp(fit) = sup [ALfllp, t>0.

Proposition 2.1. The following quasi-seminorms are equivalent:

1/q

HETEDY [ / w(t‘“wﬁ(f;t))qﬂ > [Z(Aj“wz‘f(f;xj»q . (22)

l€|=L le)=L " jez

We sketch the proof of this proposition, since we could not find a precise reference in
the anisotropic setting; the ideas, however, are more or less standard. We just need to
show the first equivalence, since the last sum is just a discretization of the middle integral
following from the monotonicity of the modulus of continuity. For the first assertion, the
key is the equivalence between wf;( f;t) and the averaged modulus of continuity, which we
state separately below.

Proposition 2.2. Let 0 < p,q < oo and £ = ({1,...,4,) with {; > 1. Then there
exists C = C(p,q,£,a) > 0 and ¢ = ¢(£,a) > 1 such that

1 1/4
wf;<f;t><c< / ||Af;f||gdh) v 0 (2.3
tr |h‘a<0t

Proof. To prove (2.3) we need an identity involving mixed difference operators with
variable increments: for all x,h,s € R™ and m > 1,

apse = ¥ 0| T G0 ARt - okn]. 2a)

1<k<m 0<6<1
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Above we use common notation for multi-indices: |m| =mq + -+ + my,,

m my My
k ky kn )’
mh = (mihy,...,mph,) and m > 1 if m; > 1 for all j = 1,...,n. The identity (2.4) is

an anisotropic version of the one-dimensional formula

m

A7) = 301 (1) Ao+ ) = Al (@) s € B

k=1

(see [8, p. 184]). We could not find any reference for (2.4), but once the formula is set, the
reader can easily prove it by induction using the one-dimensional case. To pass from (2.4)
0 (2.3), one first takes LP-norms on both sides of (2.4) and raises to the gth power using
the quasi-triangular inequality. Next, integrate the resulting expressions over |s|q < ¢
and enlarge the region of integration on the right appropriately, so that after taking the
sup over h one concludes with (2.3). O

Remark 2.3. As a final remark we should warn the reader that, when p < 1, our spaces
do not coincide in general with the Besov spaces defined with Littlewood—Paley theory by
Triebel et al. In particular, when o < n((1/p)—1)4 our spaces By, (R") contain functions
which are not distributions, while Triebel’s spaces may contain distributions which are
not functions (see, for example, [21]). The interest in functional definitions (rather than
distributional ones) seems to be motivated by various applications in approximation
theory (see [9]).

3. Multi-resolution and nonlinear projectors

We recall briefly the multi-resolution setting introduced in [13]. Given the dilation matrix
M in (1.1), we fix a pair of biorthogonal M -scaling functions {¢, §}, which we assume to
be bounded and compactly supported. These are crucial assumptions in applications, so we
do not consider here more-general settings where the scaling functions have a different
decay. We also recall from § 3.3 in [13] that the theory of multi-resolution analyses is nat-
urally limited to matrices M with integer entries, a constraint which together with (1.1)
implies that the anisotropies must be of the form (1/ai,...,1/a,) € Ry logZ% . From
now on we shall only consider such anisotropies, although this constraint will not be
used anywhere else in the paper (apart from the existence of {p, ¢}). We refer to §7.2
below for alternative ideas in other situations.

We will denote by {V(p ) }jez the multi- resolutlon spaces generated by ¢ as in (1.2).
Observe that f € V; 2 1f and only if T/ f ¢ Vo , where T = T,y denotes the isometry
in LP(R™) given by Tf( ) = |det M|M/? f(Mz).

We next show that the systems {M%/Pp(M7 - —y)},ezn are p-stable bases of V(p) By
a simple change of scale, it is enough to prove this for j = 0. We shall present a dlfferent
argument from Cohen et al. (see [4, §3.7]), where only tensor-product scaling functions
could be handled. These ideas will also be crucial later, when dealing with the nonlinear
projectors Pj(p ).
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Proposition 3.1. Let ¢, ¢ be bounded and compactly supported biorthogonal scaling
functions. Then {p-},ezn is a p-stable basis of V\"), meaning that every f € V" can
be written uniquely as f = cyp~ for some {c,} € (P(Z"™), and moreover

YEZ™
1/p
P
E Cy iy N{ E |cy|] .
YEZ™ Lr(R™) YEL™

Proof. The proof for 1 < p < oo is standard (see the appendix in [13]). We assume
therefore that 0 < p < 1. Then, for every sequence {c}rezn € ¢P(Z™), we have

/Rn Z crp(e — k)

kezn
Thus, the series ), ., crpr converges in LP and defines a function in Vo(p ), Conversely,
let

p
dz < Y el el
kezn

f: Z CrPh G%(p),

kezm

for a finitely non-zero sequence of scalars {cx}. Then, the biorthogonality gives
¢k = (f, ¢r), and therefore

m</mmmww[vu
R Jk

where we denote by Jj, the compact set J, = Supp i = Jo+ k, k € Z™. Now, the key
step is the equality of the finite-dimensional subspaces of LP(Jy):

Vo5, == {axs, - 9 € Vo) = span{e(- — £)xj, : £ € Z"}. (3.1)

We conclude that Vo(p )| 7. is independent of p, and by the equivalence of all quasinorms
in finite-dimensional spaces we also have the reverse Holder estimate

1/p
/m<{[m@, Vg € VP, (3.2)
Ji Ji

with a constant ¢ > 0 independent of g, and by translation invariance also independent

of k. Thus,
P
Sl <ol X ([ ) <e S [urs [ e
kezn kezn N7k kezn Ik R
at least for f € span{yy}. A density argument then establishes the proposition. O

Let us now pass to the construction of the projectors onto Vj(p ). When p > 1, one uses
the standard definition in terms of ¢ and ¢:

P = PP LP®") 5 VP, foPf= S (a0,
kEZ"’
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We recall that these are bounded linear projections satisfying
(V) I1f = Piflly S EP(5) = inf [1f = gl
AN
@) If = Pifllp = 0, as j = +00;

(3) |Pjfll, — 0, as j — —oco (only when 1 < p < 00);

oo
) f=Pf+> Qsf ( =Y Qif. iftp> 1>, Vf € LP(R");
j=0 JEL

where in the last formula @; = P;11 — P;, and the convergence is in the LP-norm.

For the cases 0 < p < 1, the previous deﬁmtlon of P; is no longer valid since functions
in LP(R™) may not be locally integrable. We proceed instead with a different definition
based on nonlinear approximation (see the abstract framework in [3,9]). More precisely,
consider first the space of ‘piecewise Vo(p )_functions’:

VP = {ge Il R |Veez", I VP g, = f‘5|h},

where I, denotes the cube I, = [0,1]" + ¢, £ € Z™. Note that V ) is a priori much
larger than V(p ) Next, we define a mapping assigning to every f € LI (R™) a function
(p)f € Vép) so that

1f = RP flleocy = inf |If = gllzoqry, VL€ Z™ (3.3)
gEVO(p)

loc

That is, in each cube Iy, (R(()p)f)m is a best approzimation to f|5, in Vo(p) |7,, which exists
because the latter is a finite-dimensional (hence closed) subspace of LP(I;) (see (3.1)).
Since minimizers may be hard to compute, there is no loss if we take instead near-best
approrimations, that is if we define Rgp ) fe Vép ) so that

I = B fleray <2 nf I = glloay, VEE 2™ (34)
ge op

In either case we observe that R(()p ) is not necessarily continuous, nor even linear.

From (3.4), however, it easily follows that R(()p)f =fif fe Vép), and for all f € LP(R™),

Lezn

Finally, we define P(p ) by composition of R(()p ) with Pél):

feLl (RY) s PP f=PORYF) = Y (RY f.or)en
keZn

Proposition 3.2. For every 0 < p < 1, the (nonlinear) operator Po(p) is a bounded
projection from LP(R™) onto V,”’, that is

PP f=f vfeVy”, and |PPfl, <Clflp fELPRY).  (3.6)
Moreover, there exists C' > 0 such that
If =P fl,<C irvlf(p) If —gllp, YfeLPR™). (3.7)
9&€Vy
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Proof. For the first inequality, the same argument we gave in the proof of Proposi-
tion 3.1 shows that

1/p
12Dgll, < ( )3 |<g,¢k>|p) < gl Vg eV, (3.8)

kezn

and thus using (3.5) we easily obtain (3.6). The left-hand identity of (3.6) also follows from
Proposition 3.1, since by p-stability every f € Vo(p) can be written as f = >, ;. (f, Pr) 0k
and we also have Rép)f = f. For the last assertion, we take any g € span{yy}, and use
the previous results and the quasi-triangular inequality to obtain

1F =P flo S I = gllp + 1lg — P £l
=f = glly + 12" (g = R Pl

by (3.8) S If —glly + g — BP £,
S =gl + 11f = R £,

1/p
by (3) S 17— all+ (1= ollary) - =207 =l

Lezn

Taking the infimum over all g € span{yy}, which is dense in V(p ) we obtain 3.7). O

Remark 3.3. It is worth noting that for all 0 < p < p, the (nonlinear) operator
P(p ) also defines a bounded projection from LP(R™) onto V(p ) Thlb is essentially due to
the fact that (R(p)f)hl is a near-best approximation to f|1€ in V |I€ (with a constant
only depending on p, p and n), as it can be shown using reverse Holder inequalities in

| I, = Vo(p 1, Moreover mlmlcklng the same steps as in Proposition 3.2 one can also
obtam (3.7) with P, () yeplaced by Py (P) We leave details to the reader.

Finally, one could repeat these same arguments to define projectors P ) from LP (R™)
onto V(p) via best approximations to f|z, , in V( )|1J L, With I; o= M~ jIg This approach
is equlvalent to just letting

P(P) TJP(p)T J ] c 27

which by homogeneity will satisfy analogous properties to Pép ) in Proposition 3.2.

4. Bernstein and Jackson inequalities

The characterization of Besov spaces is typically obtained from direct and inverse inequal-
ities involving moduli of smoothness. In this section we shall show that such inequalities
hold for any of our ‘admissible’ MRAs, provided their corresponding scaling functions
are smooth enough. We begin with the inverse inequality, which is also the simplest.

Proposition 4.1 (Bernstein-type inequality). If p € By (R"), then

[flae, S A||fllze, Vf € VP (4.1)

qu
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Proof. Let us choose an integer L > max{aj,...,a,}. By scaling it suffices to show
(4.1) for j = 0. We only include the proof for 0 < p < 1 (the other case is similar,
see [13]). If f =3, cyn Crior € Vo(p), then for every h € R™ the p-stability gives

IALFIE < > leP I AT erlh S IFIBIATAIE.

kezn
Thus,
1/q
oz, = 3 | [ (R IAEA I | S W llelag,
Rn \hl
o)=L
completing the proof of (4.1). a

For the direct inequality we need an additional assumption on {p,»} guaranteeing
that there is an integer L > max{ay,...,a,} so that the space Vy" contains locally the
polynomials of total degree less than L:

I, =span{z]* - 2" :ry+---+r, < L}

This means that for every compact set K and P € II;, there exists f € Vo(p ) such that
flk = P|k. Such an assumption (which does not depend on 0 < p < o0) is known
to follow from sufficient smoothness of the scaling function (e.g. » € HL?(R") (see [5,
Theorem 2.1})). For the particular case L = 1, if ¢, € L°(R™), then it is easy to see
that Vj contains locally the constants (see, for example, [17, Theorem 6.3]).

(»)

Theorem 4.2 (Jackson-type inequality). If V"’ contains locally the polynomials

of degree less than L, then
IS = PP Sl S A flsg,. VI € BRy(RY). (42)

Proof. Again, a scaling argument reduces matters to j = 0. We will just prove the
case 0 < p < 1 (the other one being a bit simpler (see [13])). Following a more or less
standard procedure, we first need to establish two lemmas.

Lemma 4.3 (local boundedness). In the conditions above, there exists a finite set
Ky C 7™ such that, for every v € Z", we have

1P Floocry S UFllpocr,ys V€ LE (R™), (4.3)

where I, :UmeK (I, +m).

Lemma 4.4 (Whitney-type inequality). Let f € L1, (R™) and J = [aq,b1] X - -+ X
[an,by] be a rectangle in R™. Then, for every L > 1 there exists a polynomial Q € Iy,
such that

n—Q

1AL 7112, di (4.4)

If = Q) <C Y 7] /b1 . /

le[=L

where C' = C(n,p, L) > 0.

https://doi.org/10.1017/5001309150300107X Published online by Cambridge University Press


https://doi.org/10.1017/S001309150300107X

Wavelet characterizations for anisotropic Besov spaces with 0 < p < 1 583

The first lemma has a similar proof to the isotropic case (see [3]). For completeness
we include it below in the case p < 1.

Proof of Lemma 4.3. We may assume v = 0 and let I = [0, 1]™. By definition of the

projector
IR £y < SR L 6m)P |l

m

with the indices restricted to the finite set Ky = {m € Z™ : I N [Suppy + m| # 0}.
It therefore suffices to estimate one coefficient, which we may take to be m = 0. Now,
proceeding as in Proposition 3.1,

1/p
B £,0)1 < ol [ Ré”’f|<c'[ ~|R§f”f|p} ,
Jo JO

where we have used the fact that R(()p ) fislocally in Vo(p ) and the equivalence of quasinorms
n (3.2). The lemma now follows easily by a similar argument as in (3.5) above. O

The second lemma is the crucial point in most Jackson-type inequalities. The proof
for p < 1 is much more subtle than its counterpart for p > 1 (see, for example, [13,
Lemma 4.3] for a simple proof in this last case). A classical reference is [24], but since
our formulation is slightly different we indicate below how to derive it from there.

Proof of Lemma 4.4. We recall the statement of Theorem 1 in [24]: if f € LP(J),
then there exists a polynomial QQ € Il such that

Hf_QHLp(J) Z sup ||A f“Lp (JE) (4'5)

le|=r hi<(bj=a;)/(2L)

where Jf denotes the rectangle J N (J — £h) (that is, the domain of definition of A% f
when f is just defined in J). To pass from the right-hand side of (4.5) to (4.4) one uses one
more time the identity of the difference operators in (2.4). Indeed, taking LP(Jf)-norms
in (2.4) and changing variables on the right-hand side we obtain the estimate

(I T P S IS N [

0<6<1<k<e

One then integrates this inequality in 0 < s; < (b; — a;)/2L, takes the sup over h; <
(bj —a;)/2L, and after changing variables concludes easily with (4.4). O

We turn now to the proof of (4.2), which by scaling we only need to prove for j = 0. Let
us fix v € Z" and a polynomial @ of degree less than L. Note that from our assumptions
we have @Q € Vép). Then, using Lemma 4.3 and (3.4) we obtain

1f = PP ooy S I = Qllwriy) + 1@ = BRY Hllwry)
S = Qllzoeay + If = B fllewryy S I = Qllzoery
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Now, if for each v € Z™ we choose a polynomial ) = @7 as in Lemma 4.4, we obtain

1f = P FIE gy = D = B £l

~EZ™

>3 / 184712, dh

yezn \e\ L C

A

A
\
=
i
S

=
ﬁ
£

< wf;(f, P, (4.6)

One now uses the equivalence between averaged moduli of continuity in Proposition 2.2
to conclude

|h|n+a 1/(1
1f = B fllony S [ /lh| o A F1S @ b S 1f g, @),

le|=L
recovering in the last step the definition of the seminorm in (2.1). 0

Remark 4.5. It is possible to weaken the assumptions of Theorem 4.2 using the
following version of Lemma 4.4: for all £ = ({1,...,¢,) > 0, there exists a polynomial
Q € Iy such that

. o P <
Qléllfu ”f QHLp(,]) ~ Z

1 bjfaj
A
e [ IAR A at

Jj=1
where Ilp = span{x;j :0<r; <¥, j=1,...,n}. A self-contained proof for this result
appears in [16, Theorem 3.1]. Using this, one can prove (4.2) by just assuming that Vj
contains locally II, for some £ = ({q,...,¢,) with £; > «;. At this point, however, we

do not know of any simple translation of this condition in terms of the smoothness of ¢
(except in the simpler tensor-product case).

As a corollary of Theorem 4.2 with L = 1 we obtain a general property of the nonlinear
projectors defined in § 3.

Corollary 4.6. If p,p € L°(R"™), then the (nonlinear) projectors Pj(p ) satisty
lim [|f — PP fllioeny =0, Ve LP(R™).
j—o0
Proof. Let e > 0 and f. € C°(R™) be such that || f — fe||, < e. By the case L =1 in
Theorem 4.2 (which we can use since Vj reproduces the constants when ¢, ¢ € L°(R")

[17, Theorem 6.3]), it follows that

1fz = PP fellp S A9 fpa, zn.s
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(p)

for some « > 0. To conclude we need to use (3.7), since P;™ is not linear in general:

If =P flp S int I =gly <IF = P fel
gEV

SIF = fellp + e = PP fellp S € + X770 fel e, ey S 26,

if j is large enough. O

5. The first theorem and its applications

We now have all the tools to prove the main results in this paper. Throughout this
section we assume that the scaling function p € By9*(R") for some ag > 0, and that
Vo(p ) contains locally the polynomials of degree less than L for a fixed integer L > 1
Recall from §1 that

E](p)(f) = inf ||f—gllp.
gcv®

Then we prove the following restatement of Theorem 1.1.
Theorem 5.1. Let 0 < p,q < co. For every
L L
O<a<a® ::min{ao,,...,}
a1 (07%%
we have

Boa(R") = {f e PR : 3 AP fla < oo}

j=0
= {f e LP(R") : Y NIEP(f)1 < oo}.
j=0
In this case, we have the equivalence of quasi-seminorms:
) 1/q ) 1/q
oy ~ | O]~ | S0P G|
jez jez

Proof. Throughout the proof we denote by u the number min{1,p}. We will only
show the statement of the theorem involving E; (p )( f). The statement involving ||Q(p ) fllp
follows easily from

QP £, < B (£)* + EX (HF <23 1QPfIIE, j ez,

0>5

and inequalities of Hardy type (see, for example, [10, Theorem 2.1]). For the inclusion
‘C’, the key step is the estimate

EP(F) S = PP flov@n £ D wh(f,ex ™), jez,
|e|=L
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which we have seen in the proof of Jackson’s inequality (see (4.6)). From here, and using
the discrete definition of Besov seminorm in (2.2), we conclude easily that

) 1/q
OB | S g
jez
For the converse ‘2’ it suffices to show that for any f € LP(R") and J € N,

J

A g Y

j=—00

) /p
«@ p —
RG] TR (5.1
Indeed, again an argument involving Hardy’s inequality will give (for 0 < a < «p)

o] " | SoEr ()] " (52)

JEL JEZ

from which we shall conclude the theorem.
To prove (5.1), we first write for any pair of integers J' < J,

J—1
Abf=AEF PP+ ALPD )+ 3 ALQY 1),
j=J’

Since by Bernstein’s inequality limj_, o |P§?)f|33q = 0, we can take pointwise limits
and use Fatou’s Lemma to obtain

J—1
AL FIE < IAE(f = POHIE+ ST 1ALQP pIIE,  ae. heR™

j=—00

Then, the same reasoning as in the proof of Bernstein’s inequality gives

J—1
IALFIE S NF =P A+ ST 1QW FIIEI AL w410l

j=—00
J
by (3.7) S EP (AP + S0 BV (£)lwlip A=) if [hlg < A7

j=—0o0
Now using (2.3) one can control the modulus of continuity of ¢ by
Wi A" S ATV gl page, G € Z.

Substituting into the sum above and taking the sup over all |h|, < A~ we arrive at (5.1).

This completes the proof of the theorem. (Il

Our first corollary gives a rigorous justification of the multilevel decomposition in (1.3)
for functions in By¢(R™).
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Corollary 5.2. In the conditions of the theorem, if f € By%(R"), then we can write
f= Pép y >0 Q§-p ) f with convergence in the norm of Boa.

Proof. By Corollary 4.6, we only have to verify that
Jim 1f = P flsgg =0, f € BG(R"),

Now, using the elementary fact Eép )( f- P;p ) )SE () (f), it follows from the char-

max(j,£)
acterization in Theorem 5.1 that

f = PP flhea S D NEP (f = PP )

LeZ
< Z()\éaEép)(f))q — 0, asj— oo.

1>
U

Theorem 5.1 can also be written as By'%(R") = Ag(LP(R")), the latter denoting the
space of LP-approximation obtained from the approximating family {V(p °o (in the
notation of [10]). This equality and the results in [9,10] give us the followmg mterpolating
properties of anisotropic Besov spaces.

Corollary 5.3. Let 0 < p,q < 00, @ > 0 and @ = «a as in § 3. Then, for the real
interpolation method we have the identity

(LP(R™), B3 .(R"))g,q = BIS(R™), V0< 60 <1and0<r<oo.
Moreover, if 0 < ap < a; < 0o and we let apg = (1 — 0)ag + 0y, then we also have

(Bgoa, Ba1ay, = B2, Y0 <6< 1and0 < q < oc.

Proof. This is a direct consequence of the identity By¢(R") = Ag(LP(R")), and
Theorems 3.1 and 4.2 in [10] for the approximations spaces Ag(X). O

We conclude with an embedding result announced in the introduction.
Corollary 5.4. Let 0 < p,q < 0o, a > 0 and

1 1
S=24 (5.3)
T n p
Then, B4(R") < LP(R") and
[fllze@ny S N1 Bea@n), Vf € BIG(R™). (5.4)

Proof. The proof relies on a sort of Bernstein inequality:

£l oy < CNO|fllzr@ny,  Vf €V (5.5)
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Indeed, assume (5.5) for the moment and write every f € BP%(R") as f = P(T)f +
Z] OQ ) f. Then, Fatou’s Lemma and Theorem 5.1 (with g = min{1, p}) give

1/p
Lo < [Péf>f||z+2||c2§f>f||;}
=0

[} ' 1/p
< [Pé”fnf; £ >f||7>“} < llpes
7=0

Now, if 4 = p < 1, this is the desired result. If p > 1, one must choose 1 < py < p < p1 <
00 so that

P < CHfHB:ila? 1= 07 1)

where «;, p;, T are related as in (5.3). Using the real interpolation formula in Corollary 5.3
(and interpolation of L? spaces) one establishes (5.4).

It remains to prove (5.5), which by scaling it suffices to do for j = 0. Let f =), ¢k,
for a finite sequence of scalars {ci }r. Then, the same argument we used in (3.2) involving
reverse Holder inequalities gives

T p/T
11y < S| dr< ( e dx) S I o
yezn yezn NIy g
where in the last step we must use the inclusion ¢! < ¢?/7 (since 7 < p). g

Remark 5.5. Below we will also need a local form of the previous embedding: there
is a finite set Ky C Z™ such that, for every v € Z", we have

ey S Ul Bgaciri,y),  VF € B (R™), (5.6)

where I, = UmeK# (I, +m). In the above expression the norm of By¢(X) when X is a
quasinormed space must be interpreted as follows:

dn 7V
Ifllmgeco = s+ X | [ Gnlzeiab o]
le|=L
To obtain (5.6) one can apply the previous corollary to the function @f, where & is
smooth and satisfies x7, < @ < xar,. For a sharper version of this result, directly applied
to Besov spaces over rectangles, see [16, Theorem 5.2].

6. The second theorem

In this section we prove Theorem 1.2, which gives a wavelet decomposition for the spaces
B2 (R"™) when a > n((1/7) — 1)4. Under this assumption, for any 0 < 7 < oo we can
define p(«, 7) > 1 by the identity (5.3), i.e

-1
1 «
- _ = if
pla,7) = ( n) e/ (6.1)
00, otherwise.
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It follows from Corollary 5.4, and the trivial embedding B — B2.® for a > aq, that

B¢ (R") < LP(R") for every finite p such that 7 < p < p(a, 7). In particular, for those
p which are also greater than 1, every f € BZ7 can be decomposed as

m—1 oo m—1
=S et 33| S 0uil] = X 5| S vl
kezn (=1 j=0 “kezn ¢=1 jez “kezn

with convergence of the series at least in LP(R™). Recall that the generating wavelets used

in this paper vy, ¥y are compactly supported, since they arise from scaling functions ¢,
@, which are assumed to satisfy this property (see the references in [13, §3.2]).

Theorem 1.2 characterizes, among all functions with such representation, those having
wavelet coefficients in £7. We state below a stronger form of this theorem more akin to
the notation in §5, and with a few less restrictions in the indices. As usual, we shall
assume that the scaling function ¢ € B29*, and that the space Vy contains locally the
polynomials of degree less than L.

Theorem 6.1. Let 0 < 7 < oo, n((1/7) — 1)+ < a < a* and p(a, ) given by (6.1).
Then, for any p € (1,00) such that 7 < p < p(a, 7) we have

Zﬁ%Rﬂz{feL%wwWR@ﬂu+§jvmmxﬂm:<m}
j=0
In this case, we have the equivalence of quasinorms:

oo 17 1/7
IFlsze ~ VP Sl + | SN 1QP 1| and s ~ | SN 10 11
Jj=0 JEZ

Proof. We first prove the direct inclusion ‘C’. The case 7 > 1 is just a reformulation
of Theorem 5.1, since in this case the projectors are linear and Pj(p ) = Pj(l) = Pj(T). We
will assume, therefore, that 7 < 1, and fix a finite 1 < p < p(a, 7).

Let f € Bg¢(R™) — LP(R™). We first claim that Pép)f € VO(T). Indeed, writing
Pép)f =>".(f. @r)¢r and using the embedding in (5.6) we have

1/p
ool | [ ipas] el £ 1 lase o, (62)

upp Pk

where Jy = J 4+ k and J = Supp ¢ is a fixed compact set. Then,

ST LGS S M lseizr i S 1 Bgaeny:

kezmr kezn

which by the T-stability of {¢} implies that Po(p ) fe VO(T) and

1/7
|MWm~bjm@ﬂ < Ifllpss.

keZn
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Next, we show that

m—1 ‘ ~ 1/7
[ZZ S etz é?j{kv] <\flpsa. Ve BRSRY).  (6.3)

JEZL =1 keZ"

Since

R SUREALT
and 7 < 1, observe that we also have
ajT T ajT 2 T
SOXTTINQP AN < 30 AT I ot a7

JEZ INN

= 3 a2 G O el

4,5,k

so that (6.3) will suffice for the direct inclusion of the theorem.
To prove (6.3) we shall use the following estimate, valid for all oy < a* such that
n((1/7) — 1) < o1 <n/T:

_ 1/7 )
[Z ATI 2=/ () @?ﬁlﬂ SONT flpgse, G EL (6.4)
Lk

Assume for the moment that (6.4) holds and choose a; < a. Since (p; p/,Ppjx) = 0 for
all £, 7, k, k', by definition of Pj(T) we must also have

<P].(T)f7 %?},Q =0, VYkeZ", jeZ Yfe L (R"). (6.5)
Combining (6.4) with Theorem 5.1 and using the fact ETT)(f - PJ.(T)f) < Ef_;zx(r])(f)a
we obtain
SOtz p G2 e = N yrietn/2ennp plo) @) )
o,k £,k

< /\J'T(afoa)|f _ P](T)f|'];,?17a

g )\j‘r(afocl) Z AT EﬁT) (f)‘r

r=j

Thus, summing this estimate in j and using Theorem 5.1 one more time we will have

established (6.3):

Z )\Tj(oz+n/2—n/‘r)|< Z,g . )T < Z/\rfozlE 7') ( Z \iT(a— a1)>

4,5,k rez j=—00
SO ATEL ()T ~ | flses.
re’
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Let us now prove (6.4), which by homogeneity we just need to verify for j = 0. We let

1 a\!
1
plzp(O{]_,T): <_> 3

T n

which by assumption is a real number in (1, 00). The proof will be a little more subtle
than (6.2) above, since we want seminorms on the right-hand side. Observe first that
by the local polynomial condition on Vj the functions ’LZJ@ have vanishing moments up to
degree L (see, for example, (6.5)). Thus, proceeding as in (6.2), we see that for every
polynomial @ of degree less than L,

(f, o) = ’/ (f = Qe da| < el I = QU Lot (supp s
Supp Yk
S =Qlleray + 1f = Rlperarr ()

The difference operator Aﬁ with |[£| = L, annihilates such polynomials, so the second
term equals

|f = Qlela(LT(Jk)) = |f‘Bfla(LT(Jk))'

For the first term we can choose Q = Q* as in Whitney’s inequality, so that it easily
follows that

[(Fs ek S 1F1porenr (-

Raising to the power 7 and summing in k € Z", we end up with (6.4).

Let us now show the inverse inclusion of the theorem ‘O’. By Theorem 5.1, the case
7 > 1 only requires verification that functions on the right-hand set belong to L7 (R™).
But this is immediate by Minkowski’s inequality since

0o oo . 1/7
£l < IBP £l + 31V 1l S 1P Fll- + [anczgf’)fn:} :

j=0 §=0

where the last step follows by Hélder’s inequality (since 7 > 1).
We are thus left with the case 7 < 1. By the assumptions on f (and A > 1) we also
see that

1717 < IBP AU+ D IQP A < 157 17 + 3N flIF <00 (6.6)
j=0 j=0
Next we shall establish a Bernstein-type estimate:

l9pea S Mgl Vg e VP (6.7)

T, T Y

From here we can easily conclude the proof of the theorem since

[ee] (oo}
Flee < IB flee + D 1QY flhea SIBP AT+ D NIQY AL (6.8)
=0 j=0
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Moreover, combining (6.3), (6.4) and (6.7) it is not difficult to also obtain the norm
equivalences:

1/7
Ti(n/2—n/T 7(2 T
Q0 1l ~ | Z Ao 527 |
0,k
and
' 1/7
AP IE] 11l
jez
To prove (6.7) we shall assume j = 0 and proceed as in Bernstein’s inequality:
9B ey < lelae S 1027 S 30 [ ol do S gl ey
~EZ™ yezZn Supp Py

where in the second step we have used the reverse Holder inequality in Vo(p ) |supp ., - The
proof of the theorem is now complete. O

As a simple corollary we obtain a slight sharpening of (5.4).

Corollary 6.2. Let 0 < 7 < 1,n((1/7)—1) < a < n/7 and p = p(a, ) given by (6.1).
Then,

1f oo S |flpsaceny, Vf € BI2(R™).

Proof. Choose very smooth scaling functions so that a* > «. Since by assumption
f € B¢ — LP and p € (1,00), we can write

m—1
IEDICIUEDY { PP zﬁéi{kwéi{k]
JEZ jez b e=1 kezn

with convergence of the series at least in LP. Then, using Minkowski’s inequality, rela-
tion (6.1) and the embedding ¢™ < ¢! we obtain

£l < STHQW fll, < S N /2n/)(7 42 )]

JEL L,5,k
) (9 1/7
< [Z ATJ(OZ*F’I’L/Q*TL/T)K]C, ¢é;])7k>|'r] '
4,5,k

By Theorem 6.1, when f € B3%(R") this last expression is equivalent to |f|paa(®n),
establishing the corollary. O

7. Final comments and further remarks

We conclude the paper with several remarks about limitations and possible extensions
of the results presented above.
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7.1. More general wavelet bases

The use of compactly supported wavelets and scaling functions is a typical requirement
in problems arising from numerical applications. In our results above this assumption
was used at several crucial points, in particular when dealing with the nonlinear pro-
jectors P;p ). This is actually a quite common procedure in approximation theory (see,
for example, [4,6,7]), although it is still fair to ask what happens with wavelet bases
having more general decay conditions. We will not pursue this question here, but we
stress that a main difference appears when p < 1 and o < n((1/p) — 1), since the Besov
spaces introduced above are not distribution spaces. There is a rich literature on Besov
spaces defined from Littlewood-Paley theory (especially in the isotropic setting (see, for
example, [2,18,20])), but the techniques used in such cases seem too restrictive to be
applied here. We think this is an interesting question left to future research.

7.2. Other dilation matrices

As was pointed out above, the theory of multi-resolution analyses has only been devel-
oped for dilation matrices M with integer entries. This produces some limitations if one
wishes to study anisotropic spaces, since, for instance, diagonal integer matrices of the
form in (1.1) will only exist when

1 1
(,...7> € Ry logZ’}

ai Qp

(see [13, §3.3]). In applications this does not seem to be a serious restriction, since one
can at least cover all the cases a € Q. However, if one wishes to analyse more-general
anisotropic spaces, then the traditional MRA setting must be abandoned.

An alternative approach for function spaces in the cube [0, 1]> was developed by the
second author in [16]. If @ = (a1, az) is a general anisotropy in R? with a; > as > 0 and
{Vi}52, is a one-dimensional dyadic MRA in L?(R), then one can consider an adapted
subcollection of two-dimensional tensor-product spaces:

Via =V; ®Vjjaijas), 7=0,1,2,...,

where [s] denotes the integer part of s. Roughly speaking, the factor a1 /as gives the pro-
portion of ‘extra details’ we need to consider in the xo-variable every time we change scale
in the x; variable. This produces a multilevel decomposition based on {V; 4}32, which
is well adapted to the study of anisotropic spaces Bg®(L? [0,1]?). A similar approach has
also been developed more recently in [19].

7.3. Nonlinear approximation spaces

Our last remark concerns the characterization of anisotropic Besov spaces as nonlinear
approzimation spaces. For this one defines a new approximating family X, consist-
ing of all S=73", cror + E;io Zé,k de. ke, With at most N non-null entries. If we
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denote the error of approximation by on(f), = infses, ||f — S|, then, similarly to the
isotropic setting [11], one would like to show

BT = AZ(LP; XN) = {f eLr: ZQjaTJQj(f); < oo}7 if p=p(a, 7).
§=0

Such a result (more subtle than the ones in this paper) has been investigated inde-
pendently in [16] and [19], both with the multilevel decomposition for [0, 1]? described
in §7.2. A characterization in the general MRA setting of this paper will be presented
separately in [12].
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