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ON SOBOLEV AND BESOV SPACES WITH HYBRID
REGULARITY

HELMUT HARBRECHT AND REMO VON RICKENBACH

ABSTRACT. The present article is concerned with the nonlinear approximation
of functions in the Sobolev space H? with respect to a tensor-product, or hy-
perbolic wavelet basis on the unit n-cube. Here, ¢ is a real number, which is
not necessarily positive. We derive Jackson and Bernstein inequalities to ob-
tain that the approximation classes contain Besov spaces of hybrid regularity.
Especially, we show that all functions that can be approximated by classical
wavelets are also approximable by tensor-product wavelets at least at the same
rate. In particular, this implies that for nonnegative regularity, the classical
Besov spaces of regularity BYT™7 | with % =5+ %, are included in the Besov
spaces of hybrid regularity B2*7, with isotropic regularity ¢ and additional
mixed regularity s.

1. INTRODUCTION

If we want to approximate a function, there are many different methods. The
best known and understood method is linear approximation. In this setting, given a
function u € V, we take a sequence of nested, linear trial spaces V; C V and intend
to quantify the best approximation error inf, cv; ||u — v;||v with respect to j. In
order to guarantee a certain convergence order, specific constraints on the target
function u have to be satisfied. For example, to approximate a function u in the
(isotropic) Sobolev space V' = H?(O), with O := (0,1)™, by piecewise polynomial
functions of order d defined on a quasi-uniform mesh with support length 277, we
require that u € H*(0) to expect the convergence order 2~ (5~97 for ¢ < s < d.
When comparing the number of required trial functions with the accuracy, any
function in H4T"¢(0) is asymptotically approximable by N terms at the rate N 5.

In the case of sufficiently high regularity, this approach works perfectly fine.
On the other hand, if only limited regularity of the function u is provided, the
optimal convergence rate cannot be realised. Therefore, the framework of nonlinear
approzimation was developed to approximate a function adaptively, see e.g. [11] for
an overview. In this setting, the trial spaces used for approximating u are no longer
linear subspaces. In particular, for best N-term approximation, the trial space Vi
is the space of linear combinations from a dictionary, consisting of at most N terms.
It is easy to see that the best nonlinear approximant consisting of N terms is at
least as good as every best linear approximant consisting of N terms, as we can
always restrict Vv to be a linear space.

A basic tool for nonlinear approximation is a Riesz basis ¥ = {¢\ : A € V} for
the space V', which can, if V' is Sobolev space, be realised by a wavelet basis, cf.
[6, 10, 11, 26] for example. With a Riesz basis at hand, approximating the function
w in V by N terms from V¥ is equivalent to approximating the coefficient vector
u in ¢?(V). By using a wavelet basis one can show, cf. [11] and the references
therein, that the requirements to achieve the rate N ~° are much weaker compared
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to linear approximation: In contrast to Sobolev regularity of order g 4+ sn, only
Besov regularity of order ¢ + sn and integrability 7 := (% +s)~ ! is required. Since
then 7 < 2, we can conclude that these spaces contain the respective Sobolev space
H?t"(0), but are in general much larger.

This classical result holds if the space H?(O) is discretised by isotropic wavelets.
The recent articles [3, 19, 25] show, however, that the classical Sobolev spaces
H?(O) can also be characterised by tensor-product or hyperbolic wavelets. This
approach leads to a new perspective on the best N-term approximation, as it is well-
known that tensor-product wavelets can approximate functions essentially better.
This concept is known as the Sparse Grid [2, 13]. Here, the term essentially is
understood as n-times as well up to logarithmic terms.

However, this is only true under certain additional requirements on the target
function. For example, if ¢ = 0, meaning that H?(0O) = L?(0), the target function
needs to admit dominating mixed Sobolev smoothness. As a consequence, for the
best N-term approximation, one needs to consider Besov spaces with dominating
mixed regularity, which have, for instance, been studied in [18, 21, 27, 30].

In [22, 23], Besov spaces have been used for the approximation with tensor-
product wavelets in L?(0J) and H'(O). Therein, the respective approximation
spaces have been defined as as the tensor product of quasi-Banach spaces, resulting
in function spaces of Besov type with hybrid regularity. If ¢ > 0, this procedure can
easily be extended to H%(O), but whenever g is strictly positive, the approximation
spaces are of hybrid regularity. However, if one wishes to approximate a function
in H(O) for negative ¢, which is necessary in the case of e.g. boundary integral
equations, cf. [24, 28], these results do not carry over, as the resulting approximation
spaces can no longer be written as the intersection of tensor-product spaces.

In contrast, the hybrid regularity Besov spaces on the whole space R™ have
been introduced in terms of wavelet coefficients in [3]. Therein, upper and lower
bounds on the Kolmogorov dictionary width and the best N-term approximation
have been derived. However, those results require a difference in the isotropic part
of the hybrid regularity. As we will see, this is also not the case when we consider
the best N-term approximation in a Hilbert space H9(O) with respect to a tensor-
product wavelet basis.

In this article, we will characterise the approximation spaces A* (H a (D)) con-
sisting of functions v € HY%(O), which can be approximated by N terms at the
rate N~°. As we will see, the resulting spaces contain the Besov spaces of hybrid
regularity from [3]. Additionally, when requiring slightly more regularity in terms
of logarithmic decay of the coefficients, with the help of [1] we can immediately
conclude that these spaces can be nested between classical Besov spaces. However,
to the authors’ best knowledge, it was not known yet whether these hybrid regular-
ity Besov spaces are embedded in the corresponding classical Besov spaces, which
turns out to be true in the setting of best N-term approximation. Vice versa, also
the opposite natural embedding of a classical Besov space of regularity g + s into
the hybrid regularity Besov space of isotropic regularity ¢ and additional mixed
regularity s will be proven.

The rest of this article is organised as follows: We introduce the multiscale
hierarchy and state the requirements on the wavelets under consideration in Section
2. In Section 3, we define the function spaces used for the approximation with
isotropic and tensor-product wavelets. This topic, together with a brief review of
interpolation, is treated in Section 4. Afterwards, we compare the isotropic and
hyperbolic approximation spaces in Section 5, and we state concluding remarks in
Section 6.
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Throughout this article, to avoid the repeated use of unspecified generic con-
stants, we write A < B if A is bounded by a uniform constant times B, where the
constant does not depend on any parametres which A and B might depend on.
Similarly, we write A 2 B if and only if B < A. Finally, if A < B and B < A, we
write A ~ B.

2. WAVELET BASES

In this section, we define the wavelet bases under consideration and state their
most important properties. Throughout the article, we assume that the scal-
ing functions and the wavelets involved are compactly supported with support
sizes depending on their levels. In particular, we assume that diam(supp ¢)) ~
diam(supp ¢y ) ~ 2~ holds for any one-dimensional scaling function ¢y and wave-
let ¥ on level |A|. Moreover, we require that this property also holds for the dual
scaling functions and the dual wavelets. The wavelets we are going to consider are,
in general, biorthogonal and were first constructed in [4]. Later, this construction
was also transferred to a finite interval in [7]. Alternatively, as shown in [5], it
is also possible to use Daubechies wavelets [9, 10] on the interval. However, as
for numerical applications there is a need for an efficient evaluation of the primal
wavelets, we especially emphasise the constructions of [4, 7].

2.1. Univariate Wavelet Bases. We consider a sequence of nested, finite-dimen-
sional, and asymptotically dense function spaces

VieCVip1 €...CV, 1 CV;CV;1...CV,

which are used to discretise a vector space V' consisting of functions (or distribu-
tions) on the unit interval [0, 1]. Typically, V' = H9([0,1]) is a Sobolev space with
regularity g. We assume that the function spaces V; can be generated by shifts and
dyadic dilations of a scaling function ¢, with possible modifications at the endpoints
of the interval. Moreover, for a suitable index set A;, we assume that

(I)j = {Qﬁ)\Z)\EAj}

is a basis set of V; with [[¢x|lr2(o,1)) ~ 1 and diam(supp ¢x) ~ 277. Here, the
index A = (4, k) contains information of the level j and the location k, particularly
meaning that ¢y (z) = 22¢(2/z — k). In the easiest case, one can think of ¢ as the
constant function 1, and of ¢ as a properly scaled, dyadic indicator function, i.e.,
Ox =250 [a-sp 24 (k+1))-

We say that the spaces V; have the approximation order d if they contain locally
all polynomials up to the order d. Moreover, V; are said to have the regularity
v:=sup{s e R: V; C H*([0,1])}.

2.1.1. Multiscale Bases on [0,1]. As the spaces V; are nested, we may write
Vi =Vi_1 @ W; (1)

with the complement or difference space W;. One can show that, if the scaling
function ¢ generates a shift-invariant space, cf. [4, 7], there exist mother wavelet
functions 1 such that
\Ifj = {’l/JA TN E VJ}

is a basis set of W;. Also herein, V; is a suitable index set and 1) is a properly
scaled and translated copy of a mother wavelet (again with possible modifications
at the endpoints of the interval). For convenience, if A € Aj or A € V;, let us denote
its level by |\| := j. Furthermore, due to (1), both ¢ and all mother wavelets
can be obtained by translated copies of the refined function ¢.



4 HELMUT HARBRECHT AND REMO VON RICKENBACH

From (1), we recursively obtain the multiscale decomposition
Vi=Vi,@Wj1@...0W;,

provided that jo < j. If we also define Wj, := Vj,, Vj, := Aj,, and 9y = ¢, for
A € Jjo, as the function spaces V; are asymptotically dense, we conclude that the
set

Ui={yYr: A€V}, V=[]V, (2)
Jj=jo
spans a dense subset of V.
If we follow the construction of [4, 7], and use the appropriate scaling [|1x||L2([0,1]) ~
1, the set ¥ forms a Riesz basis of L?([0, 1]), meaning that

2
Z eax ~ Z }Q\’Q-

rev (o) eV

Hence, there exists a biorthogonal multiresolution analysis
Vie CVj41 € ... CVjma CV; S Vi . SV

which is also a Riesz basis for L2(]0,1]) and asymptotically dense in V.

The spaces \7J = {&A : A € A;} admit the regularity 4 > 0 and the approxima-
tion order d. This fact provides us the number of vanishing moments of the wavelet
v, which means that (p, ¥) = 0 for any polynomial p up to the order d. Finally,
there exists also a unique biorthogonal wavelet basis ¥ = {1%\ : A € V1, satisfying

(P, 1ha) = San- (3)
4 4
2 - 20 3
of : 0f .
—2 . —2 -
_ L] | [— _ | | |
0 025 05 0.75 1 0 025 05 0.75 1

FIGURE 1. Primal wavelets (left) and dual wavelets (right) accord-
ing to the construction in [7]. In this setting, we haved =1,y = %,

and d = 3.

For the setting of piecewise constant wavelets with three vanishing moments
(d,d) = (1,3) and piecewise linear wavelets with two vanishing moments (d, d) =
(2,2), an illustration is provided in Figure 1 and Figure 2, respectively. Notice that
in the latter figure, the primal wavelets depicted discretise functions with with zero

boundary conditions at x = 0 and nonzero boundary conditions at x = 1.



ON HYBRID SOBOLEV AND BESOV SPACES 5

4 20
15 |- |
2, |
10 | 1
0 N s 50 .
0,
—2
-5
_ | | | —10 | | |
0 025 05 075 1 0 02 05 075 1

FIGURE 2. Primal wavelets (left) and dual wavelets (right) with
complementary boundary conditions according to the construction
in [8]. In this setting, we have d = d = 2, and v = 3. The primal
wavelets satisfy zero boundary conditions at x = 0 and the dual
ansatz functions at z = 1.

2.1.2. Multiscale Transforms. By considering the basis sets ®;, ¥; as row vectors,
we may, due to the relation (1), write

Pj1=PMjo, Vj =My, (4)
®j1=&;Mjo, Uj =M. (5)
Herein, the matrices Mj,o,l\N/Ij,O e RIAiIXIAi-1] and Mj,l,l\N/Ij,l e RIAIXIVil are
called the refinement masks. By the local supports and the chosen scaling, the

matrices [M; o, M, 1] and [I\N/ijo,lf/ljyl} are uniformly stable.
If u € V}, we can write

u= Z Ceapx = Z gy + Z .

AEA]' )\GAj—l )\GVJ'

In view of (4), this is equivalent to

u = (I)jCj = [(I)jfl;\llj] |:C‘]d; :| = q)j [Mj,O;Mj,l} |:Ci1;1:| y

where ¢; := [ca]aea,;, dj := [dr]aev,. On the other hand, remarking that c; =
<(i)jau> and d; = (\ifj, u), we obtain that

i g 1\:/1;’0 C;.
d; MJT71 J

Hence, we conclude that [M; o, M, 1]T[M, 0, M, 1] = I, and therefore

MJT‘,OMJ',O =1 M},1Mj,1 =1,
MI M;; =0, MI M;,=0.
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By applying the multiscale transform recursively, there follows

J

My o, M
[(I)joa ‘I]jo-‘rla sy \I/j} = (I)jTj = (I)j H [[ £,05 é,l] 1 , (6)
=jot1 1A5]1—1A]
and accordingly, on the dual side,
Cjo . NIT
djo+1 N J [ v z,o]

| T ST IT |[™. Cj- (7)

4 (=jo+1 Las1-1a.)
J

2.2. Multivariate Wavelet Bases. In this subsection, we will briefly review the
construction of multivariate wavelet bases on the unit cube [ = [0, 1]™. There are
two well-established ways to create wavelet bases on [J. On the one hand, one can
construct isotropic wavelet bases, i.e., bases consisting of functions whose supports
are shape-regular cuboids. On the other hand, one can use the tensor product of
wavelets on different levels, resulting in so-called anisotropic or hyperbolic wavelet
bases. In both settings, we also start with a multiresolution analysis where on each
level j, the n-fold tensor product of the spaces V; defined in Section 2.1 is involved.

2.2.1. Isotropic Wavelet Bases. Let us first address the bivariate case. It is trivial
to deduce that for any j > jo, the basis set ®; ® ®; discretises the space V; ® V.
As for j > jo + 1 we also have

VioVi=(ViaeVia)e (Vi eW,)e (WeVia)e (W;eW,),
we can define
0; =0V ue" el = (&, 0 ¥,)) U (T, 0 ®,_1) U (¥, ® T))
as a basis of the complement space (V; ® V;) © (Vj—1 ® Vj_1).
This procedure can be generalised to the n-variate case as well by defining

i1, e=0,

J \Ifj, 621,

07 =07 ®- - ® 6", @Q{

by which the basis set
@j = U @?
ec{0,1}7\{0}
spans the complement space. If we define ©;, := ®;) ® ... ® ®;,, then there holds

span U O =V0® - QVpy,

J=Jjo

and these sets form a Riesz basis of L?(0J) for m — oc.
For convenience, let us also define the index set OF as the set of indices of wavelets
0, € OF, as well as

o= J o o:=]o
e€{0,1}7\{0} i>jo

with the canonical adaptation for O;,. Finally, similar to the univariate case, we
define the level of an index as |p| := j for any p € O;.
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2.2.2. Tensor-Product Wavelet Bases. Another approach is to use the tensor product
of one-dimensional wavelets on all the different levels. This approach is straightfor-
ward: for a given multiindex j > jo+1, we define the index set V; := V; x---xV; ,
and for A = (A1,...,\,) € Vj, we define the wavelet function

Ua(@) = (Vn @ - @, ) (®) = ¥, (21) -, (20).
All such wavelets on a level j span the corresponding complement space, i.e.,
Uj = {n : A € V;}

is a basis set of Wj, ® --- ® Wj, . If we also re-define ¢y := ¢, for A € V;, as it
was done in the univariate case, and extend the above definition to any multiindex
J > jo, then we deduce out of (2) that the span of

vi={a:aevi=Ju vi=Jv;
J=Jo izjo

isdense in V® ---® V and forms a Riesz basis.

2.3. Auxillary Results. In this section, we state and prove three lemmata. When
comparing the different function spaces in Section 5.2, they will be crucial.

Lemma 2.1. Let 0 < p <1 and A € R™*". Then, there holds

m »
Al < A%} = [m > \ai,ﬂ | ®
where A®P is the component-wise p-th power of A.
Proof. Let u € R™. In view of the subadditivity
lz+yl” <zl +y[’, 0<p<1, (9)

we conclude
P

m n
=D 1> aigu
i=1 |j=1
n
p P
am‘\ |y

< lullp 1IiljaX Z ’a”’

This yields (8). d

[Aull; =

Ms

s
Il
—

|FI/%3

Remark 2.2. The subadditivity (9) implies that the function || - ||V is subadditive.
Hence, the quasi-triangle inequality

1
[+l < 20 ([l + [1v]lp)
follows, cf. [12].

Lemma 2.3. Let m > jo and consider the wavelet transforms T,, and T, given
by (6) and (7), respectively. Then, for 0 < p < 2, there holds

~ ~ m(i-1
1Tl 1Tl S 10 [ Tallps [ Tallp S 27572,
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Proof. We will show the theorem on the primal side only, as for the dual side, the
same arguments can be used. First, we remark that, for p = 2, both statements are
true since both ® and ¥ are uniformly stable bases of L?([0,1]).

Let us consider the first inequality. We will start by showing this for p = 1, from
which the statement follows for all 1 < p < 2 by interpolation. In view of (6), for
each A € Uj-;, Vj, there holds

Y tundu (10)
BEA,

Therefore, to estimate

1Tl = [ITomlloo = max Z > ltual,

™ j=jo AEV;
we fix p € A,,. Since ¢,, is compactly supported, on each level jo < j < m, there
are at most O(1) wavelets ¢\ with supp 1 Nsupp ¢, # 0, by which

m

I Tnlloo S max Z max [t

Since ||¢pl|Le ~ 2% ~ 2"z [ltall o=, we conclude that for any A € V;, there must
hold
(11)

ltu,
by which

[T lloo <
Jj=Jjo
Let us finally treat the case 0 < p < 1. By Lemma 2.1 and the arguments above,
we have

ITTI < max Z Do ltal" S

" j=jo A€V, J=Jjo

by which ||TT,||, is bounded independently from m as well. This proves the first
inequality.

To show the second inequality, we Will first show that ITmli < 2%. If this
holds true, then for 1—17 = # + ¢ 5=1-— —, ie., 1 —0 == —1, we can conclude by
interpolation, that

-0 m (2 __ m(i—1
ITwlly < ITolli I Tmllf $ 2267010 = 2mGm2),

provided that 1 < p < 2.

Let jo < j <m and X € V;. As the wavelet ¢ satisfies diam(supp ) < 277,
and diam(supp ¢,,) < 2™, there are at most O(2™77) nontrivial coefficients ¢,
n (10). Hence, by (11), there holds

> ltual S22
HEA,

by which also | Ty |1 $27%.
Finally, for 0 < p < 1, we again make use Lemma 2.1, which implies that

SH

m _ 27n;j S 2

)

TP < t =gm(-%),
ITwlly < max max > It max

HEA,
After taking the p-th root, we arrive at | Ty, ||, S < 2"™(73) which is what we wanted

to show. O
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Remark 2.4. In the proof of Lemma 2.3, the crucial step is exploiting the compact
support of the wavelets and their duals. As already stated, such wavelets exist
and were constructed on the real line and adapted to the interval, cf. [5, 9, 10]
for orthonormal wavelets and [4, 7] for the biorthogonal spline wavelets, which are
numerically more feasible.

On the other hand, the criterion of the compact support may be relaxed: Indeed,
what we regire is that the row- and column sums (if p < 1 for the p-th power) of
the matriz can be controlled sufficiently well.

In Section 5.2, we will need to estimate of Kronecker products of matrices. Such
estimates are derived in [17, 20, 22|, for example. However, in the special case we
are interested in, the proof is rather elementary, so we provide it for the reader’s
convenience.

Lemma 2.5. Let A € R™*" and B € R¥*¢. For p € {1,2,00}, there holds
A @B, = [[Allp]|B|-

Proof. For the || - ||2-norm, the claim follows from the fact that the eigenvalues of
A ® B are given by the products of any two eigenvalues of A and B.
For the || - ||o-norm, there holds

m k
|[A®B|o = max max E E }arlytlbr27t2|
1<ri1<n 1<r;<¢
ti=1ta=1

m k

= L;nr?gn > \am,tl\] Lgﬂ’él > |bT2,t2|]
t1=1 to=1

= | Ao || Bl oo-

For the || - ||1-norm, the claim follows with exactly the same arguments. O

3. FUNCTION SPACES

The goal of this section is to characterise the function spaces used in the setting
of best N-term approximation. We will see that these spaces can be characterised
by isotropic or tensor-product wavelets, or in the case of Sobolev spaces, by both
of them. For the sake of convenience, for A € V;, we shall denote in the following

A=l [Aleo = lileo-

3.1. Sobolev Spaces. In Section 2, we have assumed that all 6,, and 1 are scaled
such that they are normalised in L?((J). However, if we define

¢§\p) — 2|>\\1(%—%)¢>\, zﬁg\p) = 2'”1(%_%)%\,
o) Qn\#\(if%)ew g = Qn\m(%*%)éu,

we get a primal basis which is normalised in L?(0), and a dual basis which is
normalised in Lpl(D), where 1—17 + ﬁ = 1. With the above notation at hand, every
function v € LP(0) admits unique expansions

u=3 WPy, Wl = (G ),
A€V

u=3" uPo®), u? = (6P u).
ne

To keep the notation simple, we always assume that a coefficient ux or u, without
suffix p corresponds to an L?(J)-normalised expansion of .
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We intend next to characterise certain function spaces. It is well established,
see e.g. [6, 26], that univariate wavelet coefficients of a function characterise the
norm of this function with respect to a range of function spaces. However, in a
multivariate setting, we can also use a tensor-product wavelet basis to characterise
isotropic function spaces, i.e., there holds

lalZey ~ 7 22X [(x, ) [P ~ 3 2250016, )|

, =y <s<n, (12)

AV ne©
lullZremy ~ S 22w, )| ~ Y 2% Ml(u, 0,0, —y<t<F,  (13)
AEV ne®

cf. [1, 6, 16, 19, 25, 26]. In particular, a function u is contained in an isotropic
Sovolev space if the coefficients of its (tensor-product) wavelet expansion decay
sufficiently fast. Note that we have slightly abused the notation here, as the primal
and dual wavelets may characterise function spaces with complementary boundary
conditions.

On the other hand, in [16], there was also shown that the coeffcients with re-
spect to a tensor-product basis characterise the dominating mixed regularity of
a function u. Shortly after, in [14], Sobolev spaces of hybrid regularity were in-
troduced. Roughly speaking, these spaces $2°, which are sometimes also called
Griebel-Knapek spaces, contain all functions u which, with respect to H4(O), admit
mixed derivatives up to the order s. In terms of tensor products, we define these
spaces in the following way.

Definition 3.1. We define $%°(0) for ¢ > 0 and s € R as the space
HO3( ﬂ ®H5+5uq ([0, 1]). (14)
i=1 j=1
For ¢ < 0, we define the space $%°(0J) via the duality $%°(0) = ($~%~*(0))".
Remark 3.2. In the two-dimensional setup, (14) simply means that
H%2(Q) = (HT([0,1]) ® H*([0,1])) N (H*([0,1]) @ H***([0,1])) -

By using the norm equivalences (12) and (13), we see that we can also charac-
terise the spaces H2%(0) in terms of wavelet coefficients.

Theorem 3.3. There holds

~ 2 ~
[ullBas oy ~ D 220X F2RX0 by )7, —F < s.q+5 <, (15)
AeV
. 2 ~
||u||~26q’5(D) ~ Z 22q|>\|x+25|>\|1|<u,1/})\>‘ . v <Ss,q+s<A. (16)
AEV

Proof. Let ¢ > 0 and s € R. For the sake of simplicity, we fix the dimension to
n = 2, but we emphasise that the same arguments also work in higher dimensions.

We will basically follow the arguments that were used in [19] for classical Sobolev
spaces. By standard tensor-product arguments, for u = )y ¢ ua®x, there holds

with (12), and ux := (x, u),

||u||?IQ+S([O,1])®H5([O,1]) ~ Z 22(Q+S)|)\x‘+25|)\y||u)\|27
Aev

||u||%5([071])®Hq+5([011]) ~ Z 225\/\x|+2(q+s)|/\yl|u/\|27
Aev
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provided that —y < s,q 4+ s < . Therfore, as ¢ + s > s, there holds
92(a+8) x| +2s1Ay | | 928[Ax|+2(a+8) Ay | o, 92(aF8)[Aoo+2s min{[Ax],[Ay [}
— 920X o +25| A1
Hence, (15) follows for ¢ > 0. With exactly the same arguments, we can also show
(16) for ¢ > 0.

For g < 0, we use a duality argument to show both asymptotic inequalities. By
duality, there holds

lullgas @) = sup (u,v).
HUH;rqﬁS(D):l

Hence, writing v =} 3 ¢ fa@[k, we obtain by the biorthogonality that

ullga.s () = sup Z UXUA
vl g—a,—s (@=1 xew

< lz 22q>\oo+2s|>\1|u>\|2] sup lz 2—2q\>\\oo—28\>\\1|@)\|2

AEV vl —a.—s =1 [ xew

N[
N

1
2
NlE 22q>\oo+25|>\1|u)\|21 ,

AEV

where we have used (16) for —¢ > 0.
For the lower bound, we remark that there holds

1
2
[ § 2QQ|A|”+2S|A|1|UA|2]

AEV

= sup (W, V)e2(v)
H[qumaofsm15A]>\|\[2(v):1

e e
H[quwoc7s\>\\15>\]>\”[2(v):1 AEV
E UAPA

AEV

< lullgas @) sup

[[[27 Moo —sIXl1 5]

Ale2(o)=1 H-a.-s(0)

~ ||ull a5 @)

Note that we have again used (16) for —g > 0. This shows (15).
The same arguments also allow us to show (16) for ¢ < 0, completing the proof
of this theorem. O

Remark 3.4. For a smaller range of parameters, the statement of Theorem 3.3
has already been established in [15]. Moreover, we note that the one-sided upper
bound in (15) can be extended for —d < S,q + s < 7y, whereas the one-sided lower
bound can be extended to —7 < s,q+s < d. Similarly, we can also extend the upper
and lower bounds in (16) up to —d and d, respectively.

We note that there holds 6,9 € H%7(0) C H70(0) = HY(O) by the tensor
product structure. With the above norm equivalences, it is easy to see that $%7(0)
is continuously embedded into $%°(0) if either ¢ > 0 and s < v — ¢, orif ¢ < 0
and s < 7, see also [3]. Furthermore, we can derive the following proposition.
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Proposition 3.5. The spaces HT°(0) are Hilbert spaces when equipped with the
inner product

(s ) ey 1= Y 2R (s ) (U, 0),
AEV
Moreover, we have the Gelfand triples H4°(0) — HI(O) — H~*(0) for s > 0.
3.2. Besov Spaces. When dealing with best N-term approximation, one has to

consider Besov spaces, which are defined by three indices. Primarily, we have the
regularity a and the integrability p, and secondarily, a fine index 7.

Definition 3.6. For a > 0 and 0 < p, 7 < 00, we define the quantity

T

e = [ S22 | S qur| | (17)

m2jo nEOm

IR

and b®? as the space containing all vectors for which the above quantity (17) is
finite. For max{p,7} = oo, we apply the usual modifications. Then, the Besov
space BP(0) is defined as the space containing all functions « = ©u, for which
the norm

lull per oy = lulle@y + |u(p)|b$m
is finite.

Remark 3.7. Classically, the Besov spaces B>P(0) are defined by the decay beha-
viour of a function’s moduli of continuity. However, if the wavelets involved satisfy
(1) 6, € B2»(Q) for some B> a and
(2) 6, has r > max{a,n(1/p — 1)} vanishing moments,
then the classical Besov seminorm and the discrete Besov seminorm (17) are equi-
valent, cf. [11] and the references therein. Besides, the Besov spaces can also be
characterised by a Littlewood-Paley decomposition, cf. [29].

As we will see, the classical Besov spaces and also the Besov spaces of dominating
mixed smoothness will not be the right spaces for the approximation with respect
to a tensor-product basis in an isotropic energy space. For this, we need to consider
Besov spaces of hybrid regularity as introduced in [3], which are characterised by
the decay of the wavelet coefficients.

Definition 3.8. For given ¢ > 0, s > 0, and 0 < p, 7 < 0o, we define

1

o
P

|u|b_qr,s,p — ZQT(qu\mﬂ\jll) Z ‘U)\‘p ’ (18)

JiZjo AEV;

with the usual modifications in the case max{p,7} = oo, and the space bZ*? as
the space containing all vectors for which the quantity (18) is finite. The Besov
space of hybrid regularity B2°P(0) is defined as the space containing all functions
u = Wu, for which the norm

ullseer @y = llull @) + [0 [zen (19)
is finite.

Remark 3.9. The above definitions are given for nonnegative c, q, and s only,
since for o < 0, B®P(0) does not need to be included in LP(O), and likewise in the
hybrid case. Nevertheless, an extension of the seminorms (17) and (18) to negative
«, q, and s, respectively, is straightforward.
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Remark 3.10. At the first glance, the expression (18) looks different from that in
[3]. This can, however, be explained by the fact that the wavelet bases in [3] are
normalised in L>°(0). Moreover, if p =1 = 2, then we have the identities

BY*2(0) = 5°(@Q), B3HOQ) = H(O),

Indeed, this can be immediately concluded from (17) and (12), or (18) and
Theorem 3.3, respectively. In particular, we have extended the norm equivalences
from [14, 15] to negative ¢, and we have shown that in the case p = 7 = 2, the
hybrid regularity Besov spaces from [3] agree with the hybrid regularity Sobolev
spaces.

4. APPROXIMATION AND INTERPOLATION

The aim of this section is to briefly summarise the interpolation between vector
spaces and the N-term approximation, which is a kind of nonlinear approximation.
Our goal is to characterise the approximation spaces for the anisotropic tensor-
product wavelet basis. All the results provided here can also be found in [11].

4.1. Interpolation. First, we want to specify the abstract interpolation between
normed vector spaces by means of the K-functional. We consider two normed
vector spaces, (V|| - ||v) and (W, || - |lw), and we assume that W is continuously
embedded in V, that is, || - [[v S| - |lw. Moreover, let | - |w be a seminorm on W.
Then, for ¢t > 0, we define the K-functional by

K(u,t):= 1161£V|\u7w|\v+t|w|w.
w

For 6 € (0,1), and 7 € (0, 00|, we define

% 1 N
[ul(v,wy,., = (/ ;[t_eK(Uat)] dt) : T < 00,
0

and
|u|(V,W)9,oo = sup t_eK(u, t).
t>0
Finally, we define the interpolation spaces between V and W as
(V\W)er :={ueV:|ulyw),, <oo}.
One can show that there holds

—01, 10
ulvaw,,, < lulylully,  weWw V.

4.2. Approximation. Another question is the following: Given a Riesz basis ¥ =
{t» : A € V} of a space V, for which subspace W C V can we approximate all
functions u € W with at most N terms at the rate N %7 This is a topic of nonlinear
approximation and, in particular, best N-term approximation, as we consider trial
spaces

VN Z{ZC,\i/),\ZC,\ER, |A|§N}

AEA
Such trial spaces are nonlinear, as for u,v € V there holds in general only u+v €
Van, cf. [11].
We next define the N-term error
EN (’U,) =

e
. lu —vnllv,
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the seminorms

A=

1 T

N>0

[ul a5, (vy = sup N*En(u),
N>0

and the approximation spaces
A3(V)i={u eV : |uas(v) < 00}

One can show that the approximation spaces A2 (V') can, under some circum-
stances, be fully characterised by interpolation. We just quote the result. For a
proof, see [11] and the references therein.

Theorem 4.1. Consider a vector space V and a subspace W C V, and assume
that there is a number r > 0 such that there holds a Jackson inequality
En(u) S N ulw
and a Bernstein inequality
lunlw S N"[[ullv.
Then, for each s € (0,r) and each T € (0, 00], there holds
A (V) = (V,W)e »
with equivalent norms.
For best N-term approximation with respect to the isotropic wavelet basis © =
{0, : 1 € O} on the unit cube, it is well known that one can derive a Jackson and

Bernstein inequality between the spaces HY(() and B4t () where % =r+ %,
cf. [11]. Therefore, the following theorem holds.

Theorem 4.2. Consider the space H1(O) and the properly scaled Riesz basis © =
{6, : € O}. Then, for % =r+ % and 0 < k < oo, there holds

Ay (HY(O)) = (HY(O), BI™7(O)). ., 0<s<r,
provided that © C BIt+<7(0) for some € > 0 and that the wavelets admit d >
max{q + rn,n(r — 3)} vanishing moments.

4.3. Approximation with Tensor-Product Wavelets. With the results of the
previous two subsections, we can now classify the approximation spaces for any
function space H?(OJ) with respect to an anisotropic tensor-product wavelet basis.

Theorem 4.3. Forr >0, ¢ € (—%,7), and T such that

1 i 1
S 4=
T 2’
there holds the Jackson inequality
inf ||u—UN||Hq(|:|) < N_T|u|g33,m'([|). (20)

vN EVN

Proof. We use an argument similar to [11, 22]. First, we remark that
7= {279y X € V) (21)

is a Riesz basis for H4(0J) due to the norm equivalence (12). Thus, the best N-term
approximation to any function u asymptotically corresponds to the N terms with
the largest coeflicients in absolute value. Hence, if u* = (u*(k))y is a descending
(in absolute value) reordering of the sequence (291*luy)y, then there holds

o0

. 2 * 2
it u = o) ~ ZM [u* (k) 2.
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Therefore, it is enough to require that the quantity
1
[u*[lez, = sup k™ [u* (k)]
keN
is uniformly bounded. Since the embedding ¢ C ¢7_ is continuous, we have that

inf |lu—vn|lgamy SN0 ey (22)

vNEVN

By rescaling the coefficients, we obtain that

”u*H}(N) _ Z ‘QqD\\qu"r _ Z 974ljloe Z ’2\j|1($—%)ug\r)’r

AeV J>jo AEV;
= E 97(aliloo+7lil1) E : |u§\7)‘7
jENZ AEV;

= lulgorm (-
Together with (22), this implies (20). O
Theorem 4.4. Assume that the assumptions of Theorem 4.3 hold. Then, we also
have the Bernstein inequality

lun|parm @y S N lunllgeamy, — un € V. (23)

Proof. We will again make use of the norm equivalence (12) for the wavelet basis.
Since uy € Vi, we may write uy as a linear combination

un = uxpa

AeA
of at most |[A| < N terms. Again, by rescaling, we have that

Gy = 3 27 @XM O] = $ 27 (@A etrIN) 9N (33 ) |7

AeA AcA
1-3 3
AEA A€A AEA
~N'"T- HUH;M(D)-
By taking the 7-th root, we get (23). O

With the Jackson and the Bernstein inequality at hand, Theorem 4.1 can be
used to characterise the approximation spaces.

Theorem 4.5. Assume that the assumptions of Theorem 4.8 hold. Then, for
0<s<rand0 <k < oo, the approzimation spaces with respect to tensor-product
wavelets are given by

23 (H9(0)) = (HY(O), B2 (1),

L

(24)

5. COMPARISON WITH ISOTROPIC NONLINEAR APPROXIMATION

As stated in Section 4, for nonlinear approximation with isotropic wavelet bases
in arbitrary dimensions, the Jackson and Bernstein inequalities hold for the isotropic
Besov space BIT"™7(0J). Intuitively, this space requires more regularity on the
functions, since, in comparison to Theorem 4.5, rn additional isotropic derivatives
are needed instead of only r mixed derivatives. However, the classical function
space BZt™™7([J) cannot be characterised by tensor-product wavelets unless 7 = 2,
cf. [25] and the references therein. In this case, the space BIT"™?(0) = Hat ()
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is a Sobolev space and this identity can also be directly concluded from the norm
equivalences [19].

To the authors’ best knowledge, it is not known yet whether the classical Besov
spaces BIT5™P([0) are included in the Besov space of hybrid regularity B%%?(0J).
In this section, we will therefore address this question up to a certain point.

5.1. Change of Bases. First, we need to find a way to express the isotropic basis

functions in terms of tensor-product functions. For simplicity, we only treat the

case n = 2 explicitly again, but we emphasise that the main results, Theorems 5.4

and 5.6, carry over to the n-dimensional case as well, if 2s is replaced by sn.
Therefore, we consider a set

08, = 0 © 0%

If e =1, then ©F, = ¥,,, so in this case, the corresponding tensor factor is already
a one-dimensional wavelet. On the other hand, (4) implies that

[92171,

97171} = 69}1 I:M’m,Oa Mm,l] .
Hence, there holds

[\I]joa SRR lI/’m—l] RU,, = @52’1) (Tm—l ® I),
¥ ® [\Iljm B \pmfl} = 6571110) (I & Tmfl)a
Uy @y, =00V (IRT).

To estimate the classical Sobolev or Besov regularity of a function u which is
discretised by tensor-product wavelets, we can therefore write

oo m—1
u=VYu= Z Z \I/(jym)u|v(j,m) + Uin,pu Vo + ¥ (mmu Vo)
m=jo | j=0

oo

_ (0,1)
D DL L S —
m=jo
+000 1o, 1) u’U,~<m Voxv, T 9%’1)u’vmxvm'

On the other hand, we can also express the tensor-product coefficients in terms of
the isotropic ones, meaning that

oo

u=0v= Z @gg’l)v|o(mo,1) + @,(ﬂll’o)V|O$71L,o) + 6’(”1171)V|O$,1L'1)
m=jo
= Z ([\IIJU N \pmfl] X \I/m)(rj:‘;rn71 X I)V‘O(mo,n
m=jo

+ (\I/m 39 [\I/jo - ‘I]m—l])(l ® Tln_l)v|osi,o) + (‘I’m (9 \I/m)V‘OEi,l).
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Hence, if % =s+ %, any function u = Yu = Ov satisfies

|ulggm () = |u(T)|gg,s,, — Z qulj\oo+rsljh||u(T)||;T(Vj)
jzjo
oo m—1

Tgm+7(s+1 - (i+m T T
Z Z gramtrletz=)itm) (Hu”W(Vu,m)) + Hu”l*(vu,k)))

m=jo j=jo

T T .
m,m

S 2 ([[(Fh -y @ Dvlgen

/ j<m v]‘Xan)
m=Jjo
- -
+[[@e T} _)vlpao Hef(UKm vmxm) + 27V oays
(25)
and conversely, also
o0
ulBer @y = Ve = Z 27" v % o,
m=jo
o0
11
= Z grm(a+2(3—1)) (HV||€T(O$2’1)) + HVHW(O%,U)) + HVHW(O%J)))
m=jo
o0
— -2 T
= Z gTm(a—2s) (H(Tm—l ®I)U‘Uj<m V%V ller (O )01
m=jo

+ ||(I ® Tmfl)u|UJ_<m Vi XV H;—(Om)(l,o) + ”qu"(V(m,m))) . (26)

5.2. Comparison of Approximation Spaces. The goal of this section is to com-
pare the classical approximation spaces B4*2%7((J) with the approximation spaces
for tensor-product wavelets BL*7 (). We will see that there is a range of regu-
larity spaces whose elements can be approximated by tensor-product wavelets but
not by isotropic wavelets.

If a bit of additional smoothness is available, with the help of [1], we can imme-
diately conclude that the approximation with tensor-product wavelets performs at
least as well.

Theorem 5.1. For any e >0, s > 0, and u = Yu, there holds with % =s+ %,

|u|%i,o,r(|:|) 5 ||’u,||Bf_+s,r(D).

Proof. We remark that we need to consider Besov spaces with logarithmic correc-
tion, cf. [1]. Due to [1, Theorem 2.6] (after rescaling the coefficients such that they

correspond to wavelets normalised in L7 ([0)), there holds u = ¥u € Bi’rlog o if

T

7 (u) = | )il el a7 g | < e
J>jo

On the other hand, if u = Yu € B[, s, then

7,| lo,

L—0—BT—1_ s
o'(w) = | Yol 2 O g | <o
Jj=Jo
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_ 1—7, s
; 2=, )

Moreover, as 3 > 0, there holds B:Ts7(0) < BiTi;;‘B(D) — B%7(0). Hence, if

Herein,

1
Z-1
-

8=

N[ N|=

%7 15 s> 3,
Q:
1 = max{2 — 7,0}, s<=.

we can show that |u(T)|bi,o,T < %€ (u), we have the embeddings

BteT(0) — B*YOT (O) — B2%7(0),

7, log|#

which is what we want to show.
To this end, let u(™) e 6597, By standard estimates, there holds

j Gme=BT=1 (s j
U e = 3 27 gy S BlRET 2 M O
JZjo JZjo
— s+s(u)'r
by which this theorem is proven. (]
Remark 5.2. By the same arguments, since o — 17 < 0, we also see that we have
||U||Bj:‘*10g‘ﬂ(lil) S |u|s3i’°’*(m)-
Corollary 5.3. For any e >0, s >0, and u = Yu, there holds with % =5+ %,

|u|%$,S,T(D) S |u|%g—+28,0,7'(‘:|) S ||U||Bg+25+s,r(m).

On the other hand, there also holds
H“|‘B$+S*€’*(D) S |“|3z+5’“’7(|:|) S lulpaer ).

Proof. The first embedding is due to Theorem 5.1, whereas the second embedding
follows trivially from the definition of the seminorm |- |5+~ in (18) and the estimate
Jloe < il < 2jlo0- O

This corollary immediately implies that there are a lot of functions which satisfy
u € A (HY(O)) but u ¢ A*(H?(O)), where A* and A* denote the approxima-
tion spaces with respect to the tensor-product and the isotropic wavelet bases,
respectively. In particular, all functions which admit slightly more regularity than
minimally required to be in A*(H%(0)) are also in A*(H4(0)). Nevertheless, there
might also exist functions u € A*(H4(0)), with u ¢ A*(H?(0)), i.e., functions
which can be approximated better by isotropic wavelets.

In the case of wavelets with compactly supported duals, however, as the following
theorem shows, this is not possible.

Theorem 5.4. For u = Yu = Ov, where ¥ and © are the tensor-product and
isotropic wavelet bases defined in Section 2.2, there holds

|V(T)|b$_+s,r 5 |u(7—)|bg,5,7’ 5 |V(T)|bg+23,r,
with = s+ 4. In particular, we have [ulgatar ) S |ulmes @) S |ulgaresr o)

Proof. Let u = Yu = Ov € BI2%7(0). We first want to apply the suitable
coordinate transforms to derive the estimate

o0

|u(7)|bZ’S’T < |V(T)|b$+25” = Z gTm(q+2s) Z |U£T)|T
m=0 neOm
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In view of (25), there holds

o0

g = Z gTmg (H(i‘jn_l ® Dv| 500 17y

m=jo

v]' va,)

j<m

A TL_)WViguo liw,. voxws ) + 2 ™IV oo -
If 7 < 1, we have due to Lemma 2.1 and Lemma 2.5
ITh @1 < (Tl o )T, < [(T92)T ],

which can be shown to be uniformly bounded using the arguments of the proof of
Lemma 2.3. If 1 <7 <2, and % = % + g, interpolation and Lemma 2.5 yield

< = (1-6) = 6
1T @17 < IR @Iy - [ Thy 2 1],
T (1-6)r = 0T
< Il Tl
which is uniformly bounded by Lemma 2.3. After applying the same estimate to
I® T _,, we can conclude that
o0 o0
Iu(T)Igg,s,r < Z 27 \v||7 o, = Z 27m(Q+28)||V(T)||ZT(Om)7
m=jo m=jo
which is what we wanted to show.
For the other estimate, we use (26) to see that
o0
— T
VO e = 3 27m0m9) (H(Tm_1 ®I)u‘uj<m v, x 9 ler 0y

m=jo
+ H(I ® Tm—l)uyuj<m VXV Hg-r(om)(l,o) + ”quT(V(mym))) . (27)
Also here, by using the arguments of the Lemmata 2.1, 2.5, and 2.3, we see that
1 1

Tz @ |7 < |TE0, @ Iy < [ITET |, 2772 =27,

ifo< 7 <1, Ifl§T§2and%:1;19+§,meaningthat179:25, we may
interpolate again to deduce that
2sT 2

T or
[ Tons &7 < [ Tos ST [T TS [T
Since this applies for I ® T,,,—1 in the same style, there finally holds

VO grer S 0270 N Julfr g,y = D 27 Wl ™7 o

m=jo [iloc=m J=Jo

ST Tms
< grms,

O

Remark 5.5. The most important step in the proof of Theorem 5.4 is the estimate
of the transformation matrices. Although this was only carried out for the two-
dimensional case, the same can be concluded in n dimensions. Indeed, since if
Lemma ||(TO7)T||y is uniformly bounded, Lemma 2.5 can be applied recursively.

For the opposite estimate, we need to be slightly more careful. Indeed, the
matrices arising from the transforms may be given by (n — 1) tensor factors Tp,—1
and only one identity, resulting in a norm of 27™"=Ys - However, by rescaling the
coefficients from L™ (0) to L*(0), the weight in (27) is now given by 27— (n=1)s),
which multiplies to 27™9, as desired.

With this remark, we can immediately deduce the following result.

Theorem 5.6. Let q,s > 0. Then, for % =s+ %, the embeddings BIts™7(0) <
BT (0) < BITST(O) are continuous.
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Proof. Since ¢ > 0, there holds with Theorem 5.4, that

gz @) = lullzo@) + 10Plezer S Jull @)y + 1V lparons = [lull gotonr -

Similarly,
[ull govor oy = Nl ooy + 1V lpgrer S lull oy + 07 oger = [lullseem @),
which implies the claim. (I

6. CONCLUSION

We have extended the wavelet characterisations of the hybrid regularity Sobolev
spaces H%°(0). Therefrom outgoing, we have shown that the approximation spaces
A5(H(O)), with respect to tensor-product wavelets, correspond to sequences in
b2 with % = s+ % These sequence spaces characterise the seminorms of the
Besov spaces of hybrid regularity 827 (0). Finally, we have shown by elementary
coordinate transforms that all functions in BIT*"7(00) C A%(H%(J)) can also be
approximated at least at the same rate N~° by N-term tensor-product wavelets.
Although this seems natural, this was not known up to now. Moreover, for positive
regularity, we have shown the embedding BZT5™7 () — B2%7 (), meaning that
an isotropic space is included in a space of dominating mixed smoothness.

On the other hand, also the other natural embedding B%%7 — BIts7 () was
shown to be continuous. In all these proofs, merely estimates on the coordinate
transforms between tenor-product wavelets and isotropic wavelets have been used.
To the authors’ best knowledge, this technique has, up to now, not been applied
to investigate Besov spaces. Therefore, it might provide new insight into a whole
range of function spaces.

Acknowledgement. The authors thank Béatrice Vedel (Université de Bretagne
Sud) and Tino Ullrich (Technische Universitdt Chemnitz) for fruitful discussions
and putting the articles [1, 25] into the authors’ attention.
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