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Best N Term Approximation Spaces
for Tensor Product Wavelet Bases

Pél-Andrej Nitsche

Abstract. We consider best N term approximation using anisotropic tensor product
wavelet bases (“sparse grids”). We introduce a tensor product structure ®, on certain
quasi-Banach spaces. We prove that the approximation spaces A7(L») and Ag(H h
equal tensor products of Besov spaces Bg(Lq), e.g.,

AZ(Ly(10, 119) = BI(Ly ([0, 11) ®; - ® BE (L ([0, 11)).

Solutions to elliptic partial differential equations on polygonal/polyhedral domains be-
long to these new scales of Besov spaces.

1. Introduction

In this paper, we investigate approximation spaces for best N term approximation using
tensor product bases of one-dimensional hierarchical wavelet bases. These tensor product
bases are anisotropic, i.e., high frequencies in some directions can be tensorized with
low frequencies in other directions. Subsets of these bases span the so-called sparse
grid spaces, which have been successfully applied to the numerical treatment of elliptic
partial differential equations (PDEs), to data mining, or to high-dimensional integration.

Given a basis {¢; : k € N} of a function space V with norm || - ||y, a best N term
approximation gy to a function f € V realizes the following infimum:

N
inf 1 f—glv:ig=)Y_ cipp
i=1
The space in which the approximation is sought is the nonlinear manifold consisting of
all linear combinations of the given basis with at most N terms; for this reason best N
term approximation is often called nonlinear approximation.

Best N term approximation is an important theoretical tool in the mathematical treat-
ment of adaptive numerical approximation, because it gives upper bounds: if the se-
quence (gy) of best N term approximations converges at a certain rate «, no adaptive
scheme (using this particular basis) can do better. On the other hand, one should strive to
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construct adaptive approximation schemes which reproduce the rates achieved by best
N term approximation.

Best N term approximation has been successfully employed in the mathematical
analysis of adaptive wavelet methods for elliptic PDEs, see, e.g., [6] and also papers [7],
[8], and [3]. In [6], the authors construct an adaptive scheme, for isotropically supported
multidimensional wavelet bases, which produces an approximation to the solution to an
elliptic PDE at the asymptotic rate of best N term approximation using this particular
basis. For instance, the algorithm given in [6] yields an approximation rate in the H'-
norm of % for solutions to smooth uniformly elliptic PDEs on two-dimensional polygonal
domains using isotropically supported piecewise bilinear ansatz functions; the rate % is
optimal with respect to this isotropically supported wavelet basis.

However, it has been numerically observed (e.g., in the group of Zenger, see [1]),
that adaptive approximation using sparse grid spaces can approximate certain classes
of singularities arising in elliptic PDEs due to corners, edges, etc., of polygonal and
polyhedral domains at substantially higher rates. For the elliptic PDE from above on a
two-dimensional polygonal domain, this yields approximation rates in the H'-norm of
1 — ¢ for arbitrarily small ¢ > 0, using piecewise bilinear ansatz functions as well.

This has been rigorously proven in an a priori wavelet context in [20]: solutions to
elliptic PDEs (with smooth data) in polyhedral domains (in dimensions 2 and 3) can be
approximated by sparse grid wavelet spaces (appropriately refined toward the singular
support) built from biorthogonal spline wavelets of local polynomial degree p at any rate
< p + 1 with respect to the L,-norm and at any rate < p with respect to the H'-norm,
thus overcoming the so-called curse of dimension.

The higher the dimension of the underlying domain of the elliptic PDE the more is
possibly to gain using tensor product bases instead of isotropically supported bases.
Accompanying the rise in computing power, there has been an increased interest in the
numerical treatment of high-dimensional elliptic PDEs in recent years. High-dimensional
elliptic PDE:s arise, e.g., in mathematical homogenization, molecular physics, quantum
chemistry, and mathematical finance, to name but a few, and they often come in some
kind of product of tensor product structure.

The purpose of the present paper is to provide regularity notions relevant for the
application of adaptive numerical strategies to the approximation of solutions to (high-
dimensional) elliptic PDEs using tensor product (“sparse grid”) bases.

We characterize the class of functions which can be approximated in L, or H' by
anisotropic tensor product bases (“sparse grid bases”) at a rate . We prove that this class
is a tensor product of appropriate one-dimensional Besov spaces. The spaces in question
cease to be Banach spaces but are quasi-Banach spaces satisfying only a generalized tri-
angle inequality. A large part of this paper deals with the construction of a tensor product
structure on this type of quasi-Banach space, which is new and interesting in its own right.

Using [20], we obtain Besov regularity results for solutions to elliptic PDEs in terms
of these new “anisotropic” Besov spaces, corresponding to approximation rates using
nonlinear (adaptive) approximation in a tensor product setting. Contrary to the isotropic
case, where the presence of anisotropic singularities in dimension d > 3 leads to restric-
tions on the possible order of isotropic Besov smoothness, in the tensor product setting
the order of Besov smoothness is unlimited irrespective of the dimension. For a more
detailed discussion, see Remark 8.
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The adaptive realization of best N term approximation in the context of elliptic operator
equations, as developed in [6], [7], [8], [3], applies to the tensor product setting as well
when dealing with elliptic operators of tensor product form, see [21]. This means that for
these problems any order of approximation can be recovered from the unlimited order
of anisotropic Besov smoothness with the aid of these adaptive schemes. This offers
already in dimension d > 3 an advantage over established isotropic approaches.

For the sparse grid spaces built from the Haar system, Oswald has already considered
best N term approximation as well as approximability of certain singularity functions,
see [22].

2. Notions from Approximation Theory

In this section, we introduce the notation used throughout this paper. An excellent survey
on linear and nonlinear approximation theory is [15]; see also [26].

Let H be a separable Hilbert space with norm || - ||, and let {y; : k € I} C H for
some index set / be a basis of H, i.e., the completion of the linear span of {y, : k € I}
(with respect to || - || z) equals H:

span{y, : k € I} = H.
We denote the nonlinear manifolds, from which approximation takes place, by

Ty = {chwk:Acl,#AfN )
keA

The (nonlinear) space Xy consists of all linear combinations of functions from the set
{Y : k € I} with at most N terms.
For a function f € H, the approximation error oy (f) g is defined by

ow(f)n = jnf IIf = Sly.
Forreal « > 0 and 0 < ¢ < o0, the approximation space Ay (H) is defined by

A%(H) == {f € H : | flasn < 0},

where

NeN

1/q
1
| flaga = (Z(N%N(fmqﬁ)
for 0 < g < oo, and

| flae ay :=sup N*on(f)u
N>1

for g = oco. We set || fllazy = | flaccy + 11 f -
There hold the inclusions

Aj(H) C Aj(H), 0<qg<p<=oo.
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All the spaces A7 (H) correspond roughly to an asymptotic decrease of the error of the
best N term approximation (at least) like O(N ™). Note that the approximation spaces
AZ(H ) depend implicitly (but decisively) on the chosen basis {y : k € I}.

One of the basic tasks in approximation theory is to characterize the approximation
spaces Ay (H), ideally by classical spaces like C k, Sobolev, or Besov spaces. One pos-
sibility is to prove the so-called Jackson and Bernstein inequalities for some appropriate
second space X:

The Jackson inequality: on (f)g < CN7"| fllx forall f € X and N € N.
The Bernstein inequality: ||S||lx < CN"||S||y forall $ € £y and N € N.

Then one can characterize the approximation spaces as interpolation spaces (which are
usually better understood), see Theorem 1 in [15].

Theorem 1. If the Jackson and Bernstein inequalities are valid for some appropriate

space X then, foreachQ < o < rand(0 < q < 00, the following relation holds between
approximation and interpolation spaces:

AZ(H) = (Ha X)a/r,q
(equivalent norms).

Here (H, X)y 4 are the so-called real interpolation spaces, which consist of all func-
tions f for which
oo dt 1/q
( / " K(f, 1)) 7)
0

K(f,r) =inf | f —gllu +1lglx
geX

is finite, where

is the K functional. For more details on interpolation spaces, see, e.g., [4], [24].

In the following we will encounter Besov spaces which play an important rdle in best
N term approximation. We briefly recall their definition and basic relations. Let « > 0
and 0 < p, g < oo. Let r be the smallest integer larger than «. Then a function f is in
the Besov space B (Ly(£2)) if

o0 dr\ 1
[f 1oL, @) = </ ™" wr(f, t)p)q7> <00
0
for 0 < g < 00, and for g = oo if

[flBe @) = sug ™ w,(f, 1), < oco.
1>

We set || fllse, @) = | fleew, @) + 1 fllL, - Here o, (f, 1), = supy, o, 1A} fllL, @
is the rth-order modulus of continuity and Aj, is the rth power of the difference operator
Apf(x) = f(x +h) — f(x), where we set A} f(x) := 0 when x + sh ¢ Q for some
s €[0,r].
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We have
(Lp(R), W(L,(2))o,q = ij’(Lp(Q)), 0<0 <1, 0<g<=<oo,

where W' (L, (2)) is the Sobolev space of order r built on L ,(£2).
We will almost exclusively be interested in the scale of Besov spaces B;‘ (L4 (€2)) with

g '=a+ % Interpolation on this scale yields again a space from this scale:
e (L2(), By (Ly(R)os = B)*(Ly(Q)  if s~ =6a+ 3.

We will need a further result on best N term approximation in £,(N¥) (Theorem 4
in [15]).

Theorem 2. For best N term approximation in £>(N¥), a vector ¢ is in Ag (L (NFY) if

. PR 1
and only if ¢ is in the Lorentz sequence space €. , with t~" = o + 5.

For convenience, we give the definition and some properties of Lorentz sequence
spaces in the following remark (see [14]).

Remark 1. Let0 < p < oo and 0 < g < oco. For a sequence x = (x,) define

/q

I
o0
*Yq ,q/p=1 f
xHn or g < 0o,
Ixlle, , o = ;( n) q
supn(x:nl/l’) for g = oo,

where x* = (x))) is the decreasing rearrangement of x.
Then the Lorentz sequence space £, ,(N) is

£pg(N) = {x :llx]l¢,, v < 00}

If p=g,thent, ;,(N) =¢£, ,(N) = £,(N).
If g1 < qa,then £, ;, (N) C £, 4,(N).
If py < pa,then £, ;(N) C £,,(N) forall g € (0, oo].

The Lorentz sequence spaces arise as interpolation spaces of £, (N) spaces:

(-(N), £s(N))g,g = €pq(N)
for p7' = (1—-6)r'4+6s" and 0<g<oo, 1<rs.

The space £, o (N) is also called weak-£,,. A sequence in £, o, (N) is characterized by

* =1/p
xrSnTP

3. Tensor Product Wavelet Basis

In this section we describe a class of bases for which our best N term approximation
result will hold. These bases are tensor products of one-dimensional wavelet bases; the
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linear span of certain subsets of these basis functions is called a “sparse grid.” The domain
 under consideration will be the unit cube [0, 1]¢.

Let{¢jx : j eNk=1,...,K;}, K; < 27, be a basis for L, ([0, 1]) such that the
following norm equivalences hold:

i(—1/g+1/2
2 chk%‘k ~ ||/t )Cjk)”Zq(N)e
Jk BE(L, ([0,1]) 1
0 <a < ap, ¢ inanopen interval around (o + %)_ ,
and
3) > cvi ~ el
Tk

La([0,1])

For simplicity we will call such a basis an «-basis.
Any wavelet system for which:

(i) ¥ € B (L, ([0, 1)) for some B > a;
(ii) Vi has r vanishing moments with r > «; and
Gi) r>1/g—1ifg < 1;

satisfies the norm equivalence

j(@—1/q+1/2
~ QT e e, 00

Z CikVjk
J.k

By (Lq([0.1])

see, e.g., [15] or [9].

So, for instance, the wavelet systems constructed in [12] or [13], which are biorthog-
onal spline wavelets of local degree p with p + 1 vanishing moments, are c-bases for
ap = p + 1. The following illustration shows the interior wavelet of the simplest type
p = 1. This wavelet has two vanishing moments (» = 2), and it belongs to B;‘(Lq) for
(e, g) witha < 1+ 1/q. The corresponding wavelet system constitutes an cp-basis with
oy = 2.
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1

In the case that « and ¢ are related by ¢ 7" = o + %, the norm equivalence (2) simply

reads

“

11
~ i lle, v O<a<ay, g=(x+3) .
By (Lq(10,11)

Y v
J.k

Note that, for o > %, the corresponding value of ¢ is between 0 and 1. In this case we
have to deal with the quasi-Banach spaces ¢, (for which the triangle inequality fails to
hold).

By tensorization of the one-dimensional basis {v;} we get a basis for L, ([0, 119):

{(Vjikijuka 2 Ji €N, 1 < ki < K},

Wilkl"'.jzlkd(x) = wjlkl X ® w_idkd(x) = I»[/jlkl (x1) x -+ x I;ijdkd(xd)~

This basis is by construction anisotropic, that is, low frequencies in some directions
can be paired with high frequencies in other directions. Certain finite subsets of this
anisotropic tensor product basis are the so-called sparse grid spaces

Vi = (Wjkyojuk 1 -+ ja <L, 1 <k <K}

We aim at describing the approximation spaces for best N term approximation in the
multidimensional case by tensorization of the one-dimensional spaces. For this we first
have to declare a tensor product structure on pairs of the involved spaces Bj(L,) and
£,. This is done in the following section.

4. A Tensor Product Structure on Certain Quasi-Banach Spaces

For the later development, we need a tensor product structure on pairs of Bj(L,) and
£,, respectively. If ¢ > 1, we are in the realm of Banach spaces and such a structure is
well known. We state this result for the spaces £, (N?) and £, (N).

Theorem 3. Let g > 1. Then there is a tensor norm || - ||, on the algebraic tensor
product

,(N) @ £,(N).

We denote the completion of £, (N ® £,(N) with respect to this norm by the tensor
product £, (N%) ®q £y(N). This space is a Banach space, and the following isometry
holds:

£,(N) ®, £,(N) = ¢,(N“Th).

For a proof and more details, see, e.g., [18].

However, in the case g < 1 such a structure does not seem to be known. We will give
a tensor product structure for a special class of quasi-Banach spaces including £, and
B/ (L,). First, we have to introduce some notation.
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Definition 1. Let X be a linear space. A function | - ||x : X — R s a g-quasi-norm
(0 < g < 1) if the following three properties hold:

(@) |lxllx = 01if and only if x = 0;
®) |lax|lx = || ||x||x for x € X and @ € R; and
© lx +yl% < Ixl% + lIyl% forx, y € X.

If X is complete with respect to the quasi-metric induced by || - || x, we call X a g-quasi-
Banach space.

Examples. For 0 < g < 1, the spaces £, (N9, L,(S2), and B (L4(2)) are q-quasi-
Banach spaces.

Remark 2. A g-quasi-Banach space,0 < ¢ < 1, does not necessarily have a nontrivial
topological dual. For instance, the topological dual of L, (2), where 2 C R? is a domain
and 0 < ¢ < 1, is trivial. However, the topological dual of £,(N?) is £,,(N“) for any
0<g =<1

Definition 2. Let X be a g-quasi-Banach space. We say X is placid if there is a constant
C = C(X) such that for all finite sets {x, x;, ..., x,} C X there exists a functional ¢
(not necessarily continuous on all of X) with

p(x) = |Ixlx,

and
D el <€ > il
i=1 i=1

The functional ¢ in the above definition is a type of substitute for the Hahn—Banach
extension theorem, which generally fails in quasi-Banach spaces due to nonconvexity.
We now show that g-quasi-Banach spaces which admit a norm-equivalence to £, are
placid.

Definition 3. A g-quasi-Banach space X admits a g-estimate (for 0 < ¢ < 1) if there
is a set of functions { f;} spanning X, such that

Zcifi

for all convergent series Y . ¢; f;.

~ I(ei)lle, )
X

Examples. The spaces By (L4([0, 17)) (with g '=a+ %) admit g-estimates.

Lemma 1. Let X be a g-quasi-Banach space admitting a q-estimate. Then X is placid.
In particular, £, (N?) and BS‘ (Ly(€2)) (with q*1 =a+ %) are placid. In the case of
X=4 (N?), the constant C in the definition of “placid” can be chosen to be one.
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Proof. We begin with the case X = ¢,(N?). We identify the topological dual of £, (N¢)
in the standard way with £, (N¢).

Fix x, x1,...,x, € X for some n € N. Let ¢;,...;, be the evaluation functional of the
(j1, - -+, ja)th component:
ejled()’) = yjl s, y= ()’“ ld)(i] ..... i)eNd € zq(N ).
Now set

n q 1/q
Zi:] ”xi ”Zq(Nd)
C]l]d = S

Doy e

(these numbers being finite) and consider the set of functionals
A ={gj.j, = (sgnx" ) Cj i iyt Gy -o s ja) € N} C (£,(ND)Y.
Note that

n n
ped = Y leel =Y Il -
i=1 i=1

Claim. There is ¢ € A such that ¢(x) > |x|l¢,e). Downscaling then yields the
assertion of the lemma.

Observe that

[e's) o0 n ].}d
S o= ) DY Ll
. N JiJd Z;L:] ”xi”Zq(Nd)

Jiseesja=1 Jiseeja=1

Now assume that there is no ¢ € A with ¢(x) > [|x|l¢,e). This implies

1 Nle, vy . . 4
lejd W for all (]1,...,]d)€N .
Summing up gives
[o.¢]
-q
Z le ja = L;
Jisees Ja=1

this is a contradiction.

In the general case we use the g-estimate to transfer the problem to £,: write x =
Yok feand x; = ), ¢ fi. Then choose ¢ € £,(N)’ such that ¢((cx)) = [I(c)lle, N
and) !, |¢)((c};)k) <3 (c};)k ||2 - Employing the q-estimate and rescaling of ¢
yields the assertion with C the quotient of the lower and upper constants in the g-estimate
to the power q. [ ]

Remark 3. It is not always possible to have C = 1 for the constant in the definition
of “placid.” To see this, consider the two-dimensional linear space Q spannend by two
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a+(—1Db if0<b<a,
) _JG—=Da+b if0<ac<b,
-+ Q= Ry, lautbvll =4 "5 /) ifa<0<band|a| <b,
—a +3b ifa <0 <band|a| > b,
for b > 0 and ||au + bv|| = ||—au — bv|| for b < 0; here s = (2 — /2)%.
The function || - || is a 0.5-quasi-norm on Q. However, for x; = u, x, = v, x3 = u+v,

and x = u — v, we have

3 3
min Y o) =2~ 283> ) [x ™ =4 - V2~ 259.
i=1

pie0=Ixll =

Remark 4. We conjecture that not every g-quasi-Banach space is placid. However, the
spaces of interest to us, £, (N) and B;‘ (L4(£2)) (q’l =a+ %), are placid.

We further need several more £,-type spaces:
(a) £4(n) is the space of all n-vectors
x = (xl,...,x”),

for which

n 1/q
1xlle, ) = <Z |x'|q>
i=1

is finite.
(b) £,(n, X) is the space of all X-valued n-vectors (X a g-quasi-Banach space)
x:(xl,...,x”), xieX,

for which

n 1/q
XM, ) = (Z ||xl||§)
i=1

is finite.
(c) £4(N", X)is the space of all X-valued n-multi-indexed sequences (X is a g-quasi-
Banach space)

X = (X" G iyeNts xtetn e X

for which

00 1/q
. i1 |9
1x e, v x) .=< > I ”nX)
I]yeees ip=1

is finite.



Best N Term Approximation Spaces 59

Now we have the notation to declare a topological tensor product structure on the
algebraic tensor products of placid g-quasi-Banach spaces. This is done in the following
theorem.

Theorem 4. Let X and Y be placid q-quasi-Banach spaces, 0 < q < 1. Then the
function

I-1:X®Y = R,

Z?»i Vi

i=1

llzll := inf I x)lle,n,x)  sup
neN.z=» = x®yi Allegm=1

’

Y

on the algebraic tensor product of X and Y is a q-quasi-norm. We denote the completion
of the algebraic tensor product X ® Y under the induced quasi-metric by X ®, Y and
call it the q-tensor product of X and Y .

Inthe case of X = {, (N and Y = £y (N), the function | - || is a cross-norm, i.e., for
simple tensor products x ® y it holds that ||x @ y|l = ||lx|le, vy ¥ lle, o) Furthermore,
we have an isometric isomorphism

£,(N) ®, ,(N) = ¢,(N“Th),

Remark 5. The tensor product structure and the isometry result, as stated in Theorem 4,
seem to be new. The proof relies on a type of substitute for the Hahn—Banach extension
theorem valid for finite-dimensional subspaces of placid g-quasi-Banach spaces, see
Definition 2 and Lemma 1. The Hahn—Banach extension theorem fails in general in quasi-
Banach spaces, due to nonconvexity. For an account of the state of the art knowledge on
quasi-Banach spaces, see [17].

Remark 6. We are aware of the result of Turpin [27] on tensor products of g-quasi-
Banach spaces. In the paper cited it was proven that if 0 < p,q < 1, X is a p-quasi-
Banach space and Y is a g-quasi-Banach space, then there is a tensor product structure
on X ® Y such that X ® Y is an r-quasi-Banach space, provided

1

1
—+=-1.
P oq

N | =

=
For p = g < 1 this implies r < q/(2 — g) < g, which is not sufficient for our purpose.

Proof of Theorem 4. We first note that, by definition of the (algebraic) tensor product,
we have

n n
in®)’i=zfi®}_’i, xi, Xi € X, yi,yi €Y,
i=1 i=1

if and only if

n n
forall ¢ e X*, PIZEANED IR ICHNE
i=1 i=1



60 P.-A. Nitsche

Here we denote by X* the (always nontrivial!) algebraic dual of the g-quasi-Banach
space X.

We begin with the first part of the statement of Theorem 4. We have to show properties
(a), (b), (c) of the definition of a g-quasi-norm.

Property (b), i.e., |laz|]| = |a|||z]| forz € X ® ¥, « € R, readily follows, since the
involved quasi-norms are homogeneous.
Property (a), i.e., ||z|| = O if and only if z = 0.

If z =0 = 0® 0, we have [|z]| = 0. On the contrary, assume z # 0. Let z =
Y ' | Xi ® y; be a representation of z with linearly independent sets (%;), (3;). (Such
a linearly independent representation always exists for every algebraic tensor product.)
Fix one of the pairs (¥;, y;), say (X1, y1), and set

n
ec=min | [yly :y = [Fillx 51 + ey p > 0.
! i=2

Now choose, according to Lemma 1, a functional ¢ with

pE@) =[flly and D le@E) < C Y 5%
i=1 i=1

Let an arbitrary representation Y -_, x; ® y; of z be given. Then we estimate

n q n n
oGy < D leCal? lyilly <€ Y lxl% sup lyill§
i=1 Y i=1 i=1 i=1,...,n
n q
< CIEDIE oxy sup | D kv
IAleg =1 || =1 v
On the other hand, we have
n q 7 q
D oGy = | eG)5
i=1 Y i=1 X
H q
= (1% x5+ )_eG5| =&
i=2 X
Combining this gives
n
eCV < | llymxy sup | D hivi
IAlegon <1 || 7=1 v

for every representation of z. Taking the infimum over all representations yields ||z|| >
eC~a > 0.

Property (c), i.e., the generalized triangle inequality ||z + w||? < ||z]|? + ||w]|?.
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‘We show first
q

5) > iy

i=1

< ”/L”Z,(n) sup

| Hkiq(n)fl

Y

For this purpose set 0 := ”“”z_[,l(n)’ such that |0 |l¢, ) = 1. Then we have

n q n
> Oy D Oy
i=1 Y i=1

q

i Vi =071 = ”M”Zq(n)

Y
q

IA

D ki
i=1

”'U“”Zq(n) sup

Mg <1 v

Next we show that, for m < n,

q
<1 and
Y

m
D ki
i=1

(6) sup S L,

”)‘”Kq(m)fl

Z AimYi

H)L”éq (n— m)<1 i=m+1

implies
q

@) sup < 1.

A ey o <1

Z)»iyi
i=1

Y
To this end, let A € £,(n) with ||All¢,y < 1. We write A = u + o with

I()»l,...,)\m) and O‘I()»erl,...,)»n).

Then it holds that ||/L||Zq(n) + ||o||Zq(n> = ”)‘”Z,(n) < 1. Using (5), we get

ivil| = i i E i yi
i=m+1
m q
< llullf su KiJi
= M £y (m) p ii
lcllegem =1 || i=1 Y
n ¢
+ ||O'||e o (1—m) sup Ki—mYi
”’(”Zq(n -m=1 i=m+1 Y

Using (6) and ”M”Z(") + ||a||Zq(n) = ||k||zq(n) < 1, it follows that

n q
Z)wyt
i=1 Y

Taking the supremum over all A with [|[A|l¢, ) < 1 gives (7).
Now letz, w € X ® ¥, and let ¢ > 0. Choose a representationz = Y .- x; ® y; with

Zk Vi

<1

I lle,omx)  sup < Izl + &)'/1.

[Allegm =<1
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Due to the homogeneity of the tensor product, we can assume, without loss of
generality,

q
)"iyi <1.
i=1

q
”(xi)”gq(m’x) = ||Z||q + e, ”}\HSup<1
(q(m)_

Y
Analogously, we choose a representation w =y ;_ +1 % ® y; with

q
<1.

n

Z Ai—mYi
i=m+1

q
1ot I, oy < 01 + e, sup
1Mlleq n—my <1

Y
Then, with (7),

q

A

Do = UEDIE gy + 1D o x) - 1

i=1

”(xi)”‘gq(n.x) sup
\

[Allegon =<1 Y

IA

lzll” + lwll? + 2e.
Since z 4+ w = Y '_, x; ® y; is a representation of z + w, we infer
Iz +wll? < llzll? + lwl|? + 2e.

Sending ¢ — 0, we arrive at the generalized triangle inequality. This proves the first part
of Theorem 4.

For the second part, we first show that the g-quasi-norm on £, (N%) ®q £4(N) is a
cross-norm, i.e., for simple tensors x ® y it holds that ||x ® || = [lx|l¢, ) [V e, ov)- Let
x®y =) :_,x; ®y beany representation of x ® y. According to Lemma 1 choose a
functional ¢ such that

n n
ox) = ||x||gq(Nd) and Zl |<P(xi)|q =< Zl ”'xi”Zq(Nd)'
1= 1=

Now set M = (37_, lo(x;)19)"/? and A; = ¢(x;)/M. Then, | A]l¢,r) = 1. We have

n
Z)»i)’i

i=1

n 1/q 1
— q
—<2||xi||gq(m) i
p

1/
i Z?:] ”xi ”Z{,(N‘{) !
i Gl

X o)y lle,m0 = 11X Nle, ey 1Y lle, -

n
> 1) lle, (.6, N0y
£, (N)

1) lle, n.e, N0y SUP
llelleg =1

MiYi
1

i=

£,(N)

Z O (x;i)yi
i=1

£ (N)

Taking the infimum over all representations of x ® y yields

lx @yl = lIxlle, Ny ¥ lle, -

|
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The reverse inequality [|x ® y|| < [[x[l¢, o) ¥ ll¢,ov) 1s trivial by the definition of || - ||.

Finally, we show the isometry £, (N%) ®q L,N) = ¢, (N9, £4(N)). The remaining
isometry £,(N?, £,(N)) = ¢,(N?*!) is standard.

Let us first consider the mapping

A (N ® £,(N) — £,(N, £,(N)),

n n
Z:in®yil—> |:f1(jl,...,jd)|—>Z)Cijlmjdyi:|.
i=1 i=1
The mapping A is well defined. To see this, take two representations
n n
2= u®yi=) Ly ct;(N)®LN)
i=1 i=1
and denote
n . . - n . .
f . (jlv ERE ]d) = infl“']dyi’ f : (jlv st ]d) = Ziijl“‘]d_)_/ﬂ
i=1 i=1

Let ¢;,...;, be the evaluation functional of the (ji, ..., js)th component:

ej]“.jd(x) = lemjd, X = (xl]mld)(” iq)eNd (S Z (N )

.....

Then we have

Zx“ gy Ze,l ()i

F(Grs - Ja)

n n
D e @I =Y &S = F(Gra e ja)s
i=1 i=1

hence f = f.
Now we show that A is of norm 1: Let z € £, N ® £,(N) and f = A(z). For an
arbitrary representation z = » ;_, x; ® y;, we have

< Z ZW' Nyl )

LN)  Jieda i=1

n
Dol e 1l ) < an,mZ oy max (il
i=1

)(I
Lg(N)

Taking the infimum over all representations on the right, we arrive at

q
]1 Jd

q —
”f”&,(Nl’A,&,(N)) - Z

Z)wyi
i=1

< ||<x,»>||2<n,gq<m>>( SuP

Allegan =<1

q
11 e, g < N2
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Thus, A has norm < 1. To see the equality, take a simple tensorx @ y € £, N ® £, (N).

Then we have
o0 o0

q — Jrja |19 — Jija g q
A1 o, 00 = eyl o = D Y o
Jtseesda Jiseesdd

= 111 oy IV, oy = 1 @ ¥

Thus, A has norm 1 and gives, by continuous extension to £,(N?) ®, £, (N), an operator

A (N ®, £,(N) — £,(N?, £,(N))
of norm 1.

Next, consider the mapping

[ t,(NY, 4,(N) — £,(ND) ®, £,(N),
which is the continuous extension of the mapping I defined on simple functions (i.e.,
functions of finite support)

FoAloon® > M), Giaeesja) P ¢ € £,(N).

With such a simple function, we associate

/i
d=TH = 2 I e @
Groeeo J)EA, o} ~— LM
Xl —

yi1id

where x /" denotes the characteristic function of the multi-index (ji, ..., ji).
We show that I" is of norm 1:

qa < a4
Izl < ( > e ||@,(N)>| sup
{1

Mg,

ciia ]!

AT
<t e e e, 0w

<1

]

Jreja 4 — q
|C ”gq(N) - ”f”Kq(N‘],K(,(N))'

Choosing f = x /1" c/tJd with /' /4 € £,(N)andnorm 1, we see that [|z|| = 1 = | .
Hence, I as well as the continuous extension I" are of norm 1.

Now consider T'A : £,(N%) ®, £,(N) — £,(N9) ®, £,(N). This mapping has the
norm < 1. We show that, for z = Z:’zl Xx; ® y; with supp(x;) C {1,..., N1}, this
mapping is the identity

[A (Xn: X ® yi)
i=1

n
r ((jl, ) fo'“‘”y,»)
i=1
. . n . -
i=1

{1...N}
) ) n . ) n

Z P le,p ./dyi — in R yi.
{1,...,N}¢ i=1 i=1

This establishes £,(N?) ®, £,(N) = £,(N¢, £,(N)). [ |

n Ji+dd
Doim1 X Vi

n Jveja
) 1D i X yille, v
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5. Approximation in L,

We are now ready to describe the approximation spaces Ay for best N term approximation
in L, ([0, 1]¢) using the anisotropic (“sparse grid”) tensor product basis (Vi juka 3+

Definition 4. Ford >2and¢~' = o + , we define
E;‘([O, 1) := BY(Ly ([0, 11) ® - - ® By (L, ([0, 11)).

Using Theorem 4 (resp., Theorem 3 for the case ¢ > 1) and the norm equivalences
(4), we get

Lemma2. Fora <oapandq™ =a + %, we have

~ 1€k juka) e, Nty -
B2 (10,119

Jiski
We now prove the Bernstein and Jackson inequalities for the spaces éjj ([0, 119).

Lemma 3 (The Bernstein Inequality). Forall S € Xy, we have

ST 32 o110y S NS Lo q0.11)-

Proof. Let S = ZlN:] ciyi, where ¥ € {1, ® -+ ® ¥k, }. Using Lemma 2, (3),
and the mutual equivalence between finitely supported £,-norms,

1/g—1 N
Ixlle, v < Ixlle,0 < NY47YPlx e, vy, xeR", 0O0<g=<p=oo,
we get

||S||gg([0,1]a) ~ e lle,vy S NYI7 20 e leamy S NS Lyqo.a1)- u
Lemma 4 (The Jackson Inequality). Forall f € é;‘([O, 119), we have

inf 1f = Slzao1n < NN F e -
SEEn ”f ”L_([O,l]) ~ ”f”Bq ([0,119)

Proof. Since f € I§,‘;‘([0, 119), we have ¢ € £,(N“) for the coefficient vector of the
wavelet decomposition. Using (3) and Theorem 2, we infer, with 7 = g and £, , = £,

Jnf 1f = Slizaqoay S Nlelle, v S NS e o.1p0)- [
N

Eventually, we can apply Theorem 1 to characterize the approximation spaces.
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Theorem 5. The approximation space Ag (L ([0, 11%), ¢!

corresponding to an approximation rate o in L ([0, 119) by best N term approximation
using the anisotropic tensor product wavelet basis {Vj x, .. jk.}» IS given by

:a+%,0<a<ao,

A% (Ly(10, 11)) = BZ([0, 11%).
Proof. Theorem 1 together with Lemmata 3 and 4 yields

AX(Ly (10, 11) = (L2(10. 119, BE(10. 1)aspg. s7' =B+

)

=

for B with @ < B < ap. From the isomorphism to £,-spaces and the corresponding
interpolation result,

(€2, €5)o.qg = 4q,

for
g Va— ; o«
1/s — % B’
it follows that
(L2([0, 11), BE(10, 11))asp.4 = BE(10. 11%). m

6. Approximation in H'

In this section we treat best N term approximation with respect to the Sobolev
H'([0, 11%)-norm. The methods are similiar to the L,-case. Therefore, we will not go
into much detail here.

Note that we can decompose the space H'([0, 1]?) into an intersection of tensor
products of one-dimensional spaces,

H'([0, 11%) = (H' ([0, 11) ®, L([0, 11)) N (L2 ([0, 17) ®, H' ([0, 11)),
and generally (denoting L, ([0, 1]) by HO([0, 1)),
d d
H'([0.11) = () (@ H ([0, 1])) :
k=1 i=1

Hence it suffices to treat the case H' ([0, 1]) ®2 L2([0, 1]) ® - - - ®2 La([0, 1]).
Rescaling the wavelet basis ¥j in the first variable, by multiplying with a factor 27/,
we get a basis normalized in H' ([0, 1]) satisfying the norm equivalence

~ [I(cjit) e Ny
H'([0,1])

D @)
j.k

which will be the substitute for (3); see, e.g., [12], [13].
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Analogously, the Besov norm equivalences (4) read as, for 1 < o < «y,

1

Il
S
I

~ I(ci)lle, v q-
B (Ly([0,1D))

> @)
j.k

[STE

The spaces corresponding to the remaining variables remain unchanged. Hence, we
have norm equivalences

z :cjlklmjdkdI/fjlklv--jdkd

Jiki

~ () Il e, Ny
H'([0,1D)®2L2([0,1])®2...82 L2 ([0,1])

as well as

E Ciikr...joka Wik .. jaka

Jioki

~ 1 le, ey
X

for the space
X = B/*"2(Ly(10,11) ®, By T2 (Ly (10, 11)) ®; - - - ® By/""V/*(L,4(10, 1]).

Now the Jackson and Bernstein inequalities imply a characterization of the approxi-
mation spaces by interpolation spaces.

Theorem 6. The approximation space Ag(Hl([O, 11%), q’1 = a—i—%, 0O<a<ayg—1,

corresponding to an approximation rate o in H' ([0, 119) by best N term approximation
using the anisotropic tensor product wavelet basis {\jx, .. j,k,}, is given by

AZ(H' (10, 11) = B (10, 119),
where the space B2 ([0, 11) is defined as
d d
BX([0,11%) = Dl (@ X5, ([0, 1]))
(g-tensor product) with
Xo([0, 1) = BZ (L4 ([0, 1))

and
X1([0, 1) = By (L, ([0, 11)).
Proof. As before, Theorem 1 yields
AL(H' (10, 1) = (H' ([0, 1), B0, 1))aypg.  s7' =B +73,

for B with @ < B < ap — 1. From the isomorphism to £,-spaces and the corresponding
interpolation result, it follows that

(H' (10, 11), BE(10, 11))ayp.4 = Bg(10,119). n
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Remark 7. In [20] we have proven that solutions to smooth, linear, uniformly elliptic
PDEs on polygonal/polyhedral domains with smooth boundary data of Dirichlet, Neu-
mann, or mixed type in dimensions 2 and 3, as functions transported to the unit cube
allow for approximation using tensor products of one-dimensional spline wavelets of
local polynomial degree p > 1 at any rate up to (but not including) p with respect to the
H'-norm and at any rate up to (but not including) p + 1 with respect to the L;-norm.
This is even true for elliptic transmission problems (piecewise smooth coefficients of
the elliptic operator with discontinuities along smooth curves). This immediately implies
that these functions, as functions transported to the unit cube, belong to the “anisotropic”
Besov scales é;‘([O, 11%) and é;‘([O, 11%) for all « > 0.

Remark 8. Itisinteresting to compare the “tensor product”-Besov regularity of elliptic
singularities in two and three dimensions with results involving the classical (isotropic)
Besov scales Bj(Ly(£2)), g ! = a/d + %, for polygonal/polyhedral domains Q C
R?. Our results hold for any type of elliptic singularity, even those including elliptic
transmission problems, in the entire scales fn’;‘([O, 11%) and f?q"([O, 11¢) in dimensions
two and three; see Remark 7 above.

Regarding isotropic Besov spaces in dimension 2, we have similiarly elliptic sin-
gularities in dimension 2 belonging to the whole scale of Besov spaces B;‘ (Lg4(2)),
q‘l =a/2 + %, 0 < a < o0, if the data of the problem are smooth but the domain
polygonal, see [10]. This fits perfectly well with the fact that adaptive methods allow us to
recover the optimal isotropic rate (which is, of course, only p/2in H' comparedto p —e
for arbitrarily small ¢ > 0 in appropriate adaptive approximation using tensor product
bases) implied by the polynomial degree p of the ansatz functions for isotropically based
finite element methods in dimension 2.

In dimension 3 elliptic singularities are known to exhibit anisotropic components along
edges. An adaptive method based on isotropically supported basis functions cannot, in
general, recover the full isotropic rate (which would be p/3 in H'), see, e.g., [2]. And,
correspondingly, it has not been proven yet that elliptic singularities in dimension 3
belong to the whole scale of isotropic Besov spaces B; (L, (£2)), g ' =a/3+ %; only
a result with strong restrictions on « (about < 3) is known, see [11].

It therefore seems that our notion of anisotropic Besov regularity is more appropriate to
describe the regularity of solutions to elliptic problems than regularity based on isotropic
Besov spaces.

Our regularity results are not confined to the geometry of the unit cube but apply to
any type of elliptic singularity transported as a function to the unit cube.

Remark 9. The examples of approximation in L, ([0, 11%) and H'([0, 1]¢) have been
chosen since they are of interest to the numerical analyst. Clearly, any appropriate scale of
spaces admitting isomorphisms to £,-spaces gives rise to corresponding approximation
results.

Remark 10. In [6] and in papers [7], [8], and [3], a numerical algorithm has been
developed which asymptotically realizes best N term approximation rates for solutions
to elliptic equations under mild assumptions on the elliptic operator. In the author’s
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thesis [21], we apply this algorithm to the tensor product setting. We show that if the
data are given in tensor product structure, then the algorithm [6] applies and realizes
asymptotically the substantially higher “sparse grid” rates for elliptic problems.
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