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Abstract
We investigate the Besov regularity for solutions of elliptic PDEs. This is based on regularity results
in Babuska-Kondratiev spaces. Following the argument of Dahlke and DeVore, we first prove an
embedding of these spaces into the scale B; (D) of Besov spaces with % =7+ 1 This scale is
known to be closely related to n-term approximation w.r.to wavelet systems. Ultimately this yields

the rate n="/¢ for u € K, (D) N H3(D) for r < r* < m.
In order to improve this rate to n~™% we leave the scale B; (D) and instead consider the spaces
BT'(D). We determine conditions under which the space IC}', (D) N H*(D) is embedded into some
space Bl (D) for some % + % > % > %, which in turn indeed yields the desired n-term rate. As an

intermediate step we also prove an extension theorem for Kondratiev spaces.

1 Introduction

Ever since the emergence of (adaptive) wavelet algorithms for the numerical computation of solutions
to (elliptic) partial differential equations there was also the interest in corresponding rates for n-term
approximation rates, since these may be seen as the benchmark rates the optimal algorithm (which at
each step would calculate an optimal n-term approximation) would converge with.

Later on, this question was seen to be closely related to the membership in a certain scale of Besov spaces.
More precisely a famous result by DeVore, Jawerth and Popov [9] characterizes certain Approximation
classes for approximation with respect to L,(D)-norms as Besov spaces B] (D) with l-r4 %, where
r is the rate of the best n-term approximation.

In another famous article Dahlke and DeVore [2] later used this result to determine n-term approximation
rates for the solution of Poisson’s equation on general Lipschitz domains. This was done by proving that
the solution of —Awu = f belongs to Besov spaces B:)T(D) for parameters r < r*, where r* depends
on the Lipschitz-character of the bounded domain D C R? the dimension d and the regularity of the
right-hand side f. In subsequent years this result was extend to more general elliptic operators [3], and
for special domains more precise values for r* were determined [4, 5, 8].

The purpose of this paper now is two-fold. On the one hand, we shall use the ideas of these precursors
to re-prove the result for polyhedral domains in two and three space dimensions, this time based on
regularity in Babuska-Kondratiev spaces. Here we manage to give a unified treatment to the different
cases previously treated separately (polygonal domains in 2D, polyhedral and smooth cones in 3D, edge
singularities in 3D). The outcome corresponds to the previous results, which roughly can be summarized
as: If the function u admits m weak derivatives with controlled blow-up towards the boundary, then
u € BT, (D) for every r < m. For the n-term approximation this implies that every such function can
be approximated at rate 5 < 7.

The second part of the paper then stems from investigating the limiting situation r = m. So far, all the
previous proofs (and our version as well) fail to cover this case. However, by slightly shifting the point of
view, we can close this gap: Instead, inspired by more recent results on n-term approximation for Besov
spaces [7, 10], we turn our attention to Besov spaces guaranteeing the rate n~™/¢_ Thus in leaving the
“adaptivity scale” B] (D), we prove that u belongs to Besov spaces B}, (D) for certain parameters
0 < 7 < 719, and we determine a condition under which we have % <7+ % (which in turn implies the

mentioned rate n~™/? for approximation in L,(D)).



2 Basic definitions and State of the art

In this section we will fix some notations corresponding to the used wavelet system, recall the definition
of Besov and Babuska-Kondratiev spaces, and formulate the regularity and n-term approximation results
used later on.

2.1 Wavelets

We are not interested in utmost generality pertaining to the used wavelet system. Instead, for simplicity
we will stick to Daubechies’ Wavelets, the generalization to compactly supported biorthogonal wavelets
constituting Riesz-bases being immediate.

Let ¢ be a univariate scaling function and 7 the associated wavelet corresponding to Daubechies’ con-
struction, where the smoothness of ¢ and 7 and the number of vanishing moments for 7 are assumed to
be sufficiently large. Let E denote the nontrivial vertices of [0, 1}d, and put

d
1/)€(x1,...,xd):H1/}€j(xj), ee b,
j=1

where ¢° = ¢ and ¢! = 7. Then the set
V' ={y°:ecE}

generates via shifts and dyadic dilates an orthonormal basis of Lo(D). More precisely, denoting by
D={ICR?: I=279([0,1]¢+ k),j € Z,k € Z%} the set of all dydadic cubes in R?, then

{¢r:1e€Dyp eV} ={pr =222 . ~k):j€Z, ke ¢V}

forms an orthonormal basis in Ly(R?). Denote by Q(I) some dyadic cube (of minimal size) such that
supp ¢y C Q(I) for every ¢» € ¥'. Then we clearly have Q(I) = 277k + 277Q for some dyadic cube Q.
As usual DT denotes the dyadic cubes with measure at most 1, and we put A’ = DT x ¥’. Additionally,
we shall need the notation D; = {I € D : |I| = 2779}, Then we can write every function f € Ly(R?) as

F=PRf+ D (fonr.

(Ip)en

Therein Py f denotes the orthogonal projector onto the closed subspace Sp, which is the closure in Lo (R?)
of the span of the function ®(z) = ¢(x1) - -- ¢(x4) and its integer shifts ®(- — k), k € Z?. Later on it will
be convenient to include ® into the set of generators U’ together with the notation ®; := 0 for |I| < 1,
and ®; = ®(- — k) for I = k + [0,1]2. Then we can simply write

f= 3 (fondr, A=D'x¥, U=V U{d}.

(I,p)eA

Remark 1. If not explicitly stated otherwise convergence of wavelet expansions is always understood
in S’(R%), the space of tempered distributions, or in Ly(R%) (since all relevant spaces will be embedded
into Ly(R9)).

2.2 Besov spaces

Besov space can be defined in a number of ways. Here we will need only their characterization in terms
of wavelet bases as presented e.g. in [15]. For more detailed information on Besov spaces and related
function spaces as well as equivalent definitions we refer to the literature, e.g. [20] and the references
given there.



Let 0 < p,qg < co and r > max((),d(]% —1)). Then a function v € Ly(R?) belongs to the Besov space
By (RY) if, and only if

1/q

_ 00 (i1 a/p
||vB;,q<Rd>||=||Pov|Lp<Rd>+<Z2J<*d<2 P”q( > l<vawr>lp) ) < 0.

j=0 (I9)ED; x ¥
For parameters ¢ = co we shall use the usual modification (replacing the outer sum by a supremum), i.e.

1/p
; 1_1
[0 By oo RY)[| = || Pyv| Ly (RY)|| + sup 27"z P”( > |<v,wz>|”> :
320 (I.4)€D; x ¥

Within the scale B2 (R?) with £ = & + 3 due to the specific choice of 7 this simplifies to

1/7
|v|B$,T<Rd>||||Pov|LT<1R<d>||+( 3 |<%1/)1>|T) |

(I,p)eA

Additionally, we will use spaces B;:g(]Rd), characterized by the quasi-norm

||v|B;;g<Rd>||=||Pov|Lp<Rd>+<Z2f“*3i>‘l<j+1>@( 3 |<v,w1>|p)p>.
(

j=0 I,)ED; xT

Therein the additional term (j + 1)7 is of logarithmic order, hence the spaces are usually referred to
as Besov spaces of logarithmic smoothness. In turn, these spaces are special cases of so-called function
spaces of generalized smoothness; we refer e.g. to [16] or the survey [12].

Apart from these spaces on R, for our main interest in boundary value problems for elliptic PDEs we
also need to consider function spaces on domains. The easiest way to introduce these is via restriction,
ie.

B, (D)={feD'(D):3g€ B, ,RY).g[,=f}, |fIB D)= ,inf lg1B} o (R

Alternative (different or equivalent) versions of this definition can be found, depending on possible addi-
tional properties for the distributions g (most often referring to their support). We refer to the monograph
[21] for details and references.

The only aspect we need of these spaces is the existence of continuous linear extension operators, i.e.
mappings & : B, (D) — B;yq(Rd), possibly depending on the parameters s,p,q and, of course, on
the domain D. In this respect, Rychkov [18] gave a final answer for Lipschitz domains: There exists a
universal extension operator, i.e. an operator £ : By | (D) — B;)q(Rd) simultaneously for all parameter
triples (s,p, q). In particular, due to B3 (D) = H*(D) this also covers extensions of Sobolev spaces. In
the sequel £ will always denote such an extension operator (note that particularly for the H*-scale there
are several more such extension operators, we only mention the one due to Stein [19, Chap. 3]).

2.3 Babuska-Kondratiev spaces

As mentioned in the introduction our interest stems from elliptic boundary value problems such as (2.1)
below. It is nowadays classical knowledge that the regularity of the solution depends not only on the
one of the cofficient a and right-hand side f, but also on the regularity /roughness of the boundary of
the considered domain. While for smooth coefficients A and smooth boundary we have u € H5*2(D) for
f € H*(D), it is well-known that this becomes false for more general domains. In particular, if we only
assume D to be a Lipschitz domain, then it was shown in [11] that in general we only have u € H® for
all s < 3/2 for the solution of the Poisson equation, even for smooth right-hand side f. This behaviour
is caused by singularities near the boundary.

To obtain similar shift theorems as for smooth domains, a possible approach is to adapt the function
spaces. To compensate possible singularities one includes appropriate weights. For polyhedral domains,



this idea has lead to the following definition of the Babuska-Kondratiev spaces K}, (D): If the function
u admits m weak derivatives, we consider the norm

lulkr D) = 3 /D o) 0% u(z)|P da

laf<m

where a € R is an additional parameter, and the weight function p : D — [0, 1] is the smooth distance
to the singular set of D. This means p is a smooth function, and in the vicinity of the singular set it is
equal to the distance to that set. In 2D this singular set consists exactly of the vertices of the polygon,
while in 3D it consists of the vertices and edges of the polyhedra. In case p = 2 we simply write K*(D).
Within this scale of function spaces, a regularity result for boundary value problems for elliptic PDEs
can be formulated as follows, see [1] and the references given there:

Proposition 1. Let D be some bounded polyhedral domain without cracks in R%, d = 2,3. Consider
the problem
~V(A(z)-Vu(z))=f in D, ulop =0, (2.1)

where A = (a; ;)¢

i.j=1 1s symmetric and

aw-GWQZ{U:D—>(C:p‘°‘|6°‘v€LOO(D),\a|Sm}, 1<4,5<d.

Let the bilinear form

B(v,w):/DZaiJ(a:)@iv(x)ajw(x)dx

satisfy
|B(v,w)| < R|jo|H'(D)| - |wlH'(D)||  and  rllv|H (D)|I* < B(v,v)

for some constants 0 < r < R < co. Then there exists some @ > 0 such that for any m € Ny, any |a| <@
and any f € K2'"'(D) the problem (2.1) admits a uniquely determined solution v € K}';' (D), and it
holds

lulCZH (D) < ClIFIKTS (D)

for some constant C' > 0 independent of f.

We restrict ourselves in this presentation to this simplified situation. In the literature there are further
results of this type, either treating different boundary conditions, or using slightly different scales of
function spaces. We particularly refer to [13, 14], where they showed that under appropriate conditions
on A the result in Proposition 1 holds for all a except for countably many values.

Remark 2. We note that in the sequel we will always have the restriction a > 0. This is a natural
one, since for a < 0 the space K}', (D) contains functions not belonging to L, (D), for example functions
which behave towards a vertex singularity like p® for some —d+a < a < —d. But this kind of function is
no longer locally integrable, and thus cannot be identified with a (tempered) distribution, whereas Besov
spaces are defined as spaces of (tempered) distributions.

We finally shall add a comment on the possible domains D: While before and also in the sequel we
will only refer to polyhedral domains, the analysis carries over without change to Lipschitz domains
with polyhedral structure. Domains with polyhedral structure were seen to be a natural relaxation of
polyhedra, for example replacing the flat faces of polyhedra by smooth surfaces. For precise definitions
we refer to [6, 17]. As we shall see in the proofs, the only fact needed about the boundary 9D are
certain combinatorial aspects (counting the number of relevant wavelet coefficients), and these remain
unchanged so long as the boundary remains Lipschitz; moreover, also Proposition 1 holds for this more
general setting.



2.4 n-term approximation

The (error of the) best n-term approximation is defined as

L Z U1

y=p)el

on(u: Ly(D)) = FcAi;I,Jlgan i?f

Lp<D>H,

i.e. as the name suggests we consider the best approximation by linear combinations of the basis functions
consisting of at most n terms. As shown in [9] the decay of this quantity is closely related to Besov spaces.
More specifically, DeVore, Jawerth and Popov proved

i((n+ 1)a/do."(u’LP(Rd)))TL <0 = uc B?T(Rd)a 1 = +

n+1 ’ T

ale
D=

n=0

However, when discussing the optimal convergence rate for adaptive algorithms this result is slightly
stronger than required. We are rather interested in conditions on w that simply guarantee a certain decay

rate, i.e. we only need to have

sup(n + 1)*4g, (u, Ly(RY)) < o0.
n>0

This implies that the “adaptivity scale” B%T(Rd) considered so far might not be the optimal choice.
Moreover, this result neglects the additional knowledge that the functions of interest belong to function
spaces related to the bounded domain D. In [7, 10] the rates for approximation of functions from the full
scale of Besov spaces B? (D) and B:  (R?) were calculated. For our purposes, we only need the following

result from [7, Theorem 7]: If s > d(% — %) for 0 < 7 < p, then
o (0 Ly(D)) S n~*/4ulBS (D), we B2, (D), (2.2

independent of the microscopic parameter g. A similar estimate is true for approximation in the energy
norm, i.e. in the norm of the space H'(D), and more generally in the norm of WZ}(D),

o (u, WD) €=~/ ulB3 (D), e By (D). (2.3)

3 Regularity in the adaptivity scale B (D)

As previously mentioned, we now adapt the arguments first given in [2]. The result itself is decoupled
from the regularity results for elliptic PDEs, thus we formulate it as an embedding theorem.

Theorem 1. Let D be some bounded polyhedral domain in R?. Then we have a continuous embedding

m s - 1 r 1
KP,G(D)QBP7P(D)<_>BT,T(D)’ ;:E_ng 1<p<oo,
for all 0 < r < min(m, dsfdl) and a > %r. Therein ¢ denotes the dimension of the singular set (i.e. § =0

if there are only vertex singularities, 6 = 1 if there are edge and vertex singularities etc.).

Proof. Clearly, for r = 0 the result is trivial, thus we always assume r > 0 and hence 0 < 7 < p.

Step 1: To start with we note that since a polyhedral domain D in particular is Lipschitz we can
extend every u € H,(D) to some function u = Eu € H, (RY). Consider first the term Pya. This can be
represented as

Poti = Y _ (1, (- — k)®(- — k).

kezd



Since ® shares the same smoothness and support properties, the coefficients (u, ®(- — k)) can be treated
exactly like any of the coefficients (w, ;) for |I| = 1 in Step 2 (note that below the vanishing moments
of 1¢ only become relevant for |I| < 1). Thus the claim can be formulated as

L N 1/7
(Z |f|<p-2>7|<u,wz>f> < ¢ max{ [l KT (D) [ul B2, (D)}

(Ip)eA

Step 2: Now put

= inf T),
1 zeQ(I)p()

and consider first the situation p;y > 0. We recall the following classical approximation result: For every
I there exists a polynomial P; of degree less than m, such that

[i — PrILp(QUD)I| < col QD™ [ty oy < erlI™ filw @)

for some constant ¢; independent of I and u. Now recall that 1; satisfies moment conditions of order up
to m, i.e. it is orthogonal to any polynomial of degree up to m — 1. Thus we can estimate, using Holder’s
inequality,

~ ~ ~ ~ 1_1
iy )| = 1 — Pry o)) < 13— PrILp( QU - 461 Ly (QUIDI < x| 1™ il oy 13
1/p
< alll#H3, ””“( > / m‘”ﬁ“ﬂ(x)%) eI F oy
la|=

Now we shall split the index set A: For j > 0 let A; C A be the set of all pairs (I,v) with |I| = 2794
and for k > 0 let A, C A; contain those (I,) such that

k277 < pr < (k+1)277

For k > 0 we additionally require Q(I) C D. Furthermore, we put A? = Uk>1A, k. Then we find using
Hoélder’s inequality

Z |I|(* 2 |<’LL 'l/}I>| < Z (‘I‘m/dp;m+aﬂl)7

(I)€A (I,9)€A?
ca( X (i) (8w
(I,)eAg (Ih)EA?

Since there is a controlled overlap between the cubes Q(I) (i.e. every x € Q is contained in a finite number
of cubes Q(I), and this number is bounded by some constant ¢ independent of x), we can estimate the
second factor

(2 u’});( > v/ . |p<x>m“aaa<x>|pdz>l/p

(Iy)eAg (I)EAY |a|=m

(Z / ()™ 0%u(x )”da:) p§c2||u|/cg}a(D)||.

lel=

For the first factor we note that by choice of p we always have p; < 1, hence the index k is at most 27
for the sets Aj 1 to be non-empty, and the number of elements in each of these sets can be bounded by
c3k?=17927% (where c3 depends only on D, particularly on the number and precise shape of the singular
vertices, edges etc.; this estimate further uses k < 27). Then we find

p—T

< 2 <|I|m7 " ))> S( > (|I|m5k<am>fgj<am>f)p’#> g

(14)en? (I4)eA?




pP—T

27 N
< (Z Z (27ja‘rk(a7m)‘r) 1”'>
k=1 (I,)eN; k

2J pP—T

< (CSQ—J'appTT Z k(a—m) ppr kdldzjé) v

k=1

For this last sum we have to distinguish three cases, according to the value of the exponent (greater,
equal or less than —1). We note that

(a—m) PToig—1-6=-12" (a—m+(d—1—5)<1—1))— Pr (a—m—krd_l_(s>>—1

p—T p—T T p p—T d
d—1-946 1 1 T d—96
S a-m+r——>——+-—=—— < a—m+r >0,
d T P d
hence we find

p=r gila—m)r+j(d=0)E5= a—m+ r% >0,
( 2 (I"‘Eﬂﬁ“mﬁ)W) <2 TP ()" a—mtrid =0,
(I, 9)eA] 1, a—m+rdf;‘5<0.

Step 3: We now put A° = >0 A?. Summing the first line of the last estimate over all j we obtain

1_Lyr/~ T —jmTeojd2=" m T m T
o G e[ < ea Yy 27THN ul Ky (D)7 < s [[ul Ky, (D) < oo
(I,3)EAO Jj=0

provided the geometric series converges, thus in the case a —m + rdf;‘; > (0 we find the condition

— — 1 1
mT>du<:>m>dp T:d<f—7>:d~z:r.
D pT T p d

Similarly, in case a — m + rdT*‘s = 0 the resulting estimate is

p—

P ul K (D)7 < e5llul Kyl (D) < oo,

S ST @) Seay 270 (4 1)

(I)eA® 3>0
where the series converges if, and only if

d—05 6
a d "

p—T 1 1 §
a7>67<:>a>6(7—7)<:>a>7r<:>m>r
p T D d

which is exactly the same condition as before. Finally, in case a — m + rdf;‘; < 0 we find

i_Lyr ~ T —jaTojd =" m T m T
S ST @) < ea Y 2725 ulK, (D)7 < flul K, (D)7 < oo,
(I,9)eA° 320

where now we obtain the condition

— — 1 1 r
e e e Gt X
D pT T p d
Step 4: Next, we need to consider the sets A; . Here the assumption u € Bf)’p(Rd) comes into play once
more. We note that #A;o < 7279, thus we can estimate using Holder’s inequality

T

p

L1y . PoT eper gl 1y. N
S G g < o7 2995 pmidG ) ( > |<“’¢1>'p)

(I,9)eN; 0 (Ih)eNj0
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p—T . P
— 7 " 9id st ( 2: 2j&+g$”ﬂ@@¢vﬂp>p~
(

Iy)EA; 0

Now summing over j and once more using Holder’s inequality gives

-

p=T7 . cep—T . P
SO WG @ < e ZT“TWP( 2. 2“”“)P|<a,w1>|”)p
(

320 (I )€ 0 j=0 1 w)eA,»O

G (D) T (TS et )’

§>0 320 (I,p)EA 0
< cslalBy (R < |lul By, (D)7,

under the condition
spT s 1 1 sd
= > =< .

6<p—T 6 T p )

Step 5: Finally, we need to consider those 1); whose support intersects dD. Then we can estimate similar
to Step 4, with ¢ replaced by d — 1. This results in the condition

11y~ . ~ . o sd
> %27 @, o) [7 < eollal By, RO < Mlul By, (D)7 i 7 < o=
(I,4)€eA:suppNOD#D
Summarily we have proved
lulB; - (D)|| < [[al B - (R < [lul By (D) + [[ul K} (D)
with constants independent of u. O

Remark 3. The conditions m > r and a > %r and the cases considered in Steps 2 and 3 (depending
on the sign of a — m + r4=2 5) are not completely independent, though it seems not clear at first glance
whether there is potential for improvement.
However, we find that these steps of the argument indeed exclude parameters r > m or a < %r. In detail:
Assuming r > m we either have a—m+ rd*‘s > 0 which as before leads to the contradicting condition
m > r, or we have a —m + r9=% < 0, which 1mmed1ately implies

d—9§ d—9§ )

>a—r+r =a—-r,

0 — =
>a—m-+r d d

thus contradicting the condition a > gr obtained in Step 3. Thus r < m indeed is necessary for our

argument to work.
In a similar way, assuming a < dr again we either have a — m + 795 > 0, which implies

arzazm—r =0>m-—r,

and thus contradicts the condition obtained in Step 3, or a — m + rdf;‘s < 0 which obviously once more
gives a contradiction to Step 3. Hence we conclude a > %r to be necessary for our argument.

Whether these restrictions are due to the chosen argument, or the result becomes false otherwise, is not
clear.

Remark 4. The result remains true if D is an unbounded domain, but u is a priori known to have
compact support. In particular, this refers to D being an infinite cone or some dihedral angle D = D, =
{x € R3:0 < ¥ < a}, (p,9,2) being the cylindrical coordinates in R?. Since Besov spaces are compatible
with localization arguments (i.e. decomposing a domain by using partitions of unity, a function belongs
to a Besov space on the original domain if, and only if, every piece belongs to Besov spaces corresponding
to the respective subdomains), the respective localization arguments for polyhedral domains carry over
to this kind of consideration for Besov regularity.



Remark 5. The above results correspond well to the ones obtained by Dahlke and Dahlke/Sickel:
In case d = 2 every solution of —Au = f with f € H*(D) can be decomposed into a regular part
ur € H*'2(D) and a singular part ug with lower Sobolev regularity, but with a special structure (a
finite linear combination of special singularity functions which are known explicitly depending on the
respective interior angles. In 3D such a decomposition exists only in special cases of the domain D.
Dahlke investigated the Besov regularity of the singular part, which in general is significantly higher
than its Sobolev regularity, and also much higher than the regularity of the regular part. For the last
observation we note that for a bounded Lipschitz domain D we have H*(D) = B3 5(D) < B7 (D) for
every r < s, and the result becomes false for r = s (where as before % =3+ %) Hence, though the
singular part might have a higher regularity, the Besov regularity of u = ug + ug can in general not
exceed s + 2. Since f € K'7)" implies u € K\ and KI(D) < H™(D), choosing a = m (whenever
this choice is admissible for the regularity result in Kondratiev spaces) shows that both our and Dahlke’s
results yield the same Besov regularity for w.

Moreover, the estimates of Steps 3 and 4 essentially reproduce the regularity estimates for the singular
functions: Away from the singularities, these functions are smooth (arbitrary high Sobolev regularity),
and near the vertex/edge we have a much greater Besov-regularity (Dahlke’s 2D-result corresponds to
the observation that for only vertex singularities (i.e. 6 = 0) in Step 4 we may choose r to be arbitrarily
large).

A similar observation is true for the result of Dahlke/Sickel, who investigated polyhedral cones in d = 3:
Here we obtain exactly the same conditions on the parameters since the spaces Vpl7 5 used therein essentially

coincide with the spaces Iq;,l—,e-

4 Regularity result for spaces B (D)

We shall begin this section with reformulations of some estimates in the proof of Theorem 1, as we
actually showed a little more than claimed.
Using the notations of that proof, we define an operator P,,; on ICZ?(L(D) by defining

Poeu= Y (@4r)¢r. (4.1)
(I,2h)eAd
Then Step 3 can be reformulated as
Pt : K3'0(D) — B7 (D), [|Pineul BY (D) S [[ulKG (D] (4.2)
With the same arguments, only replacing the summation over j by a supremum, we also find

Pin : Kpo(D) — BIo (D), [[Psul B (D) S [l (D) - (4.3)

(observe that the condition a — m + rdf;é > 0 then simply becomes a — m% > 0, which exactly is the
assumption on a in case m = r). This observation motivated to have a closer look at the case r = m and
spaces B (D) (for general 7, i.e. we will not require the relation £ = 2 + 1),

P
In a similar way, we can reformulate Steps 4 and 5: Defining

Poau= > (@dn)¢r, (4.4)
(I,)EA\AO
we so far proved
Poa: B3, (D) — BL(RY),  |RaulBL, R S @B, ®)] S [ulBs,(Dl,  (45)

aslong asr < %s. Also here we can be a little more precise: By summing over j without using Holder’s
inequality the second time it follows

o0 ya
1_1yr,~ \7 o d=Dr (d—1)r .

Z( G |<u,wf>|) < UBrs ®Y|P, thus Poa: Byt (D) —s BL (R,

J=0 MI,9)ENj o




recall 5% = 7'5(% - %) = Tgr. The second application of Holder’s inequality in Step 4 then simply
corresponds to the standard embedding BJ1® (RY) —s B:)T(Rd), ¢ > 0. In other words: The boundary
terms are completely covered by the assumed Besov regularity in B; ,(D) respectively Sobolev regularity
in H*(D) (in case p = 2).

In the next theorem, we shall have a closer look at the operators P, and P,q, the considered function
spaces being motivated by the reformulations and observations above.

Theorem 2. Let D be some bounded polyhedral domain in R? and 0 < 7 < p, 1 < p < co. Then we
have

BI(D). m<at@=8)(E =),
P i Kjo(D) — { BRSTT7(D),  m=a+(d-8)(L-1),
at(d—8) (-1 LG
B‘noo (D)7 m>a+(d—5)(;—§),
as well as
s S+%_%
Pbd:Bp,q(D)—>BT7q (Rd)v 0<(J§OO,

both mappings being bounded linear operators.

Proof. We only show the necessary modifications of the proof of Theorem 1.
Step 2’: Using the same notations, we then find using Holder’s inequality

S Hmenl <en Y (HFE )

(1)€Y (11)€AY
w1 1y, (@emy\ T 7 7
gcl< S (AR ) ( 3 /f;) .
(I,1)€eA] (I, h)EA?
SlulKpr (D)7
For the first factor we proceed as before,
pr N BT 27 =T
( Z (\[\%%-%p?—m) v*) i < <632—j(a+§—;’),ff Zk(a—m) 2T kd152j6> ’
(Iy)eAy k=1
gila=m)r+j(d=8)E5= m—a< (d— 5)1)});: ’
< 273 E =TI )T m—a=(d—0)E"
= J ) - pT 0
— — 5=~
1, m—a>(d—0)Er.

Step 3’: Taking the supremum over j > 0 we obtain from the first line of the last estimate

P

; a_dy, ~ T i(m+92—2Yr 5—imrajdBE=" m T
sgrg2](’"+2 DTN @) §c4s2182ﬂ< T mImT I Ly e (D)
J=Z J=Z

(I $)eny

= casup [[ul K7, (D)[|” = callul P (D)7,
j=>0

without any additional condition on 7. Similarly, in case m —a = (d — 6)(% — %) the resulting estimate is
sup /(" HESDT( L )TN (@ )| < eqsup 2 (TGN o (D)7
320 (Lp)eno 320
' J

= casup [l Ko (DT = eallul K (D) -
1=

Finally, in case m —a > (d — 0)(% — %) we find
sup 29 HA—DG=DHE=Dr ST (G )T < eqsup 200 )T QIS By o (D) |7
720 (I¥)eA? 720
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= casup [ul Ko (DT = callul Ky (D)7 < oo
J=Z

Step 4’: To estimate the boundary part P,qu, as before we only need to modify the summation over
7 >0:

-

S @l <’ 2“‘“”’*’( > <’ﬁ,wz>p)p’

(I,9)EN; 0 (I,¥)€A; 0

and further for ¢ < oo

Z2j<s+i—é+d(5_i))q< > |<ﬁ’¢1>7>7

=0 (I, )€ 0

1S

p

T,
<" g

o X menr)

>0 (I,9)EN; 0
pT s+d(2-1) ~ »
o Y i) ( > |<u7¢1>|p>
Jj=>0 (I4)€A; 0

pp;TTq e S e S S
< e |[ulBy J(RYN ~ [Tl By (RN S [|ulB; 4 (D),

srl_1
which proves P,qu € B};’ ?(R%). The result for ¢ = co follows by standard modifications. O

Corollary 1. Let u € K',(D) N By (D) for some bounded polyhedral domain D C R?. Suppose
s> %“Lm and a > m Then there ex1sts some 0 < 79 < p such that

u € B (D) <= Ly(D)

for all 7, < 7 < 79, where Ti = %Jr

=

Note: While it also holds u € B, (D) for 7 < 7, these spaces are no longer embedded into L,(D).
From the point of view of n-term approximation, the result then becomes useless (the mere knowledge
of this Besov regularity no longer yields any approximation rate). We further note that we always have

H3(D) = B, ..(D).

Proof. We can decompose u according to u = Pptu + Poqu|p. Then we can consider both terms
separately.
First we need to have a closer look at the condition m —a < (d — 6) £+

m—a<(d—5)ppT = (d- 5)(7—%) (d - 5)(7*—%):((1—5)%

Clearly, the inequality m —a < (d —0)% is equivalent to the assumption a > dm Thus for 7 sufficiently
close to 7., the required condition m —a < (d — §) == for Pinyu € BT, (D) can be satisfied, and we find
L_m-a_ 1 (in case a > m we just choose 19 = p).

To d—o p
Similarly s > 9=1m implies s+ = 1% > %m—i— % —% = m, thus for 7 sufficiently close to 7, we still have

1_1
s+ 1 — 1 > m. Hence we have BﬂC>O 7 (RY) < B, (RY), which in turn yields Poqu|p € By (D). O

5 An extension argument for Kondratiev spaces

In this section we seek to relax the required Sobolev regularity in Corollary 1. This will be done by
modifying the splitting © = Piu + Poqu. In what follows we denote by S C 0D the singularity set of

11



D. Then we recall that the distance function p is bounded away from zero on any closed subset of D not
containing S. B
As a first step, instead of P,q we consider the operator Piing,

ﬁsingu = Z Z <ﬂ, WWI ,

J20 (I,4)€N; 0

i.e. we take only those terms of wavelets touching the singular set S. Then with the same estimates
leading to the properties of P,q in Theorem 2 we obtain

~ s+H(d—o8)(+ -1
Pang : B (D) — By "Dy 0<r<p,

s+(d—98)(

11
as a bounded linear operator. Ultimately, the embedding B- T p)(D) — B (D) for some 7 > 7,

then leads to the condition s > %m.

For the other part ]Srcgu =u— ]Ssingu we once more want to use the regularity of u in the Kondratiev-
scale. However, inspecting the previous proofs yields that this requires modifying the index sets A;y to
include also those wavelets touching the boundary, and extending the corresponding estimates for wavelet
coefficients. This can be done by extending the functions from K7, (D) to R? in a suitable way.

In particular, we first have to define a counterpart of the scale K}, (D) for functions on RY. We start
with a function 7, which is defined on R¢ and smooth on R%\ S, and it is assumed to mimic the distance
function p, i.e. in a (sufficiently small) neighbourhood of the singularity set S the function n shall be
equivalent to the distance to S. Moreover, we suppose that 1 has values only in the interval [0, 1]. Then
we put

K3 (S) := {u measurable : nl=29% € L,(RY),|a| < m}.

One possible approach now consists in retracing the steps of Stein’s original proof in [19] in order to
determine whether his extension operator is also bounded with respect to the K}*-norms:

Lemma 5.1. For a < 3/2 the extension operator € defined in [19, Section 3.2-3.3] is bounded as a
mapping € : K, (D) — K, (5).

Proof. For the most part Stein’s proof carries over without change, hence we shall mostly be concerned
with some necessary modifications.

The first step consists in reducing the problem to smooth functions. It is easily seen that the set C*°(D) is
dense in ;" (D) for all parameters: Given a function u € K", (D) we can multiply it with a smooth cut-off
function, hence we may assume u to have compact support. With standard mollification arguments we
see that such a function (and simultaneously its partial derivatives) can be approximated in the Lo-sense
by C*-functions. Clearly this immediately extends also to approximation w.r.to the X7*(D)-norm.
Stein then shows first that the extension operator applied to a smooth function u € C°°(D) yields again
a smooth function &u € C*°(R%). It now remains to check the corresponding norm estimates. Below we
shall use Stein’s notation.

Step 1: Stein defined the operator & on special Lipschitz domains by

E(x,y) = /1OO [z, y+ A% (z,y))b(N)dA, reRYyeR,

where §* is a scaled version of the regularized distance to the boundary, and 1 : [1,00) — R is a rapidly
decaying continuous function such that [~ 1¥(A)dA =1 and [ A¥y(A)dA = 0 for all k € N. Moreover,
D = {(z,y) € R .y > p(x)} with ¢ : R? — R being Lipschitz continuous.

Now assume y < 0, and let 2° be a point with ¢(2°) = 0. The scaling and further properties of §* ensure
2y| < 6(2% y) < clyl, and it follows

0o . d\ . oo B ) B
€f(y)l < 1f(2% g+ A0")|5 =0 @, 9)|(s—y)Pds Syl [ 1 (2% s)|sPds.
1 AP Yo Iyl
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The essential step now lies in applying Hardy’s inequality,

/Ooo (/;O g(y)dy>qxr1dx < (z)q/om (yo(w) "y dy

where g is non-negative, ¢ > 1 and r > 0. This shall be applied with g(s) = f(z°, s)s~2; we obtain

0 0 o] P
| e apars [ ([Tl ol as) d

—o0 —o0o y|

o0 fe's) p
= pb—pa 0 —2
| (/y (0, 5)]s d5> ay
S [ e ) s = [T s s,

Therein the assumption r > 0 for Hardy’s inequality corresponds to a < 3/2. We observe that in the
last integral the term s~P* can again be replaced by |y| ?*. Moreover, note that with simple translation
arguments, we then obtain for general 2 € R?

oo

»(z)
/ ly — (@) f(z,y)|Pdy S / |f(z, ) [Ply — p(2)|Pdy .

—o0 ()

Since €f(x,y) = f(z,y) for all y > p(z), we can extend the integration domain on the left-hand side to
R. Moreover, if we extend 0*(z,y) for y < ¢(z) as the scaled regularized distance for the special Lipschitz
domain D¢ = R¥*1\ D, then this choice guarantees 6*(z,y) ~ |y — ()| for all z and y. Now integration
w.r.to x € R? yields the desired estimate

l6= € 1Ly (R < 1167 fILp(D)|

for arbitrary special Lipschitz domains D C R%*! with constants only depending on a and D, with §
being the (regularized) distance to 0D.

For partial derivatives of f similar arguments can be used (as explained in [19]), and no additional
restrictions on a occur. Exemplary we show it for some second-order partial derivative, w.l.o.g. 8]2 Ef. It
holds

oer = [ T 0 N dA+ / T 0,7( )N dA

and hence
o= [T RpC i +2 [T 00,0605 w0
/ DS+ )(X0;6%)? d)\—i—/ D2f (- )ADF*Y(N) dA. (5.1)

We first note 9%0* < ¢ (6*)'712 for all multiindices a and [1)(\)| < AgA~F. For the first term we then
find as above for y < 0 and ¢(z°) =0

[T e e < [Tl ins s [Tl Sl e Ol s,

(5.2)
and similarly
[0t an| < ciabl [ o0, (|57 ds (53)
1 1
as well as -
‘/ D2 (- ) (A6 (A )dk‘ gc§A4|y\/ 027(--)| 52 ds (5.4)
1
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It remains the last integral in (5.1). We re-write 0, f as

Y+AS"
0,10y + 35 = 0, fay+ ) + [ fanyar
y+*
Due to the choice of 1, i.e. floo AY(A) dA = 0, we then have
2 2 a2 yhA” 2400
/ Oy f(--)A0;6"p(N) d —/1 A6 1/)()\)/%5* 0, f(x°,t)dtdX.

This can be estimated by

oo y+AG*
'/ O2f (- )NDF6* (A )dA‘ S |y|’1A4/ </ |5‘§f(:c°,t)|dt>>\3d/\
1 y+o*
=|y|‘1A4/ (/ A™ dA)\@Q 20, 0)] dt
y+do*
~ —1 o0 6* 2 82 x(),t 5 / 82 . SiZdS.
ol [ 0] G sl [ )

For the last integral as well as those in (5.2)—(5.4) we can use analogous arguments as above, we only
have to replace |y|~"® by |y|(>~?. Since the assumption 7 > 0 for Hardy’s inequality now transfers to
a < 7/2, as announced no additional restrictions on a occur.

Similarly for all other partial derivatives of &f: After differentiation under the integral every term can
be treated separately, and for terms involving lower order derivatives of f we use Taylor expansion and
the moment conditions for ).

Step 2: The result for special Lipschitz domains in Step 1 now can be used to derive the estimate for
general Lipschitz polyhedral domains. For this we only note that the singularity set can be covered by
finitely many open sets Uy, ..., Uy such that on any of these open sets the distance to 9D is equivalent to
the distance to S. This cover of S can be extended with additional finitely many open sets Uny1,...,Unm
to an open cover of D. On these sets Un_1,...,Uy the distance function 1 shall be bounded from
below. Finally, we assume that we can associate with every U; a special Lipschitz domain D; such that
U;ND =U;ND,;. With these sets U; and D; in hand we are back in the situation of [19, Section 3.3],
where it is described how to glue together the extension operators €; (w.r.to the domains D;) to finally
obtain & (essentially it is a partition of unity argument for some partition adapted to the domains D;
and the neighbourhoods U;).

The norm estimates for & carry over to our situation without change, we only note that the estimates in
Step 1 due to the assumptions on the U; exactly correspond to estimates for the || - |7 (S)||-norm. O

The restriction a < 3/2 of the above lemma is merely of technical nature. For values a > 3/2 we can
easily define extension operators &, by tracing it back to some fixed valued a < 3/2.

Lemma 5.2. Let w be a smooth non-negative function with w(x) = 1 for all z € D and suppw C D
for some arbitrary bounded domain D. Then the operator &,, defined by

Cou =n"wE(n % pu),

is a bounded linear mapping from K}, (D) into K}, (.5).

Proof. It is easily checked that €,u indeed defines a function on R? with @au’ p=u We next observe
u € Ky (D) <= p"ueK)H(D).

This is a consequence of the assumed smoothness of p. Note that exactly the same reasoning applies to
the spaces KJ',(S). Then the boundedness of &, follows from Lemma 5.1:

e (1) [ ()] ~ [l (o) [K20(8) | < L) [0 ()|
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< I~ pul Ko (D)]] < lulKla (D)
This proves the claim. O

Below we shall use the notation &,, where £, = € for a < 3/2 and &, = €, otherwise. With this definition
at hand, we now put

Pegu=> > Y (Eawvr)yr, Al ={(i,9) €A:27k <nr < (k+1)277}.

J>0 k>0 (I,4)eA”

We note that we no longer require Q(I) C D in the definition of A? x- Moreover, we define

smgu - Z Z 5 u, 1/)1

J20 (I)eA],
This implies
u = &lu’D = Pregu|D + Psingu‘D .

The wavelet coefficients corresponding to terms with (I,%) € A’7 for £ > 0 can now be estimated in
exactly the same way as in the proof of Theorems 1 and 2, in partlcular

Yoo> s )] / )"0 (Equ) ()" dr < || Eaul K30 (S)P S lulkya (D)]P-

k>0 (1)eAT , la|=

Corresponding the singular part Psingu we either need to prove boundedness of £, as an extension operator
on B, (D); or we use the embedding H;(Rd) — B;_’OO(Rd) together with the boundedness of £, on
H3(D) (which in turn is easily seen once more retracing the steps of Stein’s proof). Altogether, we have
proved

Theorem 3. Let u € KJ',(D) N H3(D) for some bounded polyhedral domain D C R%.  Suppose
min(s,a) > %m. Then there exists some 0 < 79 < p such that

we B (D) < Ly(D)

for all 7, < 7 < 19, where Ti = %Jr

=

Remark 6. We specialize the above result to the cases d =2 and d = 3 and p = 2: In case d = 2 we
always have § = 0, hence there is no restriction on the parameters except for the (almost) trivial ones
s >0 and a > 0. In particular, concerning the Sobolev regularity the trivial result u € H*(D) whenever
f € H~Y(D) is already sufficient.

The case d = 3 is a little more diverse: Except for special right-hand sides we now have § = 1, hence
there is an upper bound for m, which corresponds to the limited Besov regularity of the corresponding
singularity functions proved in [5].

In case of smooth cones or smooth domains except for conical points at the boundary there are analogous
regularity results in weighted Sobolev spaces (see [13]), and our argument for the Besov regularity can be
transferred (cf. [8]). Then we again have arbitrary Besov regularity for the singular part, and no upper
bound for m.

6 Approximation rates for solutions of elliptic boundary value
problems

In this final section we shall combine the embedding from Theorem 3 with the n-term approximation
rates from (2.2) and (2.3).
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Theorem 4. Let D be some bounded polyhedral domain in R%. Suppose min(s,a) > gm. Then every

function u € K!, (D) N H, (D) satisfies

o (u; Ly(D)) S 0™/l BYo (D) S n™™/ 4 max(|Jul iyt (D), |[ul H3 (D))

~

as well as
on(u; Wy (D)) S n= "D/ max (||ul K7, (D), lul Hy (D))

with constants independent of v and n.

As a final step, we now assume u to be the solution of some elliptic boundary value problem.

Theorem 5. Let D be some bounded polyhedral domain without cracks in R%, and consider the problem
~V(A(z)-Vu(z))=f in D, ulop = 0.

Under the assumptions of Proposition 1, for a right-hand side f € H™ (D) the uniquely determined

solution u € K'}! (D) can be approximated at the rate

o (u; H (D)) S =™ fIH™ 1 (D)],

where
a<m<min(¢(a+1)—1,%s—1).

Therein sy denotes the Sobolev-regularity of w.

Proof. We just need to check, under which conditions the assumptions of the previous theorem are
fulfilled. We have H™~ (D) < K™ '(D) whenever a < m. On the other hand, we have the restriction
g(m + 1) < a+ 1, which gives the right part of the condition on m. O

Note that often Sobolev regularity statements are of the form: u belongs to Sobolev spaces H*(D) for
all s < so, and in general u ¢ H* (D). Then we still have the condition m 4+ 1 < 4s¢ in the previous
theorem.

Corollary 2. Let D C R? be a polygon (or more generally a Lipschitz domain with polygonal structure).
Let a;; € WZ(D), 4,j = 1,2, A = (ai,j)i,j=1,2, and consider the problem

~V(A(z)-Vu(z))=f in D, ulop =0, (6.1)
for f € K™ N H~Y(D). Then it holds
on(u, H'(D)) S 0= max({f[H (D)|| |15 (D))

whenever a > —1 is a parameter such that (6.1) is uniquely solvable.

Thus in this situation, apart from the basic existence result in H'(D) we do not need any information
about the Sobolev regularity, and similarly, also for the parameter a the only restriction is the availability
of an existence result for f € K7 (D).

Similar results hold for other types of boundary conditions, and also for bounded domains D C R3 with
smooth boundary except for conical points. More general polyhedral domains in R? require additional
conditions: On the one hand we need more specific knowledge of the Sobolev-regularity of the solution,
and on the other hand we need a to be large enough (which in turn might require more sophisticated
existence results than Proposition 1). Nevertheless the resulting conditions improve the ones available so

far by replacing the usual factor d%il by %.
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