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Abstract

This paper concerns characterizations of approximation classes associated to adaptive finite element
methods with isotropic h-refinements. It is known from the seminal work of Binev, Dahmen,
DeVore and Petrushev that such classes are related to Besov spaces. The range of parameters
for which the inverse embedding results hold is rather limited, and recently, Gaspoz and Morin
have shown, among other things, that this limitation disappears if we replace Besov spaces by
suitable approximation spaces associated to finite element approximation from uniformly refined
triangulations. We call the latter spaces multievel approximation spaces, and argue that these spaces
are placed naturally halfway between adaptive approximation classes and Besov spaces, in the sense
that it is more natural to relate multilevel approximation spaces with either Besov spaces or adaptive
approximation classes, than to go directly from adaptive approximation classes to Besov spaces. In
particular, we prove embeddings of multilevel approximation spaces into adaptive approximation
classes, complementing the inverse embedding theorems of Gaspoz and Morin.

Furthermore, in the present paper, we initiate a theoretical study of adaptive approximation
classes that are defined using a modified notion of error, the so-called total error, which is the
energy error plus an oscillation term. Such approximation classes have recently been shown to
arise naturally in the analysis of adaptive algorithms. We first develop a sufficiently general ap-
proximation theory framework to handle such modifications, and then apply the abstract theory
to second order elliptic problems discretized by Lagrange finite elements, resulting in characteriza-
tions of modified approximation classes in terms of memberships of the problem solution and data
into certain approximation spaces, which are in turn related to Besov spaces. Finally, it should be
noted that throughout the paper we paid equal attention to both conforming and nonconforming
triangulations.
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1 Introduction

Among the most important achievements in theoretical numerical analysis during the last
decade was the development of mathematical techniques for analyzing the performance of
adaptive finite element methods. A crucial notion in this theory is that of approximation
classes, which we discuss here in a simple but very paradigmatic setting. Given a polygonal
domain Q € R2, a conforming triangulation Py of 2, and a number s > 0, we say that a
function u on €2 belongs to the approximation class /¢ if for each N, there is a conforming
triangulation P of €2 with at most IV triangles, such that P is obtained by a sequence of
newest vertex bisections from Py, and that u can be approximated by a continuous piecewise
affine function subordinate to P with the error bounded by ¢N %, where ¢ = ¢(u, Py, s) > 0
is a constant independent of N. In a typical setting, the error is measured in the H'-norm,
which is the natural energy norm for second order elliptic problems. To reiterate and to
remove any ambiguities, we say that v € H'(2) belongs to &7* if
min inf ||u—v|g <eN”°, (1)
{Pe2:#P<N}veSp
for all N > # P, and for some constant ¢, where & is the set of conforming triangulations
of Q that are obtained by a sequence of newest vertex bisections from Py, and Sp is the
space of continuous piecewise affine functions subordinate to the triangulation P.
Approximation classes can be used to reveal a theoretical barrier on any procedure that
is designed to approximate u by means of piecewise polynomials and a fixed refinement rule
such as the newest vertex bisection. Suppose that we start with the initial triangulation
Py, and generate a sequence of conforming triangulations by using newest vertex bisections.
Suppose also that we are trying to capture the function » by using continuous piecewise
linear functions subordinate to the generated triangulations. Finally, assume that u € o7
but u &€ /% for any ¢ > s. Then as far as the exponent ¢ in ¢N~7 is concerned, it is
obvious that the best asymptotic bound on the error we can hope for is ¢cN %, where N is
the number of triangles. Now supposing that « is given as the solution of a boundary value
problem, a natural question is if this convergence rate can be achieved by any practical
algorithm, and it was answered in the seminal works of Binev, Dahmen, and DeVore (2004)
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and Stevenson (2007): These papers established that the convergence rates of certain
adaptive finite element methods are optimal, in the sense that if u € &/ for some s > 0,
then the method converges with the rate not slower than s. One must mention the earlier
developments Dorfler (1996); Morin, Nochetto, and Siebert (2000); Cohen, Dahmen, and
DeVore (2001); Gantumur, Harbrecht, and Stevenson (2007), which paved the way for the
final achievement.

Having established that the smallest approximation class @/° in which the solution
u belongs to essentially determines how fast adaptive finite element methods converge,
the next issue is to determine how large these classes are and if the solution to a typical
boundary value problem would belong to an «/° with large s. In particular, one wants
to compare the performance of adaptive methods with that of non-adaptive ones. A first
step towards addressing this issue is to characterize the approximation classes in terms of
classical smoothness spaces, and the main work in this direction so far appeared is Binev,
Dahmen, DeVore, and Petrushev (2002), which, upon tailoring to our situation and a slight
simplification, tells that By, C &° C By, for s=0<1l+ Land 0 < o < max{2,1+ 1}
with s = O‘Tfl Here ng are the standard Besov spaces deﬁned on €. This result has
recently been generalized to higher order Lagrange finite elements by Gaspoz and Morin
(2013). In particular, they show that the direct embedding By, C </® holds in the larger
range 0 < o < m~+max{1, %}, where m is the polynomial degree of the finite element space,
see Figure 1(a). However, the restriction o < 1 + % on the inverse embedding &/° C By,
cannot be removed, since for instance, any finite element function whose derivative is
discontinuous cannot be in By, if o > 1+p and p < oo. To get around this problem, Gaspoz
and Morin proposed to replace the Besov space By, by the approximation space A7,
associated to uniform refinements'. We call the spaces A;p multilevel approzimation spaces,
and their definition will be given in Subsection 3.3. For the purposes of this introduction,
and roughly speaking, the space A7, is the collection of functions u € L, for which

£ flu—olly, <chf 2
B llu—vllz, < chi, (2)

where {P,} C & is a sequence of triangulations such that Py, is the uniform refinement
of P, and hy is the diameter of a typical triangle in P,. Note for instance that finite
element functions are in every A7 . With the multilevel approximation spaces at hand,
the inverse embedding &/ C A7 , is recovered for all o < 2,

In this paper, we prove the direct embedding A7, C &/*, so that the existing situation
By, C @° C A7, is improved to A}, C &/* C A7 ). It is a genuine improvement, since
AZ () 2 By () for a > 1+ %. Moreover, as one stays entirely within an approximation
theory framework, one can argue that the link between &/ and A7 , is more natural than
the link between «/* and By,. Once the link between &/ and Aj,, has been established,

! This space is denoted by B@g’p in Gaspoz and Morin (2013). In the present paper we are adopting the
notation of Oswald (1994).
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one can then invoke the well known relationships between A7, and By ,. It seems that this
two step process offers more insight into the underlying phenomenon. We also remark that
while the existing results are only for the newest vertex bisection procedure and conforming
triangulations, we deal with possibly nonconforming triangulations, and therefore are able
to handle the red refinement procedure, as well as newest vertex bisections without the
conformity requirement.

«
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, 1
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Hflé// Y.
i 1 (b) If the space By, is located above or
b on the solid line, and if ©v € &/° and
(a) If the space By, is located strictly above Au € BS, with s = ol then u € /7.
the solid line and below the dashed line, It is as if the approximation of Aw is tak-
then By, C &/° with s = -1l The ing place in H~!, with the proviso that
inverse embeddings «**¢ C By, hold the shaded area is excluded from all con-
on the solid line and below the (slanted) siderations.

dotted line.

Fig. 1: Ilustration of various embeddings. The point (%, «) represents the space By

The approximation classes o/ defined by (1) are associated to measuring the error of
an approximation in the H'-norm. Of course, this can be generalized to other function
space norms, such as L, and By, which we will consider in Section 3. However, we will
not stop there, and consider more general approximation classes corresponding to ways
of measuring the error between a general function v and a discrete function v € Sp by a
quantity p(u,v, P) that may depend on the triangulation P and is required to make sense
merely for discrete functions v € Sp. An example of such an error measure is

p(u, v, P) = (Hu —olff + ) (diam7)?| £ ~ Hrf||%2(7)> ) (3)

TeEP

where f = Au, and II; : Ly(7) — Py is the L, (7)-orthogonal projection onto Py, the space
of polynomials of degree not exceeding d. It has been shown in Cascon, Kreuzer, Nochetto,
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and Siebert (2008) that if the solution u of the boundary value problem
Au=f inQ and ulg =0, (4)

satisfies

. . f P < N*S
pein o of p(u,v, P) < cN°, (5)

for all N > # P, and for some constants ¢ and s > 0, then a typical adaptive finite element
method for solving (4) converges with the rate not slower than s. Moreover, there are
good reasons to consider that the approximation classes 7° defined by the condition (5)
are more attuned to certain practical adaptive finite element methods than the standard
approximation classes «7° defined by (1), see Section 4. Obviously, we have <7 C </° but
we cannot expect the inclusion .&7® C 7° to hold in general. In Cascon et al. (2008), an
effective characterization of </ was announced as an important pending issue.

In the present paper, we establish a characterization of &7° in terms of memberships
of u and f = Aw into suitable approximation spaces, which in turn are related to Besov

spaces. For instance, we show that if u € &° and f € By, with § > % — % and s = O‘TH,
then u € &7°, see Figure 1(b). Note that the approximation rate s = O‘T‘H is as if we were

approximating f in the H '-norm, which is illustrated by the arrow downwards. However,
the parameters must satisfy § > %—% (above or on the solid line), which is more restrictive

2
compared to &+ > % — 1 (above the dashed line), the latter being the condition we would

expect if the approximation was indeed taking place in H~!. This situation cannot be
improved in the sense that if § < % — % then By, ¢ Ly, hence the quantity (3) would be
infinite in general for f € By ,.

At this point, the reader might be wondering if we can deduce f € By, from u € &/*. If
so, everything would follow from the single assumption u € /*, which would then render
the theory more in line with the traditional results. However, u can be in a space slightly
smaller than H!, and in this case we cannot guarantee f € L2, and hence the quantity (3)
would not be defined. On the other hand, there are standard examples where f is smooth
but u is barely in H'*¢ for a small €. Furthermore, since we are solving a PDE, and f is
“given”, there would generally be much more information available about f than about u,
and so it is not an urgent matter to deduce the regularity of f from that of u.

The results of Section 4 and some of the results of Section 3 are proved by invoking
abstract theorems that are established in Section 2. These theorems extend some of the
standard results from approximation theory to deal with generalized approximation classes
such as @7°. We decided to consider a fairly general setting in the hope that the theorems
will be used for establishing characterizations of other approximation classes. For example,
adaptive boundary element methods and adaptive approximation in finite element exterior
calculus seem to be amenable to our abstract framework, although checking the details
poses some technical challenges.

This paper is organized as follows. In Section 2, we introduce an abstract framework
that is more general than usually considered in approximation theory of finite element
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methods, and collect some theorems that can be used to prove embedding theorems between
adaptive approximation classes and other function spaces. In Section 3, we recall some
standard results on multilevel approximation spaces and their relationships with Besov
spaces, and then prove direct embedding theorems between multilevel approximation spaces
and adaptive approximation classes. The main results of this section are Theorem 3.8,
Theorem 3.9, and Theorem 3.12. Finally, in Section 4, we investigate approximation classes
associated to certain adaptive finite element methods for variable coefficient second order
boundary value problems. We emphasize that the actual results in Section 4 are in terms
of the approximation spaces that are studied in Section 3, and in order to relate them to
Besov spaces, one has to appeal to Section 3.

2 General theorems

2.1 The setup

Let M be an n-dimensional topological manifold, equipped with a compatible measure, in
the sense that all Borel sets are measurable. What we have in mind here is M = R"” with the
Lebesgue measure on it, or a piecewise smooth surface M C R with its canonical Hausdorff
measure. With Q@ C M a bounded domain, we consider a class of partitions (triangulations)
of €, and finite element type functions defined over those partitions. Ultimately, we are
interested in characterizing those functions on €2 that can be well approximated by such
finite element type functions. In order to make these concepts precise, we will use in
this section a fairly abstract setting, which we believe to be a good compromise between
generality and readability.

By a partition of 2 we understand a collection P of finitely many disjoint open subsets
of €, satisfying Q = U,cp 7. We assume that a set & of partitions of Q is given, which
we call the set of admissible partitions. For simplicity, we will assume that for any k € N
the set {P € & : #P < k} is finite. In practice, & would be, for instance, the set
of all conforming triangulations obtained from a fixed initial triangulation P, by repeated
applications of the newest vertex bisection procedure. Another class of important examples
arises when we want to allow partitions with hanging nodes. In this case, an admissibility
criterion on a partition has been discussed in Bonito and Nochetto (2010). Here and in
the following, we often write triangles and edges et cetera to mean n-simplices and (n — 1)-
dimensional faces et cetera, which seems to improve readability. Hence note that the use
of a two dimensional language does not mean that the results we discuss are valid only in
two dimensions.

We will assume the existence of a refinement procedure satisfying certain requirements.
Given a partition P € & and a set R C P of its elements, the refinement procedure
produces P’ € £, such that P\ P’ D R, i.e., the elements in R are refined at least
once. Let us denote it by P’ = refine(P, R). In practice, this is implemented by a usual
naive refinement possibly producing a non-admissible partition, followed by a so-called
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completion procedure. We assume the existence of a constant A > 1 such that |7| < A7"|g|
for all 7 € P’ and 0 € R with 7N o # &. Note that we have A = 2 for red refinements,
and A = /2 for the newest vertex bisection. Moreover, we assume the following on the
efficiency of the refinement procedure: If {P,} C & and {Ry} are sequences such that
Py1q = refine(Py, Ry) and Ry C Py for k=0,1,..., then

k—1

#Pk—#Pogi#Rm, k=1,2,.... (6)

m=0

Here and in what follows, we shall often dispense with giving explicit names to constants,
and use the Vinogradov-style notation X < Y, which means that X < C-Y with some
constant C' that is allowed to depend only on & and (the geometry of) the domain .
Assumption (6) is justified for newest vertex bisection algorithm in Binev et al. (2004);
Stevenson (2008), and the red refinement rule is treated in Bonito and Nochetto (2010).

Next, we shall introduce an abstraction of finite element spaces. To this end, we assume
that there is a quasi-Banach space X, and for each P € &2, there is a nontrivial, finite
dimensional subspace Sp C Xy. The space Xy models the function space over €2 in which
the approximation takes place, such as Xo = H'(Q) and X, = L,(€). The spaces Sp
are, as the reader might have guessed, models of finite element spaces, from which we
approximate general functions in Xg. Obviously, a natural notion of error between an
element u € X( and its approximation v € Sp is the quasi-norm ||u — v||x,. However, we
need a bit more flexibility in how to measure such errors, and so we suppose that there
is a function p(u,v, P) € [0, 0] defined for u € Xy, v € Sp, and P € &. Note that this
error measure, which we call a distance function, can depend on the partition P, and it is
only required to make sense for functions v € Sp. We allow the value p = 0o to leave open
the possibility that for some u € Xy we have p(u,-,-) = co. The most important distance
function is still p(u,v, P) = ||lu — v||x,, but other examples will appear later in the paper,
see e.g., Example 2.7, Subsection 3.5 and Section 4.

Given u € Xg and P € &, we let

E(U, SP)p = lnf ,O(U,’U,P), (7)
vESp

which is the error of a best approximation of u from Sp. Furthermore, we introduce

Ei(u), = inf E(u,Sp),, 8

k( )p (PeP #P<2FN} ( > P)p ( )

for u € Xg and k € N, with the constant IV chosen sufficiently large in order to ensure

that the set {P € & : #P < 2N} is nonempty. In a certain sense, Ej(u), is the best

approximation error when one tries to approximate u within the budget of 2¥ N triangles.
Finally, we define the main object of our study, the (adaptive) approximation class

%s(p) = ”‘Z{qs(pv ‘@7 {SP}) = {u € Xo: |u|<lz/q5(p) < OO}? (9)
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where s > 0 and 0 < ¢ < oo are parameters, and
[ulas (o) = 12¥ Er(w)p)kenlle,,  u € Xo. (10)

In the following, we will use the abbreviation «/*(p) = @/ (p). Note that u € 7’(p)
implies Ej(u), < ¢27% for all k and for some constant ¢, and these two conditions are
equivalent if ¢ = oo. We have @(p) C °(p) for ¢ < r, and &7 (p) C #*(p) for s > «
and for any 0 < ¢,7 < co. The set @/(p) is not a linear space without further assumptions
on p and &. However, in a typical situation, it is indeed a vector space equipped with the
quasi-norm | - Loz = || - o + - Lo

Remark 2.1. Suppose that p satisfies
e p(au,av, P) = |a|p(u,v, P) for o € R, and
b p(u+ul’v+vl7p) S p(U,U,P) +p(u,,U/’P).

Then |- |%s( p) 18 a quasi-seminorm, in the sense that it is positive homogeneous and satisfies
the generalized triangle inequality. Moreover, @7(p) is a quasi-normed vector space. If
only the second condition holds, then @’(p) would be a quasi-normed abelian group, in
the sense of Bergh and Lofstrom (1976). Even though we will not use this fact, it is worth
noting that p has the aforementioned properties for all applications we have in mind.

We call the approximation classes associated to p(u,v,-) = ||lu —v||x, standard approz-
imation classes, and write &7 (Xo) = <, (p) and &/*(Xo) = o/°(p). These standard spaces
are within the scope of the general theory of approximation spaces, cf., Pietsch (1981); De-
Vore and Lorentz (1993). However, to treat the more general spaces .7*(p), the standard
theory needs to be reworked, which is the aim of this section.

We want to characterize </*(p) in terms of an auxiliary quasi-Banach space X < Xj.
The main examples to keep in mind are Xo = L? and X = By, with & > é— ;17. We assume
that the space X has the following local structure: There exist a constant 0 < ¢ < oo, and

a function | - [x(g) : X = RT associated to each open set G' C €, such that
Sl Sl (we X), (1)
k

for any finite sequence {7} C P of non-overlapping elements taken from any P € Z.
Finally, for any 7 € P with P € &, we let 7 C ) be a domain containing 7, which
will, in a typical situation, be the union of elements of P surrounding 7. We express the
dependence of 7 on P as 7 = P(7). Then as an extension of the above sub-additivity
property, we assume that

; |u|c)]((pk(7-k)) =S ||U||§< (u € X), (12)
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for any finite sequences {P;} C & and {7}, with 7, € Py and {7}} non-overlapping. A
trivial example of such a structure is X = L (Q) with | - [x@) = || - ||Lq(G). Here the sub-
additivity (12) can be guaranteed if the underlying triangulations satisfy a certain local
finiteness property.

2.2 Direct embeddings for standard approximation classes

The following theorem shows that the inclusion X C «7*(p) can be proved by exhibiting a
direct estimate. A direct application of this criterion is mainly useful for deriving embed-
dings of the form X C «7%(Xj). In the next subsection, it will be generalized to a criterion
that is valid in a more complex situations.

Theorem 2.2. Let 0 < p < 0o and let 6 > 0. Assume (6) on the complexity of completion,
and assume (12) on the local structure of X. Then for any k € N sufficiently large there
exists a partition P € &2 with #P < k satisfying

1

(Z mpﬂur&(f)) <k lullx. (13)

TEP

with s = 5+%—% > 0, where 7 = P(7) is as in (12), and the case p = oo must be interpreted
in the usual way (with a mazimum replacing the discrete p-norm). In particular, if u € X
satisfies

1
E(u,Sp)p S (Z ’T\péuv)?((ﬂ) J (14)

TEP
for all P € &, then we have u € &/°(p) with |u| sy S llullx-

Proof. What follows is a slight abstraction of the proof of Proposition 5.2 in Binev et al.
(2002); we include it here for completeness. We first deal with the case 0 < p < co. Let

e(r,P) = ‘T|p6‘u|§((+)v (15)

for 7 € P and P € &. Then for any given € > 0, and any Py € &, below we will specify
a procedure to generate a partition P € & satisfying

> e(r,P) < d(#P)e, (16)
TES

and
#P — 4Py < ce™ M/ 4DS) |y |2/ 1P, (17)

where ¢’ depends only on the implicit constant of (14), and ¢ depends only on ||, A, and
the implicit constants of (6), and (12). Then, for any given k& > 0, by choosing

e = (c/k)Pull. (18)
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we would be able to guarantee a partition P € & satisfying #P < #Py + k and

Y e(n P) Sk Pullk. (19)

TEL

This would imply the lemma, as k= can be replaced by (#Py + k)~ for, e.g., k > #DP,.

Let € > 0 and let Py € &. We then recursively define Ry = {7 € Py : e(7, P;) > ¢}
and Py = refine(Py, Ry) for k =0,1,.... For all sufficiently large k we will have Ry = @&
since |u|x(+) < [lullx by (12), and |7| is reduced by a constant factor = A™" < 1 at each
refinement. Let P = P, where k& marks the first occurrence of Ry = @. Then recalling
(15), and taking into account that e(r, Py) < € for 7 € Pk, we obtain (16).

In order to get a bound on # P, we estimate the cardinality of R = RyUR;U...URy_1,
and use (6). Let Aj = {r € R: p/™! <|7| < @} for j € Z, and let m; = #A;. Note that
the elements of A; (for any fixed j) are disjoint, since if any two elements intersect, then
they must come from different Rj’s as each Ry consists of disjoint elements, and hence
by assumption on the refinement procedure, the ratio between the measures of the two
elements must lie outside (u, u~!). This gives the trivial bound

my < pI7HQl. (20)
On the other hand, we have e(r, P;) > ¢ for 7 € A; with some k, which gives
d ipd
e <|rf? |u’§((+) < pP !u@(ﬂ, (21)

where 7 is defined with respect to Py, and £ may depend on 7. Summing over 7 € A;, we
get

mye?? < 0 Sl < 0 (22)
‘I‘EAJ'

where we have used (12). Finally, summing for j, we obtain

0 0
#R< Y my 5 3 min (VP uf b e w00 (23
Jj=—00 j=—o00

which, in view of (6) and ¢/(1 4 ¢d) = p/(1 + ps), establishes the bound (17).
We only sketch the case p = oo since the proof is essentially the same. We use

6(7—7 P) - ‘T’(S‘u’X(f’)v (24)

instead of (15), and run the same algorithm. This guarantees that the resulting partition
P satisfies

P)<e. 25
maxe(r, P) < ¢ (25)
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We bound the cardinality of P in the same way, which formally amounts to putting p =1
into (21) and proceeding. The final result is

e (26)
where s =0 + %. The proof is complete. O

Example 2.3. The main argument of the preceding proof can be traced back to Birman
and Solomyak (1967). Recently, in Binev et al. (2002), this argument was applied to obtain
an embedding of a Besov space into «7%(Xy), i.e., the case where the distance function p
is given by p(u,v,) = ||u — v||x,- We want to include here one such application. Let
Q2 C R™ be a bounded polyhedral domain with Lipschitz boundary, and take & to be the
set of conforming triangulations of {2 obtained from a fixed conforming triangulation Py
by means of newest vertex bisections. For P € &, let Sp be the Lagrange finite element
space of continuous piecewise polynomials of degree not exceeding m. Thus, for instance,
the piecewise linear finite elements would correspond to m = 1. Moreover, for P € &
and 7 € P, let 7 = P(7) be the interior of ({7 : ¢ € P, 7 N7 # &}. Finally, let us put
Xo = L,(Q), X = By ,(Q), and p(u,v,-) = [Ju— ’UHLP(Q). Then in this setting, the estimate
(14) holds with the parameters p and § = & + 1_ %, as long as 0 < o < m + max{1, %
and § > 0, cf. Binev et al. (2002); Gaspoz and Morin (2013). Hence the preceding lemma
immediately implies that Bg' () — «7/°(L,(€2)) with s = .

In the rest of this subsection, we want to record some results involving interpolation
spaces. For u € Xg and t > 0, the K-functional is

K (u,t; Xo, X) = inf (lu —vllx, +tllvllx), (27)

and for 0 < § < 1 and 0 < v < oo, we define the (real) interpolation space (Xo, X )g~ as
the space of functions u € Xy for which the quantity

[l 00, = |7 (1, A7 Ko, X0

) (28)
,
is finite. These are quasi-Banach spaces with the quasi-norms || - [|x, + | - |(x,,x),,- The
parameter A > 1 can be chosen at one’s convenience, because the resulting quasi-norms

are all pairwise equivalent.

Corollary 2.4. Let 0 <p<o0, §d >0 and let s =9 + % — ;1) > 0. Assume

1
p
B, Sp)xy S (Z rr\pﬂuwﬁm) , (20)

TeP

for allu € X and P € &. Then we have (Xo,X)
0<vy<o0.

afsy C D Xo) for 0 < a < s and
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and v € X, we have

Ep(u)x, S llu—vllxo + Ex(v)x,, (30)
Theorem 2.2 yields Ex(v)x, < 27%v| x, leading to

Epp(u)x, S lu—vllx, + 27 v|x. (31)

After minimizing over v € X, the right hand side gives the K-functional K (u,27%%; X, X),
and (28) implies that u € &7*(Xo). O

Proof. For u € (Xo, X)a/sy

2.3 Direct embeddings for general approximation classes

As mentioned in the introduction, our study is motivated by algorithms for approximating
the solution of the operator equation Tu = f. Hence it should not come as a surprise that
we assume the existence of a continuous operator T : Xo — Yj, with Yy a quasi-Banach
space. An example to keep in mind is the Laplace operator sending H& onto H~'. In this
subsection we do not assume linearity, although all examples of T' we have in this paper are
linear. We also need an auxiliary quasi-Banach space Y < Y, satisfying the properties
analogous to that of X, in particular, (12) with some 0 < r < oo replacing ¢ there. If
Yy = H™!, a typical example of Y would be Bf;l with 7 > % — %

It is obvious that 27*(p) C &/*(Xy), provided we have ||lu—v|/x, < p(u,v,-). The latter
condition is satisfied for all practical applications we have in mind. We will shortly present a
theorem providing a criterion for affirming embeddings such as 7*(Xo)NT 1Y) C &7%(p).

Before stating the theorem, we need to introduce a bit more structure on the set &.
The structure we need is that of overlay of partitions: We assume that there is an operation

G: P x P — P satisfying

Sp+85¢ C Spag, and  #(P®Q) S #P +#Q, (32)
for P,Q € £2. In addition, we will assume that
p(u, v, P& Q) < p(u,v, P). (33)

In the conforming world, P @& @ can be taken to be the smallest and common conforming
refinement of P and @, for which (32) is demonstrated in Stevenson (2007), see also Cascon
et al. (2008). The same argument works for nonconforming partitions satisfying a certain
admissibility criterion, cf. Bonito and Nochetto (2010).

Theorem 2.5. Let 0 < p < o0, d > 0, and let s = § + % — % > 0. Assume (6) on the
complexity of completion, as well as (12) on the local structure of Y, with r replacing q
there. There are no additional assumptions at this point on p, except (33) and the obvious
conditions we have imposed in §2.1. Suppose that u € o7°(Xo) NT~1(Y) satisfies

B(u, Sp), < B(u, Sp)x, + (Z |T|P5|Tu|§’,m) , (34)

TEP
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for all P € & (in particular E(u,-), is always finite). Suppose also that

1 1
P P
S WP, | s (Z ,ﬂpaTu%) , (3)

TEPHQ TEP
for any P,Q € . Then we have u € o/°(p) with |u|ys(p) S |ulas(xo) + [ Tully -

Proof. Let k € N be an arbitrary number. Then by definition of &7%(Xj), there exists a
partition P’ € & such that

E(u, SP’)XO S Z_kslu\ds(xo), and #P/ S QkN (36)

Similarly, by applying Theorem 2.2 with Y in place of X, and with Tu in place u, we can
generate a partition P” € & such that

P
(Z \T|P5\Tuy§’/(ﬂ> <27 Twlly,  and  #P" <2*N. (37)
TEP

Then for P = P'@® P we have #P < 2 by (32). Moreover, (35) together with the obvious
monotonicity

E(“’? SP)X() < E(U, SP’)X07 (38)

guarantee that the right hand side of (34) is bounded by a multiple of 277 (|ul s (x,) +
IT"u||y), which completes the proof. O

Remark 2.6. Suppose that we replace the condition (34) in the statement of the preceding
theorem by the new condition

1
p
E(u,Sp), < E(u, Sp)x, + E(u, Sp) (Z |T|p5|Tu|p ) , (39)

TEP

where p; is some distance function. Then by the same argument, we would be able to
conclude that u € &/°(p) With [ul s () S Ul (xg) + U] (o) + | Tully . We will use similar
strtaightforward extensions of the preceding theorem later in the paper, for instance, in
the proof of Theorem 4.1.

Example 2.7. We would like to illustrate the usefulness of Theorem 2.5 by sketching a
simple application. For full details, we refer to Section 4, as the current example is a
special case of the results derived there. We take Q and & as in Example 2.3, and for
P e Z, let Sp be the Lagrange finite element space of continuous piecewise polynomials of
degree not exceeding m, with the homogeneous Dirichlet boundary condition. Moreover,
we set T = A the Laplace operator, sending Xo = H}(2) onto Yy = H~1(€2). Then in this



2 General theorems 14

context, it is proved in Cascon et al. (2008) that certain adaptive finite element methods
converge optimally with respect to the approximation classes <7°(p), with the distance
function p given by

1
2
plu,v, P) = (nu— o3+ S 1P £ —HTfH%Q(T)) , (40)

TeEP

where f = Au, and II; : Ly(7) — P4 is the Ly(7)-orthogonal projection onto P4, with
d > m — 2 fixed. The sum involving f — I, f is known as the oscillation term.

Let 0 < r,a < oo satisfy § = 2 — 1 +1 >0 and o < d + max{1,2}. Then we claim
that for each u € Hi(Q) with Au € B, (), there exists up € Sp such that

2
,O(U,UP,P) S viEHSfP HU - UHHI + (Z |T’2(6+1/n)|Au|2B£‘7T(7)) ) (41)
TEP

for all P € £2. In light of the preceding theorem, this would imply that each function
u € o/5(Hg(2)) with Au € B2,(Q), satisfies u € &/%(p), cf. Figure 1(b). Note that since
we can choose d at will, the restriction o < d + max{1, 1} is immaterial.

To prove the claim, we take up to be the Scott-Zhang interpolator of u, preserving the
Dirichlet boundary condition. Then we have

lu—upllg S inf [lu—olm, (42)
vESPp

for all P € &. The oscillation term in (40) can be estimated as

1f =T flloyr) < N F =9l SIS = gllz, ) + 17101 F 1 Be, () (43)

for any g € Pg, where we have used continuity of the embedding By,.(7) C Ly(7) and the
fact that |g|go (r) = 0 when the Besov seminorm is defined using wg1. Furthermore, if g
is a best approximation of f in the L, (7) sense, the Whitney estimate gives

1f = 9llz, ) S wari(f.7)r S 1flBe, () (44)

which yields the desired result. In closing the example, we note that for this argument to
work, the constants in the Whitney estimates and in the embeddings By}, (1) C Ly(7) must
be uniformly bounded independently of 7. While such investigations on Whitney estimates
can be found in Dekel and Leviatan (2004); Gaspoz and Morin (2013), it seems difficult to
locate similar studies on Besov space embeddings. To remove any doubt, the arguments in
the following sections are arranged so that we do not use Besov space embeddings. Instead,
we use embeddings between approximation spaces, and give a self contained proof that the
embedding constants are suitably controlled.
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3 Lagrange finite elements

3.1 Preliminaries

Let  C R"™ be a bounded domain. Then for 0 < p < oo, we define the r-th order
L,,-modulus of smoothness

wr(u,t,Q)p = sup |AjullL, @ (45)

rh)
=

where Q,, = {x € Q: [x,x+rh] C Q}, and A} is the r-th order forward difference operator
defined recursively by [Alu](z) = u(z + h) — u(r) and Afu = A}L(Az_l)u, ie.,

juta) = (-0 () ute -+ k) (46)

k=0

Furthermore, for 0 < p,q < 0o, @ > 0, and r € N, the Besov space By ..({2) consists of
those u € L, (2) for which

lulpg, (@ = It 1707 9w, (u, 8, Q)| ((0,00))5 (47)

is finite. Since ) is bounded, being in a Besov space is a statement about the size of
wr(u,t,Q), only for small t. From this it is easy to derive the useful equivalence

|U|Ba Q) ~ H()\jawr(u, )\_j, Q)p)jEOHZq , (48)

p,q;T

for any constant A > 1. The mapping || - || ga

p,q;T

when p,¢ > 1 and a quasi-norm in general. If & > r 4+ max{0, %— 1} then the space By, is

trivial in the sense that By ., = P,_1. On the other hand, so long as r > « —max{0, % -1},

different choices of r will result in quasi-norms that are equivalent to each other, and

in this case we have the classical Besov spaces By (2) = By .(Q2). In the borderline

case, the situation depends on the index ¢. If 0 < ¢ < co and a = r + max{O,% — 1},
then By, = Pr_1. The case ¢ = oo gives nontrivial spaces: For instance, we have
B} ooy (£2) = WTP(Q) for p > 1. A proof can be found in (DeVore and Lorentz, 1993, page
53) for the one dimensional case, and the same proof works in multi-dimensions.

The following result, often called the discrete Hardy inequality, will be used many times
in the subsequent sections. We include the statement here for convenience. A proof can

be found in (DeVore and Lorentz, 1993, page 27).

@ = l-llz,@ +1-IBg,. () defines a norm

Lemma 3.1. Let (a;)jez and (by)rez be two sequences satisfying either

~ p
ajl <C Y bl | . ez, (49)

k=j
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for some >0 and C >0, or

j 1/p
Jaj| < C27% < > 29’fbk\“> . JEL (50)

k=—o00

for some positive 0, u, and C. Then we have
129a5)ille, S CII**br)lle, (51)

for all0 < g < 00 and 0 < a < 0, with the convention that 0 = oo if (49) holds, and with
the implicit constant depending only on q and .

3.2 Quasi-interpolation operators

Let Q C R” be a bounded polyhedral domain with Lipschitz boundary, and fix a conforming
partition Py of ). We also fix a refinement rule, which is either the newest vertex bisection
or the red refinement. This ensures that all partitions are shape regular. The set & can be
chosen to be, in case of the newest vertex bisection, the set of all conforming triangulations
arising from Fy. More generally, we want to deal with possibly nonconforming partitions,
and we require that & satisfy the finite support condition (53) stated below. We remark
that the results in this paper are insensitive to the exact definition of &, so long as the
family & satisfies (53). We note that for nonconforming partitions, the degrees of freedom
will be so arranged that they give rise to H'-conforming finite element spaces. In this
regard, the terminology “nonconforming partition” may be a bit confusing.
We define the Lagrange finite element spaces

Sp=8Sp ={ueC):ul, € P,Vr € P}, Pe 2, (52)

where P, is the space of polynomials of degree not exceeding m. Thus, for instance, the
piecewise linear finite elements would correspond to m = 1.

Following Gaspoz and Morin (2013), we will now construct a quasi-interpolation oper-
ator Qp : L, () — Sp for pg > 0 small. Their construction works almost verbatim here
but we need to be a bit careful since we want to include partitions with hanging nodes into
the analysis. Let 1o = {z € R" : &1 + ... + z, < m} N (0,m)" be the standard simplex.
Then an n-simplex 7 C R"™ is the image of 79 under an invertible affine mapping. To each
n-simplex 7, we associate its nodal set N = F(7oNZ"), where F': 79 — 7 is any invertible
affine mapping. The nodal set Np of a possibly nonconforming partition P € &2 is defined
by the requirement that z € (J cp Ny is in Np if and only if z € N; for all 7 satisfying
T 3 z, see Figure 2. Furthermore, we define the nodal basis {¢, : z € Np} C Sp of Sp by
¢2(2") = 0, for z,2' € Np.

The aforementioned finite support condition is as follows. We require that there is a
constant C' > 0 independent of P € & and z € Np, such that

#{reP:7Csuppo,} <C, (53)
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for all P € & and z € Np. It is obvious that conforming triangulations satisfy this
requirement. For partitions with hanging nodes, we refer to Bonito and Nochetto (2010).
Given 7 € P and ¢ € P, let us write 7 ~ ¢ if (and only if) there is z € Np such that
TUo C suppv,. Then, taking into account the refinement rule and the definition of the
nodal basis, one can show that the finite support condition is equivalent to the strong local
finiteness condition:
sup sup#{oc € P: 0o ~ 7} < 00, (54)
pPeZ TeP
which in turn is equivalent to the strong gradedness condition:

diam o

sup

:T,0 € P o~ < 00. 55
R e T, O o~TH<00 (55)

By defining the support extension 7 = P(7) of T € P as the interior of

U{U eP:o~rT} (56)

we can also write the strong gradedness condition as

diam 7

sup sup — (57)

pPey rep dlal T

In what follows, the implicit constant in any of the aforementioned conditions will be
referred to as an admissibility constant.

(a) Quadratic elements (m = 2). (b) Cubic elements (m = 3).
Fig. 2: Examples of nodal sets.
Next, we introduce a basis dual to {¢,}. For each 7 € P, we let
Npr={z€ Np:7 Csupp¢,}, (58)

and define 7, . € P,, 2 € Np,, by the condition

/777',257',2’ = 5z,z’7 Z, ZI S NP,T- (59)
-
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Note that #Np, = #N; = dimP,,, so that the set {n, . : 2 € Np,} is uniquely determined.
Then for z € Np, we let

~ 1
¢z = Z XtMr,25 (60)
z {T€P: TCsupp ¢.}

where n, = #{r € P : 7 C supp¢.}, and X, is the characteristic function of 7. By
construction, supp ¢, = supp ¢, for z € Np, and we have the biorthogonality

<q~527(bzl> = /g;q;zqﬁzl = 52,2’7 Z,ZI c NP. (61)
Now we define the quasi-interpolation operator @p : L{(2) — Sp by
Qru=QWu= Y (u,d.)¢.. (62)
2ENp

It is clear that Qp is linear and that Qpv = v for v € Sp.

Lemma 3.2. For 1 <p < oo, we have

lu—QprullL @) < vie%fp [u =L, @) u € L,(Q), (63)

with the implicit constant depending only on the shape reqularity and admissibility constants
of &. Furthermore, for 0 < p < oo and T € P, we have

1QpPvllL, ) < lvllz, @) ve SP, (64)
where B
Sp ={w e L () :w|, € P,Vr € P}, (65)
and 7 = P(7) is the support extension of T as defined in (56).
Proof. For 1 <p < oo and u € L,(Q), we have

IQpull,my < Y Kud)lle:lle, < lull,y D 19:llz,l9:lr,, (66)

2€Np - ZGNP’T

where % + % = 1. It is clear that [|¢.|, < [supp ¢-|'/? and by a scaling argument one

can deduce that ||¢.|| L, S [supp ¢-|"/7=1, with the implicit constant depending only on the
shape regularity and admissibility constants of 2. Consequently, for 1 < p < 0o, we infer

1@pully o= S 1@pull ) < S Nl ) < Il g, (67)
TEP TEP
by the strong local finiteness of the mesh. The case p = 0o can be handled similarly, and
we have [[Qpull (o) < |lullz, @) for 1 < p < oo. Then a standard argument yields (63).
For 1 < p < oo, (66) implies (64). The proof for 0 < p < 1 follows exactly the same
lines as those in the proof of (Gaspoz and Morin, 2013, Lemma 3.2). O
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In the following, we fix pg > 0, and for 7 C R" a domain, let Iy, ; : L, (1) — Py, be
the local polynomial approximation operator given in Definition 3.7 of Gaspoz and Morin
(2013). We recall the following important properties of this operator, cf. (Gaspoz and
Morin, 2013, Theorem 3.8).

(i) There is a constant Cy, p, depending only on m and po, such that
i = Ty sl ) < Congo 0 a0l 0 w€Ly(r) (69)
In other words, Il -u is a near-best approximation of u from Py, in L, (7).

(ii) We have
Mg rull, () S Nullz,, () u € L, (1), (69)
i.e., the operator I, - : L, (1) — L,,(7) is bounded.
(iii) For any u € L,, (1) and v € Py, we have
Mpg,r(u+v) = Hpy ru +v. (70)

In particular, II,, ;v = v for v € P,,.

Finally, we let

Tpu =Y XMy, ru, (71)
TEP
and define the operator Qp : L, () — Sp by
Qru=Qpllpu= Y (Ipu,¢.)¢.. (72)
z€ENp

It is easy to see that Qpv = v for v € Sp, and that (QPU)|7— depends only on ulz, where
7 = P(7) is the support extension of 7, as defined in (56). Furthermore, as a consequence
of the linearity property (70), we have

(@p(u+0))lr = (@Qpu)ls +vlr,  w,v€Ly(r), vl € Sp, (73)
for r € P.
Lemma 3.3. Let pg <p < oo and P € &. Then for T € P we have

HQPUHLP(T) S llullz, @) u € L,(9). (74)

As a consequence, we have
|u — QPUHLP(T) < Uiel}gfp lu=vllz &) u € L,(Q), (75)

and
lu—QprullL, @) < vieﬂéfp lu =z, @) u € L,(). (76)
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Proof. An application of (64) gives

1Qpullz, ) = 1QPpullL () S ITpullL (4)- (77)

On the other hand, for o € P, we have

11 11
Mg oullL,,0) S P 70 [HpgoullL, @) S lol? o llull, @) < lullp,@), — (78)

where we have used scaling properties of polynomials in the first step, the boundedness
(69) of II,,,.+ in the second step, and the Holder inequality in the final step. Using this,
with the usual modifications for p = oo, we infer

1
el = [ Y Moetll o] S 5 1l 0] = luleer @
{o€P:cC7} {o€P:cCt}

establishing (74). Then (75) follows from the linearity property (73).
The estimate (76) is proved by first deriving the stability

1 1
P P
1Qpullr, ) = (Z HQPUHZP(T)> S (Z ||u||z£p(+)> S ullz, ) (80)

TEP TEP

and then invoking the linearity property (73). O
An important tool in approximation theory is the Whitney estimate

inf — < ,diam G, G),, €L (G), 81
nf flu = vllg,(¢) S i (u diam G, G)p, we L(G) (81)
that holds for any convex domain G C R", with the implicit constant depending only on n,
m, and 0 < p < oo, see Dekel and Leviatan (2004). The same estimate is also true when G
is the star around 7 € P for some partition P € &, with the implicit constant additionally
depending on the shape regularity constant of &2, see Gaspoz and Morin (2013).

Lemma 3.4. Let pg < p < 00 and let P € & be conforming. Then we have

max,cp diam 7

. »
||lu — QPuHLp(Q) < ( > wm+1(u,ril€al§diam7', )y, u € L,(Q). (82)

min,cp diam 7
Proof. We start with the special case p = co. Note that since P is conforming, the support
extension 7 of 7 coincides with the star around 7. It is immediate from (75) and the
Whitney estimate (81) that

—-0 < — 0 < inf |lu— .
lu—Qprulr_ (o) Ngleagﬂu Qpullr_ (7 NITneagUIGDSPHU vllL (%) -

< max w41 (u, diam 7, 7) oo S max wy,+1(u, p~tdiam 7, T)oos
TEP TeEP
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with g > 0 sufficiently large, where in the last line we have used the property

wr(u, pt, G)p < (p+ 1) wr(u, t, G)p, (84)
cf. (DeVore and Lorentz, 1993, §2.7). With t = p~* max diam 7, we proceed as
TE
lu = QpullL_ o <lﬁg§wm+1ﬁtt7ﬁaagﬂﬂaXiﬁ%HAWHJUHL )
85
— sup max Al < sup APl
nl<t TEP =T e -

which establishes (82) for p = co.
To handle the case 0 < p < oo we introduce the averaged L,-modulus of smoothness

1/p
1
wr(u,t,G)p = (t” /[0 . ||Aru||L (G, ,)dh> ) (86)

for any domain G C R™. When G is Lipschitz, the averaged modulus is equivalent to the
original one:

wr(u, t,G)p ~ wp(u,t,)p, for t<1. (87)

This equivalence is also true when G = 7 or G = 7 for 7 € P with P € &, in the range
t < diam G, cf. Corollary 4.3 of Gaspoz and Morin (2013). In the latter case, the implicit
constants depend only on p, r, the shape regularity constant of &2, and the geometry of
the underlying domain €.

Let us get back to the proof of (82) for 0 < p < co. As in the case p = 0o, we have

= Qrully ) < D lu—Qpully ) S inf flu—vl7

TeP TGP

(88)
SN wmpr(u,diam 7, )8 S wpg (u, p diam 7, 7)D,
TEP TEP
with u > 0 sufficiently large. Now we employ (87), to get
lu— QP“HZEP(Q) < Z Wit (u, p~ ' diam 7, 7)P
TEP
(89)
|A 2)|Pdz dh,
0,(r

where t(7) = p~tdiam 7 and r = m+1. With tg = = ! mindiam 7 and ¢; = g~ ! max diam 7,

TeEP TeEP
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we can switch the sum with the outer integration as follows.

! Z/ |ALu(x)|Pdz dh
Trh

lu—Qpul? o < = /
LP(Q) tn [0 t1]" reP

/ / AT u(z)Pda dh (90)
[0t1]” Qe

t—nwr(u t1,Q)p.

The proof is completed upon using the equivalence (87) for G = (. O

3.3 Multilevel approximation spaces

In this subsection, we study approximation from uniformly refined Lagrange finite element
spaces. We keep the setting of the preceding subsection intact, and define the partitions P;
for j = 1,2,... recursively as Pj;1 is the uniform refinement of P;. Let G C ) be a domain
consisting of elements from some P;. More precisely, let G' be the interior of UTEQ 7 for
some () C Pj and j. Then with S; = Sp;, and 0 < p < oo, we let

E(u, ;)L ) = inf lu—vllL (@),  uw€Ly(G). (91)
vEo;

Note that the infimum is achieved since S; is a finite dimensional space. We define the
multilevel approximation spaces

A43,(48,).6) = {u € L(G): lulag g = | (VB S0

< oo} . (92)
eq

for 0 < p,q < 0o, and o > 0, where A = 2 for red refinements and A = /2 for newest
vertex bisections. We will also use the shorthand notations

Ao (G) = Ap 4 (G) = AP ({5}, G). (93)
These spaces are quasi-Banach spaces with the quasi-norms || - [ () + |- [4s (c)- Since ©2

is bounded, it is clear that A7 () — A7 () for any a > 0, 0 < q < o0 and 0o >p >
p' > 0. We also have the lexicographical ordering: A () < Ag‘”q/(Q) for « > o with any
0<q,q" <oo,and A3 (Q) — A5 (Q2) for 0 < ¢ < ¢ < o0

It is no coincidence that the aforementioned embedding relations are identical to those
among Besov spaces. When reading the following theorem, keep in mind that By, ()
is the classical Besov space By () for a < m + max{1, %

Theorem 3.5. We have By ... 1(2) = Ap.,(Q) for 0 < p,q < 00, and a > 0. In the

other direction, we have Ag‘qm(Q) — By ym+1(Q) for 0 <p,g< oo, and 0 < <1+ %
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Proof. We follow the standard approach. The inclusion By ., 1(2) < Ap ., () is a
direct consequence of (82) with py < p and the norm equivalence (48).
For the second part, we start with the estimate

Wmt1(z,1)p S AP min{1, (W) 7Y, (94)

which holds for all nodal basis functions ¢, of S; and for all j > 0. This is Proposition 4.7
in Gaspoz and Morin (2013), which also holds for p = co. Hence for 0 < p < oo and for all
uj =y, bo, € Sp;, we infer

Win-t1 () Z\b P 1(2:t) 5Z|bz|pxj"min{1,(w>p“}

S mm{l WP Husllh, o

(95)

where we have used the finite overlap property of the nodal basis functions, the L, stability

of finite elements and the estimate [[¢.[|r, = A=7"/P The same ingredients are used to
perform the corresponding computation for p = oo, as

W41 (), t) 00 S max 162 Win+1(d2, )00 S max |b,| min{1, )\jt} (96)
< min{1, ¥t}lu;llz_ ()

Now we write u = >~ o(u; — uj—1) with u; € S; a best approximation to u from S;
for j > 0 and u—1 = 0. Note that the series converges in L, by (82). With p* = min{1, p},
we have

W1 (u, A" Zmerl — Uj_1, )\_k)g*
320
k ‘ o) (97)
5 Z )\(J—k)(1+1/17)1’ Huj — Ujleip(Q) + Z HUJ — ’LLj—lHip(Q)»
— j=k+1
and an application of the discrete Hardy inequality (Lemma 3.1) gives
lulBs, .0y S ” Ny — i L, Q)) , (98)

£y

for0<p,g<oo,and 0 < a<1+ %. Finally, to go from u; —uj_1 to u — u; in the right
hand side, we can apply the triangle inequality to uj — uj—1 = (v —uj—1) — (v —u;). O

Notice the gap between the two inclusions: While BY ., Jrl(Q) — A7 -m(£2) holds for
all @ > 0, the reverse inclusion is proved only for 0 < a < 1+ 5. In fact, if a > 1+ %
and p < oo, the forward inclusion is strict: Any function from S; would be an element

of all A7 ...(2), but there are functions in S; that are not in qum+1(Q), because the
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o
m+1 -7
197"
Ll
1
P
Fig. 3: The inverse embedding A7 ..., < By, holds below the dashed line. The direct
embedding By ., 1 < Ap ., holds without restriction, but the spaces By ..,
are nontrivial (and coincide with the classical Besov spaces By ) only below the
solid line.

estimate (94) is saturated for small ¢. This leads to the expectation that for large «,
the difference A7 .., (2) \ By ,.,11(€2) should be “skewed” considerably depending on the
initial mesh Py. We will not pursue this issue here, but we conjecture that the Besov space
By m+1(§2) coincides with the intersection of all A7 ., (Q2) as one considers all possible
initial triangulations Pj.

We quote the following standard result, in order to assure the reader of the fact that
the multilevel approximation spaces Ag (€2) coincide with the spaces By (€2) considered

in Gaspoz and Morin (2013), cf. Definition 7.1 and Corollary 4.14 therein.

Theorem 3.6. Let pg < p <00, 0< qg<o00 and o> 0. Then we have

|ulag () ~ H ()\jaHu — QjUHLp(Q))jZO )
q

o i (99)
~ H (AJQ‘|QJ+1U - qu”Lp(Q)>

7201l
for uw e L,(Q), where we have used the abbreviation Qj = ij for all 5.
Proof. The first equivalence is immediate from (76). The generalized triangle inequality

1Qjs1u — @jUHLp(Q) S lu— quHLp(Q) + [lu — Qj-HUHLP(Q)y (100)

implies one of the directions of the second equivalence, while the other direction follows
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from applying the discrete Hardy inequality (Lemma 3.1) to

Y

lu—=Qjullz, o) < | D lIQusru—Quulll g | (101)

k=j
where p* = min{1, p}. O
The following technical result will be used later.

Theorem 3.7. Let 0 < a; < ag < oo and 0 < p,q,q1,q < oo. Then we have

AL (G), A%, (G = AS

par pa(G); (102)

for a = (1 — 0)ay + O and 0 < 0 < 1, with the equivalence constants of quasi-norms
depending only on the parameters o, a1, as, p, q, q1 and q2.

Proof. The equivalence (102) is standard, but we want to keep track of the equivalence
constants. So we sketch a proof here. First, for v € 5,,,, we observe the inverse inequality

m—1 m—1 . \@2g2m
a2q2j q2 fI2 a2q2) q2
A ‘ A E(v S]’G) < [ll ‘ Z{) A = \e2q2 — ] HvHLp(G)' (103)
Jj= J=
It is also true for g = oc:
[0l g2,y = max A E(v,55,G)p < A o]l (. (104)

0<j<m

Another fact we will need is the following. We have the generalized triangle inequality
[utvlagz, ) < clulags, @ +llagz, o) (105)

with ¢ > 1 depening only on p and g2. Then the Aoki-Rolewicz theorem (Bergh and
Lofstrom, 1976, page 59) implies that

I < I I
‘Ul + ...+ Uk|A;2qQ(G) < 2‘1}1’A;2(12(G) + ...+ 2’1)]6’14;%2(61), (106)

for any v, ..., v € A2 (G), with u given by (2¢)* = 2.
With the abbrev1at10n K(u,t) = K(u,t; A3L (G), 472, (G)), for u € AZL (G), we have
K(u’ )\—(ag—al)m) < ‘u I Um|A;‘,I @ )+ A~ (aa— cxl)m|u ’Ag%Q @ (107)
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where um € Sp, is an approximation satisfying ||u—um/| 1 (c) = E(u, Sm, G)p. We estimate
the first term in the right hand side as

m o0
_ q1 — a1qij||,, _ q1 Q1G1] ||, — o, .||90
|u um’Aﬁ}ql(G) = Z)‘ Ju UmHLp(G) + Z A [|u uJ”LP(G)
7=0 j=m+1

~ (108)
j q
5 Z )\alquHu _ ujHLlp(G)7
j=m
with the implicit constant depending only on A“*9', and the second term as
m m
wnlligs @ 221w = wimlien ) S D ANy — il

=1 =1
’ ! (109)

m .
SN gl
j=0

where we have used the p-triangle inequality (106) in the first step, the inverse estimate
(103) in the second step, and the (generalized) triangle inequality for the L,-quasi-norm in
the third step. Note that the implicit constants depend only on A*2%2 \*2# and p. Putting
everything together, we have

K X200 < (300 a2

" 1 (110)
m ;
—(ag—a1)m 02045 {10, — usllP
+ A Z)‘ 27 |y u]H[,p(g) )
=0
and then the discrete Hardy inequalities (Lemma 3.1) give
H[XYmK(%)\—(az—al)m)]mon < H[)\(m-l-’)/)m”u — uj”Lp(G)}sz . (111)

eq q

for 0 < v < ag — ay. The left hand side of this inequality is the (quasi) norm for
(491 (G), A%2, (G)],/(as—a1).q» While the right hand side is the (quasi) norm for A3%"7(G).

P,q1 P,q2
For the other direction, we start with

lu—ujllz ) < llu—w; = villL e S lu—v=wjlL )+ llv-uilL,@c): (112)

where u € A7% (G) and u; € Sj are as before, and v € A2 (G), vj, w; € S; are arbitrary.

Note that the implicit constant depends only on p. Optimizing over v; and w; gives

i flu—v—wjl,@ < A= vl ) (113)
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and

; . —a2j o
min (0=l @ <X ol o) (114)

and substituting these back, we get

he =il S b (A= olagy o)+ A lolags, )

veAp2, (G) (115)
iy, A~la2—an)s).
The proof is completed upon recalling the definition of | - | Az (G)- O

3.4 Adaptive approximation

In this subsection, we consider the approximation problem from adaptively generated La-

grange finite element spaces. We study various approximation classes associated to the

finite element spaces Sp, cf. (52). In Binev et al. (2002); Gaspoz and Morin (2013),
(07

among other things, it is proved that B (Q) — /3 (L,(2)) with s = %, as long as
>+ % - % >0 and 0 < @ < m + max{l, %} In the other direction, the same references
give &7 (L,(Q)) — Ag () for s = & = % — % >0and 0 < p,q < 0.

Below we complement these results by establishing direct embeddings of the form
Ag(Q) — 3 (L,(Q)). This is a genuine improvement, since Ay () 2 By, () for
a > 1+ L Moreover, it seems natural to relate adaptive approximation to multilevel
approximation first, and then bring in the relationships between multilevel approximation
and Besov spaces. We also remark that while the existing results are only for the newest
vertex bisection procedure and conforming triangulations, we deal with possibly noncon-
forming triangulations, and therefore are able to handle the red refinement procedure, as

well as newest vertex bisections without the conformity requirement.

Theorem 3.8. Let 0 < ¢ < p < oo and a > 0 satisfy & + % — % >0 and q < co. Then for
any 0 < po < q (Recall that Qp depends on po), we have

||u—@pu||Lp<m,s(Zrﬂp‘*ruwaq(ﬂ), ueAg, (@), Pez,  (116)

TeP

_«a 1 ; «a s ; _
where § = &+ o — +. In particular, we have Ag () — &/*(L,(Q)) with s = .

1
7
Proof. We have the sub-additivity property

Zk: ||UH?43c’q(pk(Tk)) N HuH?q?’q(Q)a (117)

for 0 < ¢ < oo and for any finite sequences {P;} C & and {71}, with 7, € Py and {7}
non-overlapping. Recall that 7 = P(7) is the support extension of 7, as defined in (56).
Therefore the estimate (116) would imply the second statement by Theorem 2.2.
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We shall prove (116). Every element 7 € P of any partition P € & is an element
of a unique P;, with the number j counting how many refinements one needs in order to
arrive at 7. We call j the generation or the level of T, and write j = [r]. We will also need
j(r) = min{[o] : 0 € P, 0 C 7}. Note that |7| ~ A7) ~ A\=(7) and Simlz € Splz. By
invoking (75), we infer

le = Qrull} g = D llu = Qrully ;) S > inf llu vl ¢

TeP , TeP (118)
<y - wim) L, )
TEP
where u; € S; (j > 0) is an approximation (that may depend on 7) satisfying
lu—ujllz, 7 < cE(u, S5)1, ()5 (119)

with some constant ¢ > 1. The same is true for p = co with obvious modifications. For an
individual term in the right hand side, with p* = min{1, p}, we have

00 oo
« * 1_1 inp* *
le = w0y S D2 Nugwn = wslly oy S 50 N ujsa =il
]:;O(T) J=j(7) (120)
< (l*l)jnp* . p*
S Z AP [ uillz, ()

j=3(r)
where we have estimated u — u;(;) as a telescoping sum in the first step, and used the
estimate /\j"/pHvHLp(;) ~ )\jn/quHLq(ﬂ for v € Sj41 in the second step. We continue by

noting the relation % — % = 2 — 4, which yields

o0
p* —jénp* \ jap* p*
= i) I oy S D0 AN

3=3(7)
e N e . 121
< \~d(m)anp .Z()AJ P HU—UjHiq(f) (121)
J=i(r

< 7|9 | |P”
< 7l ‘u|AS‘,p* (7)’
by (119). This establishes the theorem for ¢ < 1, in which case we have Ag (7) — Ag (7).
If ¢ > 1, choose 0 < a1 < a < ag Satisfyinga:%and&:%—i—%—% > 0 for
(7)
P

i = 1,2. Moreover, we put u; = Uy where ng) : Ly (7) = Sj|+ is the quasi-interpolation

operator defined in (62), with 7 playing the role of 2. Then Lemma 3.2 guarantees the
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property (119) with ¢ depending only on global geometric properties of &2. In particular,
¢ is bounded independently of 7. Thus (121) gives

05
lw = wjin | Les) S 171 \u!A;il(f), (122)

for ¢ = 1,2. Since the operators ng_) are linear, so is the map u — u — u
interpolation and Theorem 3.7 yield

j(r), and hence

) < |7-‘(51+52)/2

5 5
llu = wjir)llLe (s [ulpacy (3,492 (9], 0, S 1T NUlag 0 S |71 ulag ), (123)

with the implicit constants depending only on global geometric properties of & and on the
indices of the spaces involved. This completes the proof. ]

Adq A

a9

o
1 l 1
q P q
(a) If the space Ag, is located above the (b) If the space A7, is located above the
solid line, we have AZ C «/°(L,) with solid line, we have A7 | C &7/° (A,‘Z,p) with
S = g. S = Ozn;o'

Fig. 4: Hlustration of Theorem 3.8 and Theorem 3.9.

Now we look at adaptive approximation in the space A7 (€2). Recall from Gaspoz and

Morin (2013) that «7(A7 ,(2)) — AZ,(Q) for s = “-2 = é - % >0and 0 <p,q < oo.

Theorem 3.9. Let 0 < g < p < oo, and a,0 > 0 satisfy O‘—;U—i—%— % > 0 and ¢ < .
Then for any 0 < pg < q, we have

P
uu—@pmugm(ms(ZT|p5\u|pgq(f)> L uwedl@), Per.  (124)

TeP

; _ a—0o 1 ; et s( A0 ; _ a—0o
with 0 = <22 + - . In particular, we have Ag (2) — /*(A7 (Q)) with s = “-2.

1
q
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Proof. With v =u — Qpu and Qj = ij, we have

P
lollag,@ < | SN0 = @il o | = | S No =@l ) |+ (125)

>0 r€P j>0

with the usual modification for p = co. Let j(7) = max{[o]: 0 € P, o C 7} for 7 € P, as
in the preceding proof, with [o] denoting the generation number (or the level) of o. Then
for 7 € P and j > j(7) we have Sp|; C 5|7, and hence

Qj(u—Qpu) = Qju—Qpu onr, (126)

by the linearity property (73). This implies that v — ij =u-— qu on 7, for all j > j(7).
Now, proceeding exactly as in the preceding proof, with p* = min{1, p}, we infer

o0 o
~ * ~ ~ * 1_1 k * ~ ~ *
lu— Qjull? ) < kz |Qrw = Quallf, ) S kz AT O u = Quall?,
=j =j
o (1 l)k, * ~ * (127)
=—=)kn,
S Ava TP |u — QkUHZ]iq(T)-
k=j
Then the discrete Hardy inequality yields
- ~ i 1_1y ~
> N = Qpul ) S D0 AN fu— Q)
J>3(7) k>j(T)
oo
bnailr -
<A nqj(T) Z )\kaqHu_QkuH%q(T) (128)
k=j(T)
< 104,19
Sl ‘U‘Ag’q(ﬂ,
where we have taken into account the relation 2 + % — % = & — 0. Notice that the

discrete Hardy inequality made the use of interpolation unnecessary, to compare the present
arguments with the proof of the preceding theorem. This takes care of one of the sums (or
maximums) when we split the sum in the right hand side of (125) into two sums according
to j < j(7) or j > j(7). We rewrite the other sum (or maximum) as

D=
Sl

DD N -Qely o] =X X NIl - Q)

TeP {j<j(m)} 720 {reP:j(r)>j} (129)

3=

o DI ERe A

Jj=0
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where Q; = |J{r € P : j(r) > j}. Note that Q; D Q? with Q? =U{r e P:[r] >j}
and that Qg consists of triangles from P;, in the sense that there is R? C P; such that
Qg-) =U{r e R?} up to a zero measure set. The triangles 7 € P with 7 ¢ Q? are at the
level j or less, and hence there is R; C P; such that Q; = [J{7 € R;} up to a zero measure
set. Now, by the stability property (74), we get

lo = Qj0llz, 0, S lvlle, @) + 1@z, @) S V11, (@) (130)

where Q; = J{r € P; : 7TNQ; # @}. Obviously, Q; is a subset of Q; = {reP:7TNQ; #
@}, that can also be described as Q; = U{r € P:j3(r) > j}, with j2(1) = max{j(o) :
o€ P, agnNT# @} for T € P. All this yields

1 1
P P
22 N7e=Qnl o] S| 2 N7llu—Qeull]
reP {j<j(r)} TeP {j<j2(r)} (131)
1
5 P
< (Z |T|ap/n||u_QPu||§p(T)> :
TEP

where we have taken into account the geometric growth of AP in j, and the fact that
M) |7|*/™. Then once we recall from the proof of the preceding theorem that

lu = Qpullz, ) S 1717 [ulag, ) (132)

with §' = & + =0 — 7, the proof is complete. O

1_1
p q
3.5 Discontinuous piecewise polynomials

All that has been said on multilevel and adaptive approximation for continuous Lagrange
finite elements have analogues in the world of discontinuous polynomials subordinate to
triangulations. The theory is in fact much simpler due to the absence of the continuity
requirement across elements. Thus we will state here the relevant results and only sketch
or omit the proofs.

The notations &, {P;}, etc., will mean the same things as before. For P € &, let

Sp=5%={ve L (Q):v|, € PgVr € P}, (133)

where d is a nonnegative integer, and let S; = S p; for all j. Then with G C Q a do-
main consisting of elements from some Pj, we define the multilevel approximation spaces
A7 (1S}, G) by (92), with the sequence {S;} replacing {S;}. We will also use the short-
hand notations B B B

Ag,q(G) = g,q;d(G) = Ag,q({sj}’ G) (134)

The analogue of Theorem 3.5 is the following.



3 Lagrange finite elements 32

Theorem 3.10. We have B ;.4

; : Ao «
other direction, we have Ap,q;d(Q) = B a1

(Q) — f_lg‘,q;d(Q) for 0 < p,q < oo, and a > 0. In the
(Q) for 0 < p,q < o0, and0<a<%.

Note that due to the lack of continuity the inverse inclusion holds in a very small range
of indices. We also have the analogue of Theorem 3.7.

Theorem 3.11. Let 0 < a1 < ag < o0 and 0 < p,q,q1,q2 < co. Then we have

(4570 (G), A3, (G)log = A7, (G), (135)

p,q1 P,q2

for a = (1 — 0)ay + O and 0 < 0 < 1, with the equivalence constants of quasi-norms
depending only on the parameters o, a1, as, p, q, q1 and q2.

Finally, we want to record some results on adaptive approximation by discontinuous
polynomials subordinate to the partitions in &. Given 0 < p < 00, 0 € R, and P € &, we
define the norm

1
91 P
uunLg(@):(Zmnnun’;pm) L for we Ly(Q), (136)

TeEP

with the obvious modification for p = oo, and denote by Lz(Q) the space L, (€2) equipped
with this norm. Then we define the approximation class <7’ A(L5(€2)) exactly as /(L (Q2)),
by replacing S with S}é, and by using the distance function

p(1,0, P) = [lu = v oo, (137)
More precisely, recalling the definition (9), let

Dya(Ly(Q) = 7 (p, P, {SP}), (138)
with p given by (137). It is for later reference that we have introduced the mesh dependent
weight in the distance function. We write 7,(L,(Q)) = %‘fd(Lg(Q)).

We have the following direct embedding result.

Theorem 3.12. Let0<q§p§oo,a>0andGZOsatisfy%+%—%>0cmdq<oo,

with & + % —é = 0 allowed if @ > 0. Then we have A;q;d(ﬁ) — gf;i;d(Lg(Q)) with s = O‘T'H’.

Proof. Let u € L,(Q) and let P € &. Then with IIp the projection operator defined in
(71) with m := d, we have

1
P inf P " (130
S lel% it fu- ol ) - (39

TEP

1
@ P
o Tpul g0 = (Z o s — Hpuuipm> < (

TeEP
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Now proceeding exactly as in the proof of Theorem 3.8, we get

Op P
_ < o dp _
lu —pul[Lo0) S ( > |7l || |U|A‘;‘“,q;d(7—)> ; (140)
TEP
with § = & + % — %. Then an application of Theorem 2.2 finishes the proof. O
(0

.y

Fig. 5: Tllustration of Theorem 3.12 and Theorem 3.13. If the space flg"q is located above
or on the solid line, then flg‘,q C o S(Lg) with s = O‘T“'H. It is as if the approximation
is taking place in a space such as B, g, but instead of O‘T‘w > % — % (dashed line)
we have the condition & > % - ]% (solid line). On the other hand, the inverse
embedding takes the form ,52{:13 (Lg) N L, C A%, which holds on the part of the
dashed line with o > 0.

We close this section by stating an inverse embedding theorem (A proof can be found
in arXiv version 1 of the current paper).

Theorem 3.13. Let 0 < g < p <00, a,0 > 0, and let s = O‘Tw = Then we have

Fra(Ly(Q) N Ly(Q) C AZ ().

1_1
q p’

4 Second order elliptic problems

4.1 Introduction

In this section, we will apply the abstract theory of Section 2 to second order elliptic
boundary value problems. As far as the domain € and the family of triangulations & are
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concerned, we will keep the setting of the previous section intact. In particular, we fix
a refinement rule, which is either the newest vertex bisection or the red refinement, and
assume that the family & satisfies the admissibility criterion (53).

Let I' C 09 be an open piece (or the whole) of the boundary, consisting of faces of
the initial triangulation Py. For P € &, the space Sp will be the Lagrange finite element
space of continuous piecewise polynomials of degree not exceeding m, with the homogeneous
Dirichlet condition on I'. We also define H{(R™) as the closure of Z(R"\T') in H*(R"), and
H} = HL(Q) as the restriction of functions from H{(R™) to Q. Note that Sp = HE: N S%.

The operator T is given as

Tu = —a;;0;05u + bpOpu + cu, (141)

where the repeated indices are summed over. The coefficients a;; are Lipschitz continuous,
and by, c € Lo (£2). The problem we consider is to find u € H{ satisfying

(Tu,v) = (f,v), for all v € H}. (142)

Here (-,-) is the duality pairing between (H)" and Hf, and f € Ly(Q) — (HE) is given.
This is of course the variational formulation of the mixed Dirichlet-Neumann problem with
the homogenous Dirichlet data on I'. We will also denote by T': H} — (H{)' the operator
defined in (142).

Given an n-simplex 7, let us denote by E, the union of the (n — 1)-dimensional open
faces of 7. In other words, E; is the boundary of 7 with all but the (n — 1)-dimensional
faces removed. Then for P € &2, let

Ep={E,NE,N(Q\D):7,0c P}, (143)

be the set of faces not intersecting the Dirichlet piece I'. Note that if P is nonconforming,
then only the faces of the “smaller” simplices go into Ep. Given P € &2, u € T~1(L,()),
and v € Sp, define the element residual r = (Tu — Tv)|, for T € P, and the edge residual
re € Ly(e) for e € Ep as the jump of the normal component of the vector field a;;0;v across
the edge e. Finally, we define the a posteriori error estimator

(w0, P)? = B2lrellF )+ D hellrellZ, - (144)

TEP QEEP

A typical adaptive finite element method that uses (144) as its error indicator converges
optimally with respect to the approximation classes 27°(n), in the sense that if the solution
u of the problem (142) satisfies u € «7°(n) for some s > 0, then the adaptive method
reduces the quantity n(u,up, P) with the rate s, where up is the Galerkin approximation
of u from Sp, cf. Feischl, Fiihrer, and Praetorius (2014). Moreover, it is well known that
the estimator (144) is equivalent to the total error

(pa(u, v, P))* = |lu — vll3: + (osca(u, v, P))?, (145)



4 Second order elliptic problems 35

when v = up and for any fixed d > m — 2, where the oscillation is defined as

(osca(u, v, P))? = Y BII(L =T )rellF oy + Y hell (1= He)rellf o (146)

TeP ecFEp

with II; @ Ly(7) — P4 and II. : Ly(e) — Pg41 being Ly-orthogonal projections onto
polynomial spaces, see e.g., Nochetto, Siebert, and Veeser (2009). Optimality of adaptive
finite element methods with respect to the approximation classes «7*(py) has also been
proved, cf. Cascon et al. (2008). Ideally, one would like to have optimality with respect
to the classes & S(Hll) that correspond to the energy error. In particular, it is conceivable
that for certain functions u, the energy error |u —up||g1 decays faster than the oscillation
oscq(u, up, P), so that the class «/*(HL) is strictly larger than both «7%(pg) and /*(n).
However, if the error estimator (144) is the only source of information used by the algorithm
in its stopping criterion (or in the marking of triangles for refinement), then it is clear that
one has to reduce the oscillation anyway. It appears therefore that the approximation
classes @7%(py) and «7%(n) are completely natural from the perspective of adaptive finite
element methods.

4.2 A characterization of adaptive approximation classes

In this subsection, we give necessary and sufficient conditions for u € H{ to be in 7%(py).
These conditions will be in terms of memberships of v and T'u into suitable approximation
classes, which, in light of the preceding section, are related to Besov spaces. The coefficients
of T are required to satisfy conditions of the form g € &% a,/(L‘9 (Q)), where the latter space
is defined in (138), and again these spaces can be cast in terms of Besov spaces with the
help of Theorem 3.12 and Theorem 3.10.

Theorem 4.1. Let s > 0 and let d > m — 2. Assume that a;; € 2 ord2—m(Loo(€2)),
bi € 3, 11— m(L3.(Q)), and ¢ € M;;d_m(Lgo(Q)). Then we have

*(pa) = o (Hp) N T~ (4( L3 ()))- (147)

The proof of this theorem will be given below in Lemma 4.3 and Lemma 4.5. Before
proving those lemmata, let us make a few points on the conditions of the theorem.

First, recall from Theorem 3.12 that A;q;d(Q) C d(LZ(Q)) for 0 = sn — 1 and
0< % — 3 < 2, and from Theorem 3.10 that BZ () C Aq,q;d(Q) for o < d + max{1, %}

Second, while the approximation classes .«7*(H{) are associated to the finite element
spaces Sp = H% NSPE, the approximation classes we considered in the preceding section are
associated to the spaces S with no boundary conditions. In view of applying Theorem 3.9
and Theorem 3.5, we need the latter type of approximation classes. The following lemma
provides a link between the two types.
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Lemma 4.2. For s > 0 we have
o/*(Hp) = o/*(H', 2, {Hp N SPY) = Hp N.o/°(45,(Q), 2, {SP}). (148)
In particular, we have Hi N A% (Q) C «/*(H}) for a = sn+1 and % < s+ 3.

Proof. Let u € HY, and let up € HE N ST be the Scott-Zhang interpolator of u adapted
to the Dirichlet boundary condition on I', c¢f. Scott and Zhang (1990). We have

inf U — v < lu—u < inf |lu—wv 149
veHANSP | lm@ <l Pl < oo I 11 (02) (149)

by standard properties of the Scott-Zhang interpolator. Since H! = B%,Z = A%Q by Theo-
rem 3.5, this implies (148). Then the second assertion of the theorem follows from a direct
application of Theorem 3.9. O

The inclusion &*(H{) NT (72 ,(LA(Q))) C 7%(p4) of Theorem 4.1 is a consequence
of the following lemma.

Lemma 4.3. Foru € H% and P € &, there exists v € Sp such that
pa(u,v, P)* < E(u, Sp)?{l(m + E(Tu, S’flg)%%(m

o o - (150)
+ (E(“iﬁsflvﬂ "+ B SETTE (o) + Ele, Sp m)ig(m) Jult (q)-

Proof. We take v to be the Scott-Zhang interpolator of u adapted to the Dirichlet boundary
condition on T, ¢f. Scott and Zhang (1990). We have

lu = vl S inf flu—wlm, (151)
wESp

for all P € &. It remains to bound the oscillation term.

First, let us consider the special case where the coefficients of 1" are piecewise poly-
nomials subordinate to P. More specifically, assume that aij|; € Pgiro—m, bilr € Pari—m,
and c|; € Py, for each 7 € P. In this case, the oscillations associated to edges vanish,
because the edge residuals r. are polynomials of degree not exceeding d+1. For the element
residuals, with the shorthand f = Tu, we have

(1 =TL)(f = T)ll Ly < 1A =T) fllz, ) + 12 = )0 2, (), (152)

and the last term is zero because Tv € Py. The remaining term gives rise to

SR~ T AI ) = BU 5B 0. (153)
TeEP

which yields the desired result.
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In the general case, the edge residuals and the terms 7|, can be nonpolynomial. Let
us treat Tw|, = —a;;0;0;v + bi,Oxv + cv term by term. We have

(1 —1IIr)ai;0;,05v = (1 — IL-)(ai; — @ij)9;0;v, aij € Paro—m, (154)
which implies
(1 = 117)ai;005v]| L, (r) = [[(aij — @i;)0:0;v|| L) < llai; — @illL () 0050 L, ),  (155)

for any a;; € Pyy2_r,. Now we think of a;; as a function in S'jl;+2_m that approximates a;;
in each element 7 € P with the best L (7)-error. As a result, we get

Z h2(|(1 I17)a;;0;0; UHL o(7) < Z h2||aw aZ]HL )||aiajv||%2(7)
Tep TEP
< Eaij, S5 ) D Wz 10:0;07 iy (156)
TEP
S Blay, SE25™2 0 IV0l2 o

where we have used an inverse inequality in the last step. In light of the H!-stability of
the Scott-Zhang projector, this is one of the terms in the right hand side of (150).

Similarly, let ¢ be a function in S’j‘f,_m that approximates ¢ in each element 7 € P with
the best L (7)-error. Then we have

(1-I;)cv =(1-1I;)(c—¢)v=(1-1I;)(c—¢)(v — D), (157)
in each 7 € P, where ¥ is the average of v over 7. This yields

D R -Tevl? oy < D RElle—allf o~ il

TeP TEP

S Zhf—HC—5||%OO(T)HVU||%2(T) (158)
TEP

< E(e, S?D_m)%go(g) HVUH%Q(Q)

where we have used the Poincaré inequality in the second line. Estimation of the term
involving b;0;v is more straightforward, which we omit.
As for the edge oscillations, let 7 € P, and let e be an edge of 7. Then we have

[(1 = Ile)aijOjvll L, ey = I(1 — He)(aij — @ij)0jvl[ L, (e)
< [[(aij — @iz)05v| 1, (e) .
< laij — @il n o)ll05v | L,
_1
S he *laij — @il () IVllL, )

for any a;; € Pgi2-—p,, which shows that the contribution of the edge oscillations to the
final estimate (150) is identical to that of (156). O
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Remark 4.4. By using the fact that the Scott-Zhang projector is bounded in H!(Q) for
t < 2, we could have introduced extra powers of h; or h, into the estimates (156), (157),
and (159). This means that the regularity conditions on the coefficients a;;, by, and ¢ in
Theorem 4.1 can be relaxed slightly, if the conclusion of the theorem is to be changed to

</ *(HE) N HY Q) N T~ N2 4 (L3())) C &*(pa) with 1 <t < 3.
Lemma 4.5. For any u € H%, Pe % andv € Sp, we have
E(Twu, 5‘%)%5(9) + flu— Uqul(Q) < pa(u,v, P)?

o B (160)
+ (E(CLij,S}d;r2 m)%m(ﬂ) + E(b SdJrl m) ( )"‘ E(C S )LQ (Q)) |U‘H1

In particular, under the hypotheses of Theorem 4.1, we have the inclusion <7*(pg) C
o *(Hp) VT3, 4(L3(Q))).

Proof. All the ingredients for establishing the estimate (160) is already given in the proof
of the preceding lemma. Namely, we start with the bound

(oscalu, v, )2 3R =T Tul} ) + 30 B2 = TL)Tol3
TeP TEP (161)
+ Z hel|(1 TEHL
ecEp

and use the estimates (156), (157), and (159), etc., on the last two terms to get (160).
As for the second assertion, let {P;} C &2 and {vi} be two sequences with v € Sp,
such that #P, < 2F and pg(u,vg, Pr) < 275, Then since ||u — vl < pa(u, vg, Pr),
we have ||vg|lg1 S ||ullgr. Hence, by employing overlay of partitions, without loss of
generality, we can suppose that the right hand side of (160) with P = P and v = vy, is
bounded by a constant multiple of 27%¢. Looking at the left hand side then reveals that

Tu € M;;d(L%(Q)) and u € &/°(HY). O
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