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; . of particular questions like the avoidance of (discrete) lower bounds, inexact solvers,
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inhomogeneous boundary data, or the use of equivalent error estimators. Solely four
axioms guarantee the optimality in terms of the error estimators.

Compared to the state of the art in the temporary literature, the improvements of this
article can be summarized as follows: First, a general framework is presented which covers
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A posteriori error estimators the existing literature on optimality of adaptive schemes. The abstract analysis covers
Local mesh-refinement linear as well as nonlinear problems and is independent of the underlying finite element or
Optimal convergence rates boundary element method. Second, efficiency of the error estimator is neither needed to
Iterative solvers prove convergence nor quasi-optimal convergence behavior of the error estimator. In this

paper, efficiency exclusively characterizes the approximation classes involved in terms of
the best-approximation error and data resolution and so the upper bound on the optimal
marking parameters does not depend on the efficiency constant. Third, some general quasi-
Galerkin orthogonality is not only sufficient, but also necessary for the R-linear convergence
of the error estimator, which is a fundamental ingredient in the current quasi-optimality
analysis due to Stevenson 2007. Finally, the general analysis allows for equivalent error
estimators and inexact solvers as well as different non-homogeneous and mixed boundary
conditions.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction & outline
1.1. State of the art

The impact of adaptive mesh-refinement in computational partial differential equations (PDEs) cannot be overestimated.
Several books in the area provide sufficient evidence of the success in many practical applications in computational sciences
and engineering. Related books from the mathematical literature, e.g., [1-5] provide many a posteriori error estimators
which compete in [6,7], and overview articles [8-10] outline an abstract framework for their derivation.

This article contributes to the theory of optimality of adaptive algorithms in the spirit of [11-18] for conforming finite
element methods (FEMs) and exploits the overall mathematics for nonstandard FEMs like nonconforming methods [ 19-27]
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and mixed formulations [28-31] as well as boundary element methods (BEMs) [32-36] and possibly non-homogeneous or
mixed boundary conditions [37-39].

Four main arguments compose the set of axioms and identify necessary conditions for optimal convergence of adaptive
mesh-refining algorithms. This abstract framework answers questions like: What is the state-of-the-art technique for the
design of an optimal adaptive mesh-refining strategy, and which ingredients are really necessary to guarantee quasi-optimal
rates? The overall format of the adaptive algorithm follows the standard loop

=

in the spirit of the pioneering works [40,41]. This is the most popular version of adaptive FEM and BEM in practice. While
earlier works [42-44] which faced an abstract framework for adaptivity were only concerned with convergence of adaptive
conforming FEM, the present article provides a problem and discretization independent framework for convergence
and quasi-optimal rates of adaptive algorithms. In particular, this includes adaptive FEM and BEM with conforming,
nonconforming, as well as mixed methods.

1.2. Contributions of this work

The contributions in this paper have the flavor of a survey and a general description in the first half comprising
Sections 2-6, although the strategy is different from the main stream of, e.g., [14-17] and the overview articles like [45,46]:
The efficiency is not used and data approximation terms do no enter in the beginning. Instead, the optimality is firstly proved
in terms of the a posteriori error estimators. This approach of [18,39] appears natural as the algorithm only concerns the
estimator rather than the unknown error. Efficiency solely enters in a second step, where this first notion of optimality is
shown to be equivalent to optimality in terms of nonlinear approximation classes which include best approximation error
plus data approximation terms [15]. In our opinion, this strategy enjoys the following advantages (a)-(b):

(a) Unlike [14-17], the upper bound for adaptivity parameters which guarantee quasi-optimal convergence rates, is
independent of the efficiency constant. Such an observation might be a first step to the mathematical understanding of
the empirical observation that each adaptivity parameter 0 < 6 < 0.5 yields optimal convergence rates in the asymptotic
regime.

(b) Besides boundary element methods, see e.g. [32,33,47,48], there might be other (nonlinear) problems, where an
optimal efficiency estimate is unknown or cannot even be expected. Then, our approach guarantees at least that the adaptive
strategy will lead to the best possible convergence behavior with respect to the computationally available a posteriori error
estimator.

The first half of this paper discusses a small set of rather general axioms (A1)-(A4) and therefore involves several
simplifying restrictions such as an exact solver. Although the axioms are motivated from the literature on adaptive FEM
for linear problems and constitute the main ingredients for any optimality proof in literature so far, we are able to show
that this minimal set of four axioms is sufficient to prove optimality. Moreover, linear convergence of the scheme is even
characterized in terms of a novel quasi-orthogonality axiom (see Section 4.4). Finally, optimality of the marking criterion is
essentially equivalent to the discrete reliability axiom (see Section 4.5). Therefore, two of these four axioms even turn out
to be necessary. Unlike the overview articles [45,46], the analysis is not bound to a particular model problem, but applies
to any problem within the framework of Section 2 and therefore sheds new light onto the theory of adaptive algorithms. In
Section 5, these axioms are met for different formulations of the Poisson model problem and allow to reproduce and even
improve the state-of-the-art results from the literature for conforming AFEM [14,15], nonconforming AFEM [20,22,25,28],
mixed AFEM [19,29,31], and ABEM for weakly-singular [32-35] and hyper-singular integral equations [33,36]. Moreover,
further examples from Section 6 show that our frame also covers conforming AFEM for non-symmetric problems [17,18,49],
linear elasticity [30,50,51], and different formulations of the Stokes problem [50-55]. We thus provide a general framework
of four axioms that unifies the diversity of the quasi-optimality analysis from the literature. Given any adaptive scheme that
fits into the above frame, the validity of those four axioms guarantee optimal convergence behavior independently of the
concrete setup.

To illustrate the extensions and applicability of our axioms of adaptivity (A1)-(A4), the second half of this paper treats
further advanced topics and contributes with new mathematical insight in the striking performance of adaptive schemes.

First, Section 7 generalizes [21] and analyzes the influence of inexact solvers, which are important for iterative solvers,
especially for nonlinear problems. This also gives a mathematically satisfactory explanation of the stability of adaptive
schemes against computational noise as e.g. rounding errors in computer arithmetics.

Second, the historic development of adaptive algorithms focused on residual-based a posteriori error estimators, but all
kinds of locally equivalent a posteriori error estimators can be exploited as refinement indicators as well. Section 8 provides
the means to show optimal convergence behavior even in this case and extends [16] which is restricted to a patch-wise
marking strategy with unnecessary refinements. The refined analysis in this paper is essentially based on a novel equivalent
mesh-size function. It provides a mathematical background for the standard AFEM algorithm with facet-based and/or non-
residual error estimators. To illustrate the analysis from Section 8, Section 9 provides several examples with facet-based
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formulations of the residual estimators as well as non-residual error estimators like the ZZ-estimator in the frame of the
Poisson model problem.

Third, only few is known about optimal convergence behavior of adaptive FEM in the frame of nonlinear problems. To the
authors’ best knowledge, the following works provide all results available and analyze adaptive lowest-order Courant finite
elements for three particular situations: The work [56] considers the p-Laplacian, while [18,57] consider model problems in
the frame of strongly-monotone operators, AFEM for eigenvalue problems is analyzed in [58-61]. In Section 10, the abstract
framework of Sections 4 and 8 is used to reproduce these results. As for the linear problems considered and unlike [56,57],
efficiency is only used to characterize the approximation class, but avoided for the quasi-optimality analysis.

Finally, the development of adaptive algorithms focused on homogeneous Dirichlet problems. Section 11 considers
inhomogeneous boundary conditions of mixed Dirichlet-Neumann-Robin type. In particular, the issue of inhomogeneous
Dirichlet data, at a first glance regarded as a minor technical detail, introduces severe technical difficulties arising from
the additional approximation of the non-homogeneous Dirichlet data in the fractional-order trace space H'/?. While a first
convergence result for 2D AFEM is already found in [37], quasi-optimal convergence rates have been derived only recently
in [38] for lowest-order elements in 2D and more general in [39]. The last work, however, proposes an artificial two-step
Dorfler marking, while the present refined analysis now provides optimal convergence behavior even in case of the common
adaptive loop and standard Dorfler marking. We refer to Section 11 for details.

1.3. Brief discussion of axioms

The abstract framework is independent of the precise application and its respective discretization. Let X be a vector space,
where u € X denotes the target to be approximated. This general assumption includes the cases where u is some (possibly
non-unique) solution of a variational equality or inequality. For any shape-regular triangulation 7 from some mesh-refining
algorithm, let X(77) be a discrete space, which may be nonconforming in the sense that (") is not necessarily a subspace
of X.Let U(7") € X(7) denote some discrete approximation returned by the numerical solver at hand. Finally, assume that
X U X(7) is equipped with some quasi-metric d [7; -, -]. In most applications this will either be a norm or a quasi-norm
in some suitable Banach space. Notice that uniqueness of continuous and discrete solution u resp. U(7") is not explicitly
assumed or required.

In this rather general setting, the local contributions

nr(7;-) : X(T)—>[0,00) forallT € T

of an a posteriori error estimator

1/2

n(T;V) = (Z nr (7 V)2> forall vV € X%(7)
TeT

serve as refinement indicators in the module MARK of the adaptive scheme. To single out the elements T for refinement of

the adaptively generated meshes 7y, the Dorfler marking strategy [11] determines a set M, C 7; of minimal cardinality

such that

0 (T UT)’ < Y nr(Te; U(T0)? (1.1)

TeMy

for some fixed bulk parameter 0 < 6 < 1. The following four axioms are sufficient for optimal convergence. They are
formally defined in Section 3 below and outlined here for a convenient reading and overview.
The first axiom (A1) asserts stability on non-refined elements in the sense that

1/2 1/2
(Z (T Vf) - (Z (T vf) < Caap [TV, V] (A1)

Tes Tes

holds for any subset § C 7 N 7 of non-refined element domains, for all admissible refinements 7 T ofa triangulation 7, and
for all corresponding discrete functions V € X(7) and Vex (T ). In practice, this axiom is easily verified by the trlangle
inequality and appropriate inverse estimates.

The second axiom (A2) asserts a reduction property on refined elements in the sense that for some 0 < greq < 1

Y (T U@ < prea Y (T U@ + Cea d [T UT), UT)P (A2)

TeT\T TeT\T

holds for any admissible refinement 7 ofa triangulation 7 and their corresponding discrete approximations U (? ) and
U(7). Such an estimate is the contribution of [15] and follows from the observation that the contributions of the error
estimators are weighted by the local mesh-size which uniformly decreases on each refined element. Together with the
triangle inequality, an appropriate inverse estimate then proves (A2).
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The third axiom (A3) asserts an appropriate quasi-orthogonality which generalizes the Pythagoras theorem

d [u, U(Tep)]* + A [U(Teq1), U@ = d[u, UT)] (A3%)
met for conforming methods in a Hilbert space setting, where d [u, v] = ||u — v]||x stems from the Hilbert space norm

and d[-,-] = d[7; -, ] = d[Tey1; -, -]. The Pythagoras theorem (A3*) implies the quasi-orthogonality axiom (A3).
Our formulation generalizes the quasi-orthogonalities found in the literature [17,19,28,49], see Section 3.5. Moreover,
Proposition 4.10 below shows that (A3) is essentially equivalent to linear convergence of the adaptive algorithm. In
particular, we shall see below that our quasi-orthogonality axiom (A3) cannot be weakened further if one aims to follow the
state-of-the-art proofs of quasi-optimal convergence rates which go back to [14,15].

A common property of error estimators is reliability (1.2)

d[75u, U] = Gan(7; U(T)) (1.2)

for all triangulations 7 and the corresponding discrete solution U (7). As stated below, reliability is implied by the fourth
axiom (A4) and is therefore not an axiom itself.

With those three axioms (A1)-(A3) and reliability (1.2), the adaptive algorithm leads to linear convergence in the sense
of

N(Tek U(Te400)? < Coonv Py 1(Te3 U(T2))? forallk, £ € Ng := {0, 1,2, ...} (1.3)

and some constants 0 < pPcony < 1and Ceony > 0, cf. Theorem 4.1(i). Some short remarks are in order to stress the main
differences to the nowadays main stream literature. Unlike [ 15,16], we do not consider the quasi-error which is the weighted
sum of error plus error estimator. Unlike [14,17,49], we do not consider the total error which is the weighted sum of error
plus oscillations. The analysis of this paper avoids the use of any lower bound of the error, while [14,17,49] build on some
(even stronger) discrete local lower bound. Instead, we generalize and extend the approach of the recent work [ 18] and only
rely on the error estimator and the reliability estimate (1.2).

The final axiom (A4) asserts discrete reliability of the error estimator: For any admissible refinement 5 T ofa triangulation

7 and their respective discrete approximation U (J ) and U(77), we assume that

1/2

A[T; U@ U <Caa | Y, mr(@TU@N | (A4)
TeR(T.T)

where R(7, ") C 7 is a “small” superset of the set of refined elements,/i.e. T\ T C R(T, ’JC) and R(T, f) contains
up to a fixed multlpllcatlve constant the same number of elements as 7 \ 7. Such a property has first been shown in [14],
where R(T, 7 (‘) denotes 7\ T T plus one additional layer of elements. By means of this property, it is shown that the Dorfler
marking strategy used to single out the elements for refinement, is not only sufficient for linear convergence (1.3), but in
some sense even necessary. We refer to Proposition 4.12 below for a precise statement of this “equivalence”. Lemma 3.4
shows that discrete reliability (A4) implies reliability (1.2).

With the axioms (A1)-(A4), we prove in Theorem 4.1(ii) that the adaptive algorithm leads to the best possible algebraic
convergence order for the error estimator in the sense that

I, U le, = sup _inf  n(T;U(T)) (N +1)°

Nen IT1-170l<N
>~ sup n(7e; U(T) (17| — 1ol + 1)°
£eNg

for all s > 0. The use of N + 1 instead of N above is just a minor detail which avoids division by zero. By definition,
l(n(-), U())|ls, < oo means that an algebraic convergence n(7; U(7)) = @O(N~°) is theoretically possible if the optimal
meshes 7 with N elements are chosen. In explicit terms, this means that the adaptive algorithm will asymptotically regain
the best convergence rate and hence quasi-optimal meshes with respect to the error estimator 7(-).

To relate quasi-optimal estimator convergence with convergence rates of the error, we consider efficiency of the error
estimator in the sense that

Coaf (T3 U(T)) < d[T;u, UT)] + osc(T; U(T)) (1.4)

for all triangulations 7 and the corresponding discrete solution U (7). Here, osc(7; U(7")) denotes certain data oscillation
terms which are - for simple model problems - of higher order. By use of (1.4), the approximability | - |z, can equivalently be
formulated in the form of nonlinear approximation classes found e.g. in [15-17]. Details are given in Section 4.2. Moreover,
ifosc(7; U(7)) satisfies
losc()|lo, :==sup _inf osc(T; U(T))I(N +1)° < 0o
NeN [T |=IT0|=N

—lJol=
and the error is quasi-monotone, the approximability || - ||, can be related to

[, UC)lag :=sup _inf d[T;u, UGN+ 1),
NeN |T|=190|=N
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which characterizes the discretization error only. Theorem 4.5 then states

d [T; u, U(T0)]
I, UC) llas + llosc(H oy = sup ———— — + llosc()llo, (1.5)
teny (|Te] — [Tol + 1)
and proves that the adaptive algorithm will asymptotically recover the best optimal convergence rate and hence quasi-
optimal meshes with respect to the discretization error. In particular, the adaptive scheme then performs as good as or even
better than any other adaptive mesh-refining scheme based on the same mesh-refinement.

1.4. Outline

The remaining parts of this paper are organized as follows.

e Section 2 introduces the abstract setting and specifies the assumptions posed on the continuous space X and on the
discrete space X (7). Moreover, the adaptive algorithm is formally stated, and admissible mesh-refinement strategies are
discussed.

e Section 3 starts with the precise statement of the four axioms (A1)-(A4) required and analyzes relations between those.
The short historical overview emphasizes where the respective axioms have appeared first in the literature.

e Section 4 states and proves the main theorem on convergence and quasi-optimal rates of the adaptive algorithm in the
abstract framework.

e Section 5 exemplifies the abstract theory for different discretizations of the Laplace model problem. We consider
conforming FEM (Section 5.1), nonconforming FEM (Section 5.2), and mixed FEM (Section 5.3), as well as conforming BEM
for weakly-singular integral equations (Section 5.4) and hyper-singular integral equations (Section 5.5).

e Section 6 considers further examples from the frame of second-order elliptic PDEs. Besides conforming FEM for non-
symmetric PDEs (Section 6.1), we consider nonconforming and mixed FEM for the Stokes system (Sections 6.2 and 6.3) as
well as mixed FEM for the Lamé system for linear elasticity (Section 6.4).

e Section 7 extends the abstract framework to include inexact solvers into the analysis.

e Section 8 further extends the analysis to cover a posteriori error estimators which are not weighted by the local mesh-
size h, but are locally equivalent to an error estimator which satisfies (A1)-(A4). A prominent example of this estimator class
are recovery-based error estimators (Section 9.4) for FEM which are occasionally also called ZZ-estimators after Zienkiewicz
and Zhu [62]. For these estimators, the reduction property (A2) can hardly be proved. Still, one can prove convergence even
with quasi-optimal convergence rates. The technical heart of the matter is a novel mesh-width function which is pointwise
equivalent to the usual local mesh-width, but contractive on the entire patch of a refined element (Proposition 8.6).

e Section 9 provides several examples for locally equivalent FEM error estimators for the Poisson model problem. This
includes facet-based formulations of the residual error estimator (Section 9.3) as well as recovery-based error estimators
(Section 9.4).

e Section 10 applies the abstract analysis to nonlinear FEM model problems. We consider adaptive FEM for strongly
monotone operators (Section 10), the p-Laplace problem (Section 10.2), and an elliptic eigenvalue problem (Section 10.3).

e The final Section 11 aims to analyze non-homogeneous boundary conditions in adaptive FEM computations. As
model problem serves the Laplace equation with mixed Dirichlet-Neumann-Robin boundary conditions. Emphasis is on
inhomogeneous Dirichlet conditions, where an additional discretization is required, since discrete functions cannot satisfy
continuous Dirichlet conditions. Our analysis generalizes and improves the recent works [38,39].

1.5. Notation

Some practical guide to the notation concludes this introduction. Lower case letters denote quantities on the continuous
level like the solution u, while upper case letters denote their discrete counterparts usually labeled with respect to the
triangulation at hand like the discrete approximation U (7).

The symbol | - | has multiple meanings which, however, cannot lead to ambiguities. For vectors and scalars, |x| denotes
the Euclidean length. For finite sets M, |M| denotes the number of elements. Finally, for subsets and elements T C R, |T|
denotes either the d-dimensional Lebesgue measure or the (d — 1)-dimensional surface measure. This will be clear from the
context.

Throughout all statements, all constants as well as their dependences are explicitly given. In proofs, we may abbreviate
notation by use of the symbol < which indicates < up to some multiplicative constant which is clear from the context.
Moreover, the symbol =~ states that both estimates < as well as > hold.

Finally, the symbols C > 0 and y > 0 denote positive constants, while 0 < p < 1 denote contraction constants. To
improve readability, the most important constants as well as their respective first appearances are collected in Tables 1 and 2.

2. Abstract setting

This section is devoted to the definition of the problem and the precise statement of the adaptive algorithm.
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Table 1

Important constants C > 0 and their first appearance in the manuscript.
Name First appearance Name  First appearance
Ca Section 2.2 ELBB Eq.(7.4)
Cinin Remark 2.3 Crel Eq.(7.16)
Cmeshs Csons ¥ Section 2.4-2.5 G Theorem 7.3
Cstab» Cred Section 3.1 G Eq.(8.2)
Coscs Carel Section 3.1 Cg,Cg  Section 8.2
Cref, Cqo Section 3.1 Cio Eq. (8.8)
Cinon Eq.(3.8) Cny Eq.(8.9)
Ceéa Eq.(3.9) C2 Eq.(8.10)
G, G Section 3.5 Ctab Eq. (B1)
Copt» Conv Theorems 4.1, 7.2, 8.4 Ci3 Proposition 8.6
Cemon Theorem 4.5 Cia Eq.(8.21)
Capx Proposition 4.6 Cis Lemma 8.7
Cest Lemma 4.7 Craylor  Eq.(10.9)
C3, C4, G5 Lemma 4.9 Coyth Eq.(11.6)
G Lemma 4.14

Table 2

Important contraction constants 0 < p < 1and
their first appearance in the manuscript.

Name First appearance

Pred> €qo Section 3.1

Pest Lemma 4.7

1 Lemma 4.9

Pconv Theorems 4.1, 7.2, 8.4
Ph Proposition 8.6

2.1. Adaptive approximation problem

Suppose that X is a vector space. Based on some initial triangulation 7y, let T denote the set of all admissible refinements
of 7 as described in Section 2.4. Each 7 € T induces a finite dimensional space X (7). Suppose the existence of a numerical
solver

U(G): T — X() (2.1)
which provides some discrete approximation U(7") € X(7) of some (unknown) limit
ueXx. (2.2)

For adaptive error estimation, each element domain T € 7 admits a computable refinement indicator
nr(7; ) @ X(T) — [0, 00)
which specifies the global error estimator

N(T:V)? =Y (T V)? forallV e X(7). (2.3)
TeT

2.2. Error measure and the further approximation property

We assume that X U X(77) is equipped with some error measure d [T; -, -] which satisfies the following properties for
allv, w,y € X U X(7) and some universal constant C, > 0, namely
e (non-negativity) d [7; v, w] > 0;
o (quasi-symmetry) d [T; v, wJ <Cyp d[T; w,v];
e (quasi-triangle inequality) C,- A [T;v,y] < d[T; v, w]+ d[T; w,y]l.

Suppose the following compatibility condition: For any refinement TofT, d [‘f; -, -] is even well-defined on X U X(77) U
X(T) with d[T;v,V] = d[T;v,V]forallv € X and V € X(T). Suppose that each mesh 7 € T allows for the further
approximation property of u € X in the sense that for all ¢ > 0, there exists a refinement 7 € T of 7 such that

Ad[T;u,UT)] <e. (2.4)

Remark 2.1. In many applications, (2.4) holds for a sufficiently fine uniform refinement 7 of 7 and follows from a priori
estimates for smooth functions and density arguments.
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2.3. Adaptive algorithm
Under the assumptions of Section 2.1, the general adaptive algorithm reads as follows.
Algorithm 2.2. INpPUT: Initial triangulation 7 and bulk parameter 0 < 6 < 1.

Loop: For £ =0, 1, 2, ... do (i)-(iv).

(i) Compute discrete approximation U (7).
(ii) Compute refinement indicators nr(7y; U(Ty)) forall T € 75.
(iii) Determine set M, C 7 of (almost) minimal cardinality such that

O (T U(T)* < Y nr(Te: U™ (2.5)
TeMy
(iv) Refine (at least) the marked elements T € .M, to generate triangulation 7. ;.
OurtpuT: Discrete approximations U(7;) and error estimators 1n(7;; U(Jy)) for all £ € Ny.
Remark 2.3. Suppose that 8, C 7 is some (not necessarily unique) set of minimal cardinality which satisfies the Dorfler

marking criterion (2.5). In step (iii) the phrase almost minimal cardinality means that |My| < Cujinl|8¢| with some ¢-
independent constant Cy, > 1.

Remark 2.4. Agreedy algorithm for (2.5), sorts the elements 7 = {T1, ..., Ty} suchthatnr, (7¢; U(T7)) > nr, (T¢; U(Te)) >

- > nry (7¢; U(T7)) and takes the minimal 1 < J < N such that 05, (7;; U(77))? < ZL] n1:(7¢; U(T7))%. This results in
logarithmic-linear growth of the complexity. The relaxation to almost minimal cardinality of M, allows to employ a sorting
algorithm based on binning so that M, in (2.5) can be determined in linear complexity [ 14, Section 5].

Remark 2.5. Small adaptivity parameters 0 < 6 < 1 lead to only few marked elements and so to possibly very local mesh-
refinements. The other extreme, # = 1 basically leads to uniform refinement, where (almost) all elements are refined.

2.4. Mesh-refinement

For adaptive mesh-refinement, any strategy may be used if it fulfills the properties (2.7)-(2.10) specified below. From
now on, we use an arbitrary, but fixed mesh-refinement strategy. Possible examples are found in Section 2.5. Given an initial
triangulation 7y, the set of admissible triangulations reads

T := {7 : 7 is an admissible refinement of 7o}. (2.6)

Moreover, the subset of all admissible triangulations in T which have at most N € N elements more than the initial mesh
To reads

T(N) = {7 €T : |T| - || <N},

where | - | = card(-) is the counting measure. Each refined element T € 7 is split into at least two and at most into Csp, > 2
sons. This implies the estimate

[TATI =T =17 (2.7)
for all refinements 7 € T of 7 € T and for one-level refinements To41 0f Ty
|TZ+1| - |T€| =< (Cson - 1)|T£| (2-8)

The refinement strategy allows for the closure estimate for triangulations generated by Algorithm 2.2 in the sense that

-1
|7¢] = 70| < Cmesn Y |Mi| forall £ €N (2.9)
k=0

with some constant Cpesn > 0 which depends only on T. Finally, assume that for any two meshes 7, 7' € T there is a
coarsest common refinement 7 @ 7' € T which satisfies

7@ 7| <|T|+|7'| —|Tol. (2.10)

Remark 2.6. The linear convergence (4.3) of n(-) which is stated in Theorem 4.1(i), is independent of (2.8)-(2.10). The
optimal convergence rate of () from (4.5) which is stated in Theorem 4.1(ii) requires the validity of (2.7) and (2.9)-(2.10)
for the upper bound, while the lower bound relies only on (2.8).
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2.5. Examples for admissible mesh-refinement strategies

This short section, comments on admissible mesh-refinement strategies with properties (2.7)-(2.10).
For d = 1, simple bisection satisfies (2.7)-(2.10). Since usual error estimates, however, rely on the boundedness of the
y-shape regularity in the sense of

max{|T|/|T'| : T,T' € 7, TNT # 0} <, (2.11a)
additional bisections have to be imposed. Here, | T| denotes the diameter of T. We refer to [ 34] for some extended 1D bisection
algorithm with (2.7)-(2.10) as well as (2.11a) for all T € T. There, the mesh-refinement guarantees that only finitely many
shapes of, e.g., node patches w(7; z) = U{T eT 1 z¢€ T} occur. In particular, the constant y > 1 depends only on the
initial mesh 7.

Even though the above mesh-refinement strategy seems fairly arbitrary, to the best of our knowledge, the newest vertex
bisection for d > 2 is the only refinement strategy known to fulfill (2.9)-(2.10) for regular triangulations. The proof of (2.10)
is found in [14] for d = 2 and [15] for d > 2. For the proof of (2.9), we refer to [13] for d = 2 and [63] for d > 2. The
proof of (2.8) is obvious for newest vertex bisection in 2D and is valid in any dimension (the proof follows with arguments
from [63]) as pointed out by R. Stevenson in a private communication. The works [13,63] assume an appropriate labeling
of the edges of the initial mesh 7, to prove (2.9). This poses a combinatorial problem on the initial mesh 7 but does not
concern any of the following meshes 7, £ > 1. For d = 2, it can be proven that each conforming triangular mesh 7 allows
for such a labeling, while no efficient algorithm is known to compute this in linear complexity. For d > 3, such a result is
missing. However, it is known that an appropriate uniform refinement of an arbitrary conforming simplicial mesh 7 for
d > 2 allows for such a labeling [63]. Moreover, for d = 2, it has recently been proved in [64] that (2.9) even holds without
any further assumption on the initial mesh 7.

If one admits hanging nodes, also the red-refinement strategy from [65] can be used, where the order of hanging
nodes is bounded. Both mesh-refinement strategies, the one of [65] as well as newest vertex bisection, guarantee uniform
boundedness of the y-shape regularity in the sense of

IT|V4 < diam(T) < y |T|"? forallTe T €T (2.11b)

with some fixed y > 1 and the d-dimensional Lebesgue measure | - |. As above, both mesh-refinement strategies guarantee
that only finitely many shapes of, e.g., node patches w(7; z) = U{T €T 1 z¢€ T} occur, and the constant y > 1 thus
depends only on the initial mesh 7.

Even the simple red-green-blue refinement from [66] fails to satisfy (2.10) as seen from a counterexample in
[67, Satz 4.15].

3. The axioms

This section, states a set axioms that are sufficient for quasi-optimal convergence of Algorithm 2.2 from Section 2.3. In
other words, any numerical algorithm that fits into the general framework of Algorithm 2.2 will converge with optimal rate
if it satisfies (A1)-(A4) below.

3.1. Set of axioms

The following four axioms for optimal convergence of Algorithm 2.2 concern some fixed (unknown) limit u € X and the
(computed) discrete approximation U(7") € X(7) for any given mesh 7~ € T. The constants in (A1)-(A4) satisfy Cstan, Cred,
Coscs Cdrels Cref, Cqo(€q0) = 1aswell as 0 < preq < 1and depend solely on T.

(A1) Stability on non-refined element domains: For all refinements 7 € Tofa triangulation 7 € T, for all subsets

o~

8 C 7 NT of non-refined element domains, and for all V € X(T),Ve x(?), it holds that

1/2 1/2
(Zm?;vﬂ> —(anw;vf) < Coap [TV, V],

Tes Tes
(A2) Reduction property on refined element domains: Any refinement T eTofa triangulation 7 € T satisfies
Y T U@ < prea Y, mr(T3UT)) + Gea AT UT), UT)P.
TeT\T TeT\T
(A3) General quasi-orthogonality: There exist constants
< * (0) — 1=(14+8)(1=(1=prea)6)
0 = €q0 < &go(0) : P Gt 16 D2y
and Cgo(eq0) > 1 such that the output of Algorithm 2.2 satisfies, for all £, N € No with N > ¢, that
N

(A [Tir1; UTier1), UTDIP — £qo A [Tis , U(TI?) < CaolEq0)n(Te; U(T0))°.
=t
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[ Discrete reliability (A4) ]

Estimator reduction
(Lemma 4.7)

Stability (A1) /
Reduction (A2) \

> ’ Convergence of 1(Tg; U(T3)) l

¥

’ Convergence of U (Ty) I
-—— Reliability (3.7)
(Lemma 3.3)

(—[ Quasi-orthogonality (A3) ]

R-linear convergence

Optimality of
of n(Ty; U(Ty)) (Proposition 4.10)

Dérfler marking

(Proposition 4.12)

[ Discrete reliability (Ad) ]/

. Sere (2.9)
\ Overlay (2.10)

- e —
. -
Ditefianey (26) of U(Ty) (Proposition 4.6)

Fig. 1. Map of the quasi-optimality proof. The arrows mark the dependences of the arguments.

(A4) Discrete reliability: For all refinements T e T of a triangulation 7 € T, there exists a subset R (7, T ) € 7 with
T\T € R(T, ‘”) and |R(T, r”)| < Gefl T\ T |such that

AT U U <G D mr(T:U@)
TeR(T.T)

Remark 3.1. Propositions 4.10 and 4.11 below show that general quasi-orthogonality (A3) together with (A1)-(A2) and
reliability (3.7) implies (A3) even with 4o = 0 and 0 < Cgo(0) < 0.

Remark 3.2. In all examples of Sections 5-6 and Sections 9-10, the axiom (A3) is proved for any 4, > 0 instead of one
single 0 < g¢0 < s;o (0) because the value of £0(0) is involved. Simple calculus allows to determine the maximum in (A3)
as

e, (0) = (1 (1= (1 = prea)®)Crea + D) D — (1= (1o)8)C2y
Crea + Coap C2,D(Crea + C2p)
92(1 - pred)zcsztab

where D := /1 — (1 — preq)f \/Credeb(l — Pred)0 + C Stab > 0. While Theorem 4.1(i) holds for any choice 0 < 6 < 1, the
optimality result of Theorem 4.1(ii) is further restricted by 6 < 6, := (1 + CSZta el)’1.

Remark 3.3. For R-linear convergence (Proposition 4.10) of the adaptive algorithm, it would be sufficient to consider one-
level refinements in (A1)-(A2), i.e., these axioms could be weakened. However, the proof of optimality of the Dérfler marking
(Proposition 4.12) which is the second key ingredient to prove optimal convergence behaviour, requires to consider arbitrary
refinements of the current mesh. Also discrete reliability (A4) can be further weakened. The reader is referred to Section 8.4
below.

The following sections are dedicated to the relations between the different axioms and the corresponding implications.
Fig. 1 outlines the convergence and quasi-optimality proof in Section 4 and visualizes how the different axioms interact.

3.2. Historic remarks

This work provides some unifying framework on the theory of adaptive algorithms and the related convergence and
quasi-optimality analysis. Some historic remarks are in order on the development of the arguments over the years. In one
way or another, the axioms arose in various works throughout the literature.

o Reliability (1.2). Reliability basically states that the unknown error tends to zero if the computable and hence known
error bound is driven to zero by smart adaptive algorithms. Since the invention of adaptive FEM in the 1970s, the question
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of reliability was thus a pressing matter and first results for FEM date back to the early works of BABUSKA & RHEINBOLDT [68]
in 1D and BABUSKA & MILLER [41] in 2D. Therein, the error is estimated by means of the residual. In the context of BEM,
reliable residual-based error estimators date back to the works of CARSTENSEN & STEPHAN [47,69,70]. Since the actual adaptive
algorithm only knows the estimator, reliability estimates have been a crucial ingredient for convergence proofs of adaptive
schemes of any kind.

o Efficiency (1.4). Compared to reliability (3.7), efficiency (4.6) provides the converse estimate and states that the
error is not overestimated by the estimator, up to some oscillation terms osc(-; U(-)) determined from the given data.
An error estimator which satisfies both, reliability and efficiency, is mathematically guaranteed to asymptotically behave
like the error, i.e. it decays with the same rate as the actual computational error. Consequently, efficiency is a desirable
property as soon as it comes to convergence rates. For FEM with residual error estimators, efficiency has first been proved
by VERFURTH [71]. He used appropriate inverse estimates and localization by means of bubble functions. In the frame of BEM,
however, efficiency (4.6) of the residual error estimators is widely open and only known for particular problems [34,72],
although observed empirically, see also Section 5.4.

o Discrete local efficiency and first convergence analysis of [ 11,12]. Reliability (3.7) and efficiency (4.6) are nowadays
standard topics in textbooks on a posteriori FEM error estimation [ 1,2], in contrast to the convergence of adaptive algorithms.
BABUSKA & VOGELIUS [40] already observed for conforming discretizations, that the sequence of discrete approximations
U(7;) always converges. The work of DORFLER [ 11] introduced the marking strategy (2.5) for the Poisson model problem

—Au=f in2 and u=0 onl =08 (3.1)

and conforming first-order FEM to show convergence up to any given tolerance. MoRIN, NOCHETTO & SIEBERT [12] refined
this and the arguments of VERFURTH [71] and DORFLER [11] and proved the discrete variant

Ca 1T UT)? < IVWU(Ter1) = UTD) 12 ) + 05Cr (T25 U(T2))°

of the efficiency (1.4). See also [73] for the explicit statement and proof. The proof relies on discrete bubble functions and
thus required an interior node property of the local mesh-refinement, which is ensured by newest vertex bisection and five
bisections for each refined element. With this [12] proved error reduction up to data oscillation terms in the sense of

IV W= U(Ter )l o) < * 1VU = U@} g, + C0sc(Te; UT2)) (3.2)

with some £-independent constants 0 < k < 1and C > 0.This and additional enrichment of the marked elements M, C 7,
to ensure osc(7;; U(7y)) — 0as £ — oo leads to convergence

—
IV —U@T)) 20 —> 0. (3.3)

o Quasi-orthogonality (A3). The approach of [12] has been generalized to non-symmetric operators in [49], to
nonconforming and mixed methods in [19,28], as well as to the nonlinear obstacle problem in BRAESS, CARSTENSEN &
HoPPE [74,75]. One additional difficulty is the lack of the Galerkin orthogonality which is circumvented with the quasi-
orthogonality axiom (A3) in Section 3.5. Stronger variants of quasi-orthogonalities have been used in [19,28,49] and
imply (A3) in Section 3.5. In its current form, however, the general quasi-orthogonality (A3) goes back to [18] of FEISCHL,
FUHRER & PRAETORIUS for nonsymmetric operators without artificial assumptions on the initial mesh as in [17,49].
Proposition 4.10 below shows that the present form (A3) of the quasi-orthogonality cannot be weakened if one aims to
follow the analysis of [14,15] to prove quasi-optimal convergence rates.

e Optimal convergence rates and discrete reliability (A4). The work of BINEv, DAHMEN & DEVORE [13] was the first
one to prove algebraic convergence rates for adaptive FEM of the Poisson model problem (3.1) and lowest-order FEM. They
extended the adaptive algorithm of [ 12] by additional coarsening steps to avoid over-refinement. STEVENSON [ 14] removed
this artificial coarsening step and introduced the axiom (A4) on discrete reliability. He implicitly introduced the concept
of separate Dorfler marking: If the data oscillations osc(77; U(7;)) are small compared to the error estimator n(7; U(77)),
he used the common Dérfler marking (2.5) to single out the elements for refinement. Otherwise, he suggested the Dorfler
marking (2.5) for the local contributions oscr (7%; U(7;)) of the data oscillation terms. The core proof of [ 14] then uses the
observation from [49] that the so-called total error is contracted in each step of the adaptive loop in the sense of

Aepr <k Ay for A = [V — U@ ) + v 05(T: U(T7)? (34)

with some ¢-independent constants0 < « < 1and y > 0.

Moreover, the analysis of [14] shows that the Dorfler marking (2.5) is not only sufficient to guarantee contraction (3.4),
but somehow even necessary, see Section 4.5 for the refined analysis which avoids the use of efficiency (1.4).

o Stability (A1) and reduction (A2). Anticipating the convergence analysis of [76] for the p-Laplacian, the AFEM analysis
of [14] was simplified by CAscoN, KREUZER, NOCHETTO & SIEBERT [ 15] with the introduction of the estimator reduction in the
sense of

N(Te1; UTe1))? < & 0(Te; UTD)? + C VU Tes1) = VT I ) (3.5)
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with constants 0 < ¥ < 1and C > 0. This is an immediate consequence of stability (A1) and reduction (A2) in Section 4.3
below and also ensures contraction of the so-called quasi-error

Ay Sk A for Ag = [V = U@} g, + v n(Te: UTe)? (3.6)

with some ¢-independent constants 0 < k¥ < 1and y > 0. The analysis of [15] removed the discrete local lower bound from
the set of necessary axioms (and hence the interior node property [12]). Implicitly, the axioms (A1)-(A2) are part of the proof
of (3.5)in [15]. While (A1) essentially follows from the triangle inequality and appropriate inverse estimates in practice, the
reduction (A2) builds on the observation that the element sizes of the sons of a refined element uniformly decreases. For
instance, bisection-based mesh-refinements yield |T’| < |T|/2,ifT' € 441 \ Teisasonof T € T; \ To11.

o Extensions of the analysis of [15]. The work [16] considers lowest-order AFEM for the Poisson problem (3.1) for
error estimators which are locally equivalent to the residual error estimator. The works [17,18] analyze optimality of
AFEM for linear, but non-symmetric elliptic operators. While [17] required that the corresponding bilinear form induces
a norm, such an assumption is dropped in [18], so that the latter work concluded the AFEM analysis for linear second-
order elliptic PDEs. Convergence with quasi-optimal rates for adaptive boundary element methods has independently
been proved in [32,33]. The main additional difficulty was the development of appropriate local inverse estimates for
the nonlocal operators involved. The BEM analysis, however, still hinges on symmetric and elliptic integral operators and
excludes boundary integral formulations of mixed boundary value problems as well as the FEM-BEM coupling. AFEM with
nonconforming and mixed FEMs is considered for various problems in [20,22,23,25,30,77]. AFEM with non-homogeneous
Dirichlet and mixed Dirichlet-Neumann boundary conditions are analyzed in [38] for 2D and in [39] for 3D. The latter
work adapts the separate Dorfler marking from [14] to decide whether the refinement relies on the error estimator for
the discretization error or the approximation error of the given continuous Dirichlet data, see Section 11. The results of
those works are reproduced and partially even improved in the frame of the abstract axioms (A1)-(A4) of this paper. Finally,
the proofs of [18,39] simplified the core analysis of [14,15] in the sense that the optimality analysis avoids the use of the
total error and solely works with the error estimator.

3.3. Discrete reliability implies reliability
The compatibility condition (2.4) and the discrete reliability (A4) imply reliability.
Lemma 3.4. Discrete reliability implies reliability in the sense that any triangulation 7 € T satisfies with Crej = C4Cqrel

d[[7;u, U] = Gen(7; U(T)). (3.7)

Proof. Given any ¢ > 0, the choice of 7 in (2.4) and the discrete reliability (A4) together with 7 \ 7 C R(T, 'f) show
ClA[T;u, U@)] = C;' d[T; u, U[T)]

A[T;u, U]+ d[T; UGT), UT)]
1/2

A

IA

et Coa | Y. m(T;UM))

TER(T.T)
&+ Caran (75 U(T)).

The arbitrariness of ¢ > 0 in the above estimate proves reliability of n(7; U(7)) with Crej = C5Cdrel. O

IA

3.4. Quasi-monotonicity of the error estimator

The next two lemmas show that the error estimator is quasi-monotone for many applications in the sense that there
exists a constant Cp,on > 0 such that all refinements 7 € T of 7 € T satisfy

1T U(T)) < Cnonnt(T5 U(T)). (3.8)

Although reduction (A2) is assumed in the following, the assumption peq < 1 in (A2) is, in principle, not needed in
Lemmas 3.5 and 3.6.

Lemma 3.5. Stability (A1), reduction (A2), and discrete reliability (A4) imply quasi-monotonicity (3.8) of the estimator.
Proof. The stability (A1) and the reduction estimate (A2) imply
NT U@ < prea Y mTUE)N +2 Y np(T5 UT))
TeT\T TeTNT

+(2C2,, + Crea) A [T U(T), U(T)]* =: RHS.
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The discrete reliability (A4), leads to
RHS < 20(T; U(T)? + QChy + Gea)Cas D, 10(T5 U(T))?
TeR(T.T)
< (24 @CL, + Gea)Cara) (T3 U(T)).

)1/2

This is (3.8) With Con == (2 + (2C2,; + Crea)Cle) O

A Céa-type best approximation (3.9) and reliability (3.7) imply monotonicity (3.8).

Lemma 3.6. Suppose stability (A1), reduction (A2), and reliability (3.7) and let Ccs, > 0 be a constant such that

A[T;u, UT)] < Ceea min d[T;u,V] (3.9)
VeX(T)

holds for any refinement 7 of T € T. Suppose that the ansatz spaces X(7) C x(f) are nested. Then, the error estimator is
quasi-monotone (3.8).

Proof. As in the proof of Lemma 3.5, it follows
(T UT))* < 20(T3 UT))? + (2C2, + Crea) A [T: UT), UT)I%.
R'eclécllll d [(JC; u, U(T)] = d[7;u,UT)]and set C = (ZCSZElb + Cred)Cj. Reliability (3.7) and the quasi-triangle inequality
yie
(T UT))? < 20(T; UT))” + CC AT u, U@ +2d [T u, UT)P)
< 20(T; U(T))? + C(2C2C, A [T u, UM +2d [T u, U(T)]?)
< (242C(1 4 C2CL)C2) (T U(T)).

This is (3.8) with Con := (2 +2C(1 4+ C2¢%,)C2)"%. O

Céa’ “rel

3.5. Quasi-orthogonality implies general quasi-orthogonality

The general quasi-orthogonality axiom (A3) generalizes the quasi-orthogonality (B3) := (B3a) and (B3b).

(B3a) There exists a function u : T — R such that for all ¢ > 0 there exists some constant C;(¢) > 0 such that for all
refinements 7 € T of 7 € T it holds

AT U@ UP <A+ d[T;u, U — (1 —8) d[T;u, U + Ci(e)(u(T)? — u(7)?).
(B3b) The function w(-) from (B3a) is dominated by n(-; U(-)) in the sense that
w(7)?
sup————— = (5 < 0.
rer N(T; U(T))?
Lemma 3.7. Reliability (3.7) and quasi-orthogonality (B3) imply the general quasi-orthogonality (A3) for all ¢ = eqo/2 > 0.
Proof. Quasi-orthogonality (B3) with & = &4,/2 and reliability (3.7) show for any N € N that

N

D (A [Tiegr: UTir), UTDT = eqo d [Ti; 1, UT)T?)
k=t

N
= (1 = eqo/2) (A7 1, VTP = AlTksts Uk P) + Crle) (1T — 1(Tis)?) )
k=t

< (1= £40/2) A [T45 u, UTD) + Ci(eq0/2)(T)* < 1(Te; U(T2))°.
This follows from the telescoping series and (B3b). This concludes the proof of (A3). O
Remark 3.8. In contrast to the common quasi-orthogonality (B3), the general quasi-orthogonality (A3) holds for equivalent

norms although with different eq,. Therefore, general quasi-orthogonality appears solely as an assumption on the
approximation property of the sequence (U(7%))¢en,-
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3.6. Conforming methods for elliptic problems

This short section studies the particular case of conforming methods, which allows some interesting simplifications. Let
b(-, -) be a continuous and elliptic bilinear form on the real Hilbert space X with dual X*. Given any f € X*, the Lax-Milgram
lemma guarantees the existence and uniqueness of the solution u € X to

b(u,v) =f(v) forallv € X. (3.10)
Suppose X(7) € X(7) C X for all triangulations 7 € T and all refinements 7 € T of 7 and suppose that || - | x is the

Hilbert space norm on X with d [T; v, w] = d[v, w] = ||[v — w||x forall T € T and v, w € X. Model problems follow in
Sections 5 and 6.

For any closed subspace X, of X, the Lax-Milgram lemma implies the unique existence of a solution Uy, € X to
b(Us , Vo) = f(Vso) forall Uy € X (3.11)

which satisfies the Céa lemma (3.9). In particular, this applies to the discrete spaces X (7), so that the discrete Galerkin
solutions U(7") € X(7) are unique and satisfy monotonicity of the error (defined in (4.13))

lu—UT)llx < Ceeallu — U(T)|lx forall T € T and all refinements 7 € T.

o It has already been observed in the seminal work [40] that in this conforming setting with nested spaces, there holds
a priori convergence

lim |Us — U(Tp)llx =0 (3.12)
L—00

towards a certain (unknown) limit Uy, € X. Therefore stability (A1) and reduction (A2) combined with reliability (3.7)
already imply convergence in Section 4.3.
e Suppose that b(-, -) is a scalar product on X with induced norm || - ||x. Then, the Galerkin orthogonality

bu—UTy41), V) =0 forallV e X(Tp41) (3.13)
implies the Pythagoras theorem
lu = U(TerDl% = lu = U@ % = 1U(Te1) = U@TD % (3.14)

In particular, the quasi-orthogonality (B3) is satisfied with &40 = 0 = C; and w(-) = 0, and Lemma 3.7 implies the general
quasi-orthogonality (A3). In this frame, it thus only remains to verify (A1), (A2), and (A4).

Remark 3.9. The a priori convergence (3.12) of conforming methods holds in a wider frame of (not necessarily linear)
Petrov-Galerkin schemes as exploited in [42,43,78-81] to prove convergence of adaptive FEM and BEM, and the adaptive
FEM-BEM coupling.

4. Optimal convergence of the adaptive algorithm

The best possible algebraic convergence rate 0 < s < oo obtained by any local mesh refinement is characterized in terms
of

[, UC)|lag := sup _min (N+ 1)*d[T;u, U(T)] < oo. (4.1)
NeNp TET(N)
The statement ||(u, U(-))|ls, < oo means d [T ;u, U(T)] = O(N~°) for the optimal triangulations 7 € T(N), indepen-

dently of the error estimator. Since the adaptive algorithm is steered by the error estimator 7(-), it appears natural to con-
sider the best algebraic convergence rate 0 < s < oo in terms of 1(-), characterized by

(), UC) e, == sup min (N + 1)’n(7; U(T)) < oo. (4.2)
NeNg TETWIN)

This implies the convergence rate n(7; U(7)) = O (N~®) for the optimal triangulations 7 € T(N).
The relation of || - ||, and || - ||, and the nonlinear approximation classes in [ 14-17] will be discussed in Section 4.2.
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4.1. Optimal convergence rates for the error estimator

The main results of this work state convergence and optimality of the adaptive algorithm in the sense that the error
estimator converges with optimal convergence rate. This is a generalization of existing results as discussed in Section 4.2.
Moreover, if the error estimator 7 (-) satisfies an efficiency estimate, also optimal convergence of the error will be guaranteed
by Theorem 4.5. On the other hand, Theorems 4.1 and 4.5 show that the adaptive algorithm characterizes the approximability
of the limit u € X in terms of the error and the error estimator.

Theorem 4.1. Suppose stability (A1), reduction (A2), and general quasi-orthogonality (A3). Then, Algorithm 2.2 guaran-
tees (i)-(ii).

(i) Discrete reliability (A4) resp. reliability (3.7) imply for all0 < 6 < 1 the R-linear convergence of the estimator in the sense
that there exists 0 < peony < 1 and Ceony > 0 such that

1T UTe1i))* < CoonvPhony 1(Te: U(T))?  forallj, £ € N. (4.3)
In particular,
Cot A [75: 1, UTD)] < (T2 U(T0)) < CU2,pl42, n(To3 U(To)) forall £ € No. (4.4)

(ii) Discrete reliability (A4) and0 < 0 < 6, .= (1+ Csztaijrel)*] imply quasi-optimal convergence of the estimator in the sense

of

n(7¢; U(T0)
Coptll (1 (), U(C) Iz, < ZSEUNI?J (72 =170 + D= < Coptl (1 (), U()) Il (4.5)

foralls > 0.

The constants Ceony, Pconv > 0 depend only on Csab, Preds Creds Cqo(€q0) > 0 as well as on 6 and Ce; resp. Cyrel. Furthermore, the
constant Cope > 0 depends only on Cuin, Cref, Cmeshs Cstabs Cdrels Cred, Cqo(€q0)s Pred > 0 as well as on 6 and s, while cope > 0
depends only on Csop.

Remark 4.2. Unlike prior work [14-17], the upper bound 0, of the range of marking parameters 0 < 6 < 0, does not
depend on the efficiency constant Cegr which is formally introduced in the following Section 4.2.

Remark 4.3. The upper bound in (4.5) states that given that ||(n(-), U(-))|ls, < 00, the estimator sequence n(7; U(J7)) of
Algorithm 2.2 will decay with order s, i.e., if a decay with order s is possible if the optimal meshes are chosen, this decay will
in fact be realized by the adaptive algorithm. The lower bound in (4.5) states that the asymptotic convergence rate of the
estimator sequence, in fact, characterizes to which approximation class Bs the problem and its discretization belong.

4.2. Optimal convergence rates for the error

The following proposition relates the definition of optimality in (4.1) and (4.2) with the nonlinear approximation classes
in [14-17]. To that end, efficiency comes into play: There exists Cest > O such that for all 7 € T, there exists a mapping
osc(7; +) : X(T) — [0, oo] such that any triangulation 7~ € T satisfies

Cot N(T5 U(T))? < AT u, UT)] + osc(T; U(T))*. (4.6)

In particular, this implies that the data oscillations do not have to be treated explicitly in the analysis. The quality of the
oscillation term osc(-) is measured with

losc()|los == sup min (N + 1)*osc(7; U(T)) < oo. (4.7)
NeNg T €T(N)
The following theorem shows, that the result of Theorem 4.1 is a true generalization of the existing results in literature

since the best possible rate for the error, measured in || - ||, is equivalent to the best possible rate for the total error from
e.g.[13-15].

Theorem 4.4. The Céa lemma (3.9) implies

Ceenll @, U lsg < sup _min min (N +1)°d [T u, V] < [, U()) s, (4.8)

NeNg TET(N) VeX(7)
forall s > 0. Additionally, suppose efficiency (4.6) and the existence of Cosc > 0 such that all T € T satisfy

Cowosc(T; V) < osc(T; W) + d[T;V,W] forallV,W € X(7), (4.9)
0sc(T; U(T)) < Coscen(T; U(T)). (4.10)
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Then,
Coll @, UC) 15,

IA

sup min min (N + 1)°(d[7; u, V] + osc(7; V))
NeNg TET(N) Vex(7)

(Cret + Coso) 1w, U(C)) I3 (4.11)

holds for all s > 0. The constant C,px > 0 depends only on Ccea, Ceit, Cosc, Ca-

IA

Proof. The Céalemma (3.9) and hence

Cc’é;dl[’f;u, U] §Vrr91<i(n) d[7T;u,V]< d[T;u,U[T)] forallT €T
ex(T

imply the equivalence (4.8). The characterization (4.11) follows from the equivalence

) in(f )(dl [T;u,V]+o0sc(T; V) ~n(T;UT)) forallT eT. (4.12)
ex(T

To prove (4.12), the efficiency (4.6) as well as the Céa lemma (3.9) and (4.9) lead to
Coaf n(T:UT)) < d[T5u, UT)] + osc(T: U(T))

Ceea A [T5 u, V] + Cosc0SC(T 5 V) + Cosc A [T U(T), V]

(Ccéa + CoscCa(Cega + 1)) A [T 5 u, V] + Cosc05c(T; V)

forall V € X (7). The converse direction follows with reliability (3.7) and (4.10) via

inf (d[7;u, V]+0sc(7;V)) < (Gt + Cosc)n(T; U(T)).
VeX(T)

=
=

This concludes the proof of (4.12) and of the proposition. O

Under certain assumptions on the oscillations osc(-), the best possible rate for the estimator is characterized by the best
possible rate for the error. The following theorem shows that the adaptive algorithm reduces the error with the optimal rate
and therefore at least as good as any other algorithm which uses the same mesh-refinement.

Theorem 4.5. Suppose (A1)-(A4) as well as efficiency (4.6) and quasi-monotonicity of oscillations and error in the sense that
there exists a constant Cemon > 0 such that any T € T and its refinements T € T satisfy

A [T u, UT)] < Cemon A [T3 4, U(T)] and  05c(T; U(T)) < Comon0SC(T; U(T)). (4.13)
Then,0 <0 <6, .= (1+ Csztangrel)*] implies quasi-optimal convergence of the error
e d [Te; u, U(To)]
CoptCret Cet 111, UM) 14, < sup
Pl Telt "7 e, (el = 150l + D=
(CoptCre1Capx + D (I (1, U()) llag + llosc()lloy) (4.14)

for all s > 0. The constants Cop, Copr > O are defined in Theorem 4.1(ii), whereas the constant C,px > 0 is defined in the
following Proposition 4.6.

+ llosc() lloy

IA

The proof of Theorem 4.5 needs a relation of || - ||, and || - ||,, which is given in the following proposition.

Proposition 4.6. Suppose reliability (3.7), efficiency (4.6), quasi-monotonicity of the estimator (3.8), and quasi-monotonicity of
error and oscillations (4.13). Then,

Gt 1@, U g < 1), U g < Capu (11, UG [l + llose() 1)
holds for all s > 0 with a constant C,px > 0 which depends only on Cemon, Cetr, and the validity of the overlay estimate (2.10).
Proof. The reliability (3.7) guarantees

1, U llas = Garll (), UC) 5

Suppose |[(u, U(-))|la, + llosc(-)|lo, < oo for some s > 0. For any even N € Ny, this guarantees the existence of a
triangulation 7y, € T(N/2) with

d [Tn/2; u, U(Tny2)I(N/2 4+ 1)° < [[(u, UC)) Il ag
and also the existence of a triangulation Ty € T(N/2) with

(N/2 + 1)°08c(Tosc; U(Tosc)) < llosc(-) [lo- (4.15)
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With monotonicity (4.13), the overlay 7, := T/ ® Tosc € T(N) satisfies

d [T u, U] S dTng2s u, U@y S N2+ D73, UG) |l sy

0sc(T4; U(T4)) S 05¢(Tosc; U(Tose)) S (N/2 + 1) F[losc(:) g -
This yields (with 225 < 1) that

(N 4+ D> (d [T u, UTD)T + ose(T4: UT))?) < I, UCHIEZ, + llosc( 13,
The efficiency (4.6) leads to

n(T; UT))* S AT u, UGTT + ose(T; U(T3))2. (4.16)
Together with the previous estimate, this proves

(N + D*n(T5: UT)? S 1w, UO)E, + llosc(II3, - (4.17)
The overlay estimate (2.10) finally yields |7 | — [To| < [7nj2| + |Tosc| — 2|T0] < N. This proves |(n(:), U() g, <

I, U llag + llosc) gy O
Proof of Theorem 4.5. According to Lemma 3.5, 7(-) is quasi-monotone (3.8). Therefore all the claims of Proposition 4.6 are
satisfied. Together with Theorem 4.1(ii) (which will be proven at the very end of this section independently of this), this
shows

n(T¢; U(T0))

ContCt || (u, U (- < su < CyniC u, U(- osc(- .
optCral 1, U()) |4y < ZENI?) Tl 7 = = Con apx (1, U |l ag + llose() |l o,)

Reliability (3.7) implies
d [7¢; u, U(T0)] n(Te; U(T0))
up — — s = Crel — )
tevy (|72l — |Tol + 1) teny (|Te] — 0l + 1)
whereas efficiency (4.6) leads to
. nTe U@ _ d [T%; u, U(Te)]
T teny (Tel = [0l + D= = veng (17el — %0 + D~

The combination of the last three estimates proves the assertion. O

+ llosc() [loy-

4.3. Estimator reduction and convergence of n(7;; U(7%))

We start with the observation that stability (A1) and reduction (A2) lead to a perturbed contraction of the error estimator
in each step of the adaptive loop.

Lemma 4.7. The stability (A1) and reduction (A2) imply the estimator reduction

N(Tor1; UT041))* < Pest n(T0; UT0))? + Cest A [Tey15 U(Tiqn), U1 (4.18)
forall £ € Ny with the constants 0 < pest < 1and Ces > 0 which relate via

Pest = (1+8)(1 — (1 — prea)d) and Cese = Creq + (14+87)Cayp (4.19)

for all sufficiently small § > 0 such that pes < 1.

Proof. The Young inequality in combination with stability (A1) and reduction (A2) shows for any § > 0 and Cey =
Cred + (1 +871)C2,, that

N(Te1; U(Te41))?

Yo @ UG+ Y (T U(Ti))’

TeTp11\Te TeT1NTe
< pea Y, mTEUED? +A+8) Y 01T UD) + Cost d [Teg; U(Ter), UTDT.
TeT\Te+1 TeTNTp41

Therefore, the inclusion M, C 77 \ 7¢+1 and the Dérfler marking (2.5) lead to

N(Te41; U(Te41))* < (146) (nm; UTD) — (A= prea) Y, 01T U(%))Z) + Cest d [Te113 U(Tern), U

TeT\To+1
< (148 (1= (1 = prea)0)1(Te; UT))? + Cest A [To11; U(Tiq1), UTD)I.
The choice of a sufficiently small § > 0 allows for pest = (1 + 8)(1 —(1- pred)e) <1. 0O
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In particular situations (e.g. in Section 3.6) the sequence of discrete approximations is a priori convergent towards some
limit Uy, € X

elim d [T7; Uso, U(T2)] = 0. (4.20)
— 00

Then, the estimator reduction (4.18) implies convergence of the adaptive algorithm. This estimator reduction concept is studied
in [78] and applies to a general class of problems and error estimators.

Corollary 4.8. Suppose a priori convergence (4.20) in X. Then the estimator reduction (4.18) implies estimator convergence
limy_s o0 n(T¢; U(T2)) = 0. Under reliability (3.7), this proves convergence of the adaptive algorithm limy_, o, d [77; u, U(7%)]

Proof. Foraconvenient reading, we recall the main arguments of [78, Lemma 2.3] in the notation of this paper. Mathematical
induction on £ proves with (4.18) for all £ € N

4
N(Tes1: UTes1)” < pl'n(To: UT0))* + Cest Y oot A [Te41: U(Ts1), U(T))

j=0
< (703 U(T0))* + sup A [Te1; U(Teqr), UTD) T (4.21)
eN

The a priori convergence of U(7;) implies d [T;41; U(T¢+1), U(T¢)] — 0 and hence shows together with (4.21) that
supyey 11(Te; U(T¢)) < oo. Moreover, (4.18) yields

lim sup n(Te41; U(Te+1))? < limsup(pese n(Te; U(T2))? + Cese d [To1; U(Te1), UT)T?)

{—00 £—o00
; . 2
= Pest lim sup n(Te+1; U(Te41))°.
{—00

This shows lim sup,_, ., 7(7¢; U(7¢))? = 0, and hence elementary calculus proves convergence 7 (7;; U(7;)) — 0. Under
reliability (3.7) this implies U(7;) — uin X. O

4.4, Uniform R-linear convergence of n(7y; U(7;)) on any level

The quasi-orthogonality (A3) allows to improve (4.18) to R-linear convergence on any level. The following lemma is
independent of the mesh-refinement in the sense that the critical properties (2.9)-(2.10) are not used throughout the proof.
It thus remains valid, e.g., for red-green-blue refinement.

Lemma 4.9. The statements (i)—(iii) are pairwise equivalent.
(i) Uniform summability: There exists a constant C3 > O such that

> 0T U@ < Gon(Ty; U(T))* forall L € N. (4.22)
k=0+1

(ii) Inverse summability: For all s > 0, there exists a constant C4 > 0 such that

~

—1
N(Ti: UT)) ™ < Can(Te;: U@T)) ™Y forall € € N. (4.23)
=0

=~

(iii) Uniform R-linear convergence on any level: There exist constants 0 < p; < 1and Cs > 0 such that
N(Tei; UTes))® < Cspy n(Te; U(T)? forallk, € € No. (4.24)

Proof. For sake of simplicity, we show the equivalence of (i)—(iii) by proving the equivalences (iii) «= (i) and (iii) <= (ii).
For the proof of the implication (iii) = (i), suppose (iii) and use the convergence of the geometric series to see

o0 o0
D T U@ < Gn(T UED)* Y pi = Gpi(1— p1)~'n(T5 U(T))*.
k=C+1 k=£+1

This proves (i) with C3 = Csp1(1 — p1) .
Similarly, the implication (iii) = (ii) follows via

-1 =1
- -\ — 1/(2: - -\ — £—k)/(2:
(T UT)) ™S < CS/( O 0(Te; U(TL)) 1/52'0; @

k=0 k=0

1/(2 1/2)\—1, ;- o\ —
G/ (1= o)) (@ U@

IA
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This shows (ii) with C; = C;/® (1 — p;/®)1,
For the proof of the implication (i) = (iii), suppose (i) and conclude

o0 o0 o0
A+ Y @U@ < Y 0T UE)? + 0T UTD) = Y (T UT)™.
j=t+1 j=t+1 j=t
By mathematical induction, this implies
(o] o0
N(Tos UTep))® < Y (T U@ < (146G H™ Y n(75: U))?
j=t+k j=t

< (14 G+ Y n(ae; UT)2.

This proves (iii) with p; = (1 +C;")"'and Gs = (1 + G3).
The implication (ii) = (iii) follows analogously,

—1 14
A+ GO @U@ <Y a5 u@) .
j=0

j=0

This implies

J4 C+k
(T U@ < D> 0@ U@G) ™ < A+ )™ (@ u@)
j=0 j=0

< (14 C)A+ Y™ n(Tei UTeq)) 5.

This proves 7(Ti1; U(Te4x))? < (1 + C)*(1 + C; ™2 n(T%; U(T7))2. This is (iii) with py = (1 +C; )™ and G5 =
(14+C)%. O

Proposition 4.10. Suppose estimator reduction (4.18) and reliability (3.7). Then, general quasi-orthogonality (A3) implies
(4.22)-(4.24). The constants C3, C4, Cs > 0and 0 < p; < 1depend only on pest, Cest, Cqo(€qo), S > 0.

Proof. In the following, the general quasi-orthogonality (A3) implies (4.22)-(4.24) since (A3) implies (4.22). To that end,
the estimator reduction (4.18) from Lemma 4.7 yields for any v > 0 that

N N

Y @ U@ =Y (Pest(Tiet: U(Tie1))? + Cest A [Tis U(TR), U(Tir) )
k=0+1 k=0+1

N
= Z ((pest + V)n(frk—l; U(Tk—l))z

k=0+1
+ Cea(A 175 U, VT ) = vCen(Thets U )))
=: RHS.

The use of reliability (3.7) then shows

N
RHS = > ((Pest + 00(Ti13 U 1)? + Cest(d 195 UG, U (T ) = vCi! G d [Ti 13 0, U D) ).
k=£+1

With the constants pes; and Cesc from (4.19), the constraint on g, in (A3) reads
1= pes _ 1= (1481 = (1= pea)d) _ .
Crzelcest Crzel(cred + (1 + 5_1)C52tab) -

for some choice of § > 0. Note that this choice is valid since pess < 1. In particular, it exists v < 1 — peg such that

£qo < vC;t1 Cr;z . This allows to apply general quasi-orthogonality (A3) to the last term before the limit N — oo proves that

0<eggp<

[e¢) o0
D @U@ < D (Pest + IN(Tie1: UTi-1))* + CestCoo(800)1(Ti U(T2))?.
k=0+1 k=0+1

Some rearrangement leads to

(1= (pest+ ) Y 0(Tis UT)* < (pest + v + CesiCao(€q0))n(T23 U (7))
k=0+1
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This is (4.22) with C3 = (pest + V 4 CestCqo(€q0))/ (1 — (pest + v)) and concludes the proof of (A3) = (4.22). Lemma 4.9
yields the equivalence (4.22)-(4.24). 0O

Assume that (A1)-(A2) and reliability (3.7) hold. The last proposition then proves that the quasi-orthogonality (A3) yields
linear convergence (4.24). The following proposition shows that under the same assumptions, linear convergence (4.24)
implies the general quasi-orthogonality (A3). This means that linear convergence (4.24) is equivalent to general quasi-
orthogonality (A3).

Proposition 4.11. Reliability (3.7) and each of the statements (4.22)-(4.24) imply general quasi-orthogonality (A3) witheqo = 0
and Cq(0) > 0.

Proof. With reliability (3.7) and (4.22), it holds

N N
D AT Uie), UTOT S D d[Tisrs u, UTig ) + A [T w, U1
k=¢t k=¢t
N+1
<2 d[%iu, U1
k=t
N+1
< D 0T UT)* < n(Te: UT))?
k=¢t

forall £,N € Ny. Let N — oo to conclude (A3) witheqo = 0and Cyo(0) > 1. O

Proof of Theorem 4.1(i). Reliability (3.7) is implied by discrete reliability (A4) according to Lemma 3.4. Stability (A1)
and reduction (A2) guarantee estimator reduction (4.18) for n(7; U(77)). Together with quasi-orthogonality (A3) and
reliability (3.7), this allows to apply (4.24). In combination with reliability (3.7), this proves Theorem 4.1(i) with Ceony = Gs
and pcony = p1. O

4.5. Optimality of Dorfler marking

Lemma 4.7 and Proposition 4.10 prove that Doérfler marking (2.5) essentially guarantees the (perturbed) contraction
properties (4.18) and (4.22)-(4.24) and hence lim,_, o, 1(77; U(7%)) = 0. The next statement asserts the converse.
Proposition 4.12. Stability (A1) and discrete reliability (A4) imply (i)-(ii).

(i) Forall0 < ko < 1, there exists a constant 0 < 6y < 1such thatall0 < 0 < 6y and all refinements TeT of 7 € T satisfy
n(T; U@ < kon(T3UT))’ = 0T U@’ < Y (T U@))? (425)
TeR(T.T)
with 7\ 7 C R(T, 7 ) € 7 from (A4). The constant 6y depends only on Csap, Care and k.
(ii) Forall0 < 6y < 6, := (14 C%,,C2.)) ", there exists some 0 < ko < 1such that (4.25) holds for all 0 < 6 < 6, and all

~

refinements 7 of 7 € T. The constant ko depends only on Cgap, Carel, and 6.

Proof. (i): The Young inequality and stability (A1) show, for any § > 0, that
NTU@)) = Y m@T U@+ Y (T UT))?

TeT\T TeTNT
< ) m(TU@ + A48 Y (T U@))’
TeT\T TeTNT

+(1 482, d[T;UT), U(T)]? = RHS.

stab

Recall 7\ 7 C R(T, 'f). The application of the discrete reliability (A4) and the assumption n(?; U(G’:))2 < kon(7; U(T))?
yield

RHS < (14 8)kon(T: UT)? + (1+ (1+8 ) Cha) Y. nr(T:U@T)H

TeR(T,T)
Some rearrangement of those terms reads
1—(1+98)ko
1+ (1 + 6_1)C52tabc(§rel

NTU@) < Y (T U@

TeR(T.T)
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For arbitrary 0 < o < 1 and sufficiently small § > 0, this is (4.25) with

PR ek G )L B (4.26)
1+ (1468 1C2,,Col
To see (ii), choose § > 0 sufficiently large and then determine 0 < xo < 1 such that
1— (14 d8)ko 1 1 _
1+ (148 1C2,Cy S1ra+s e taderel 14+C,,C2

The arguments from (i) conclude the proof. O

9() *

Remark 4.13. Note that Proposition 4.12 states (4.25)forall0 < ko < 1.However, the subsequent quasi-optimality analysis
relies, in principle, only on the fact that (4.25) holds for one particular 0 < k¢ < 1. In this sense, the discrete reliability is
sufficient to prove quasi-optimal convergence rates, but it might not be necessary.

On the other hand, assume that the error estimator n(7; U(7)) is reliable (3.7) and quasi-monotone (3.8). Then, the
Dorfler marking yields

IA

CAT;u, UMD P+ d[T;u, UT)P
< C4 (Cn(T; U@ +n(T5 U(T))?)

< CL(1+C3Ch) 1(T; U(T))?

rel(‘1 +C2 mon 9 12 77T(J U(J ))

TeMm
The inclusion M C 7 \ 7 = R(T, ?:) thus shows that discrete reliability (A4) holds with the constant erel =

2C%071C2,(1 + C2C2,)-

T d[T;UT), U
2 4 ’ ’

/\

| /\

4.6. Quasi-optimality of the adaptive algorithm

This section provides quasi-optimal convergence rates for the estimator and thereby the theoretical heart of the proof of
Theorem 4.1(ii). The first lemma states the existence of a quasi-optimal refinement 7 of 7; under certain assumptions
guaranteed by Lemma 3.5 in case that the estimator satisfies the axioms stability (A1), reduction (A2), and discrete
reliability (A4). For sake of generality, however, the next statement is given independently of this context. This step exploits
the overlay estimate (2.10) for the mesh-refinement.

Lemma 4.14. Assume that the estimator is quasi-monotone (3.8) and that the implication (4.25) is valid for one particular choice
of 0 < kg, By < 1. Then, for ||(n(-), U(-))|ls, < oo and T; € T, there is a certain refinement T e T of 7, with
(T3 U@ < kon(Te; UT)Y, (4.27a)
71 =172 < Cll (), U g, n(Te; U™, (4.27b)
where the set R (77, 7 ) DT\ 7 from Proposition 4.12 satisfies

|R(Te, DI < Coll (), U I n(Te; UT) ™8 (4.28)

as well as the Dérfler marking (2.5) forall0 < 6 < 6,. The constant Cg > 0 is independent of £ and depends only on the constant
Cmon > 0 of quasi-monotonicity (3.8) as well as on kg, Cref, and s > 0.

Proof. Without loss of generality, we may assume 1(7o; U(Jp)) > 0 since monotonicity (3.8) predicts n(7: U(Jg)) <
Cmon?(T0; U(T5)) and the claim (4.27)-(4.28) is trivially satisfied for n(7;; U(7¢)) = 0and & = 7. Define A := C_?

mon
and due to quasi-monotonicity (3.8) also 0 < &> = An(Tp: U(T0))> < n(T0: U(T)* < [I(n(-), UC))IIZ,. The fact
l(n(-), U(-))|lg; < oo implies the existence of some N € Nand 7, € T(N) with

n(Te; U(Te)) = Trgrig,) (T U@) <N+ D7 ME), UO) g < e. (4.29)
Let N € Ny be the smallest number such that the last estimate in (4.29) holds. First, assume N > 0. Then, it holds

(), UC) e, > N°e

and therefore N + 1 < 2N < 2||(n(-), U(~))||];£58*1/5. For N = 0, it always holds 1 < || (n(-), U(~))||]]B£55*”S because of
(n(-), U())lls, > €. Altogether, 7, fulfills

ITel = 170l <N < 2[((), UO)ILe™ and 5(T:: U(T:) <e. (4.30)
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According to (2.10), the coarsest common refinement 7= Te @ Ty satisfies
|71 = 17el < 1Tel + 17| — |To| — |Te| = |Te| — |Tol. (431)
The fact that 7 is a refinement of T, allows for quasi-monotonicity (3.8) and

n(T5 UT))? < C2on(Te; U(T)? < C2oudn(Tes UT0))? = kon(Te; U(T2))%. (4.32)

mon
Proposition 4.12 thus guarantees that the set R (77, ’f) C 7 with |R(T7, (Jc)| ~ (77 \ (JC)| satisfies the Dorfler marking.
There holds ¢ >~ n(7;; U(7;)) and together with (4.30) and (4.31), this proves (4.27). Estimate (4.28) follows from (2.7) and
(4.31),i.e.
R0, DI S TN\ <IT| = 17| < 17| = %ol

< U 1/s —1/s ~ U 1/s T U(T)) Vs

S, U e = I, U n(Te; UTe) ™.
This concludes the proof. O

The subsequent proposition states the quasi-optimality for a general adaptive algorithm which fits in the framework of

this section under the axioms stability (A1), reduction (A2), and discrete reliability (A4). For the upper bound in (4.33), the
mesh refinement strategy has to fulfill the mesh closure estimate (2.9), while the lower bound hinges only on (2.8).

Proposition 4.15. Suppose that (4.27)-(4.28) of Lemma 4.14 are valid for one particular choice of 0 < kg, 6y < 1, and assume
that the estimator n(7y; U(T,)) satisfies the equivalent estimates (4.22)-(4.24) from Lemma 4.9. For 0 < 6 < 6,, then the
equivalence

n(Te; U(T0)
o D, U( =
C pt”(r/() ())”]Bs = KSEUNI:()) (7] = |To] + D=

holds for all s > 0. The constant Cope > 0 depends only on Crin, Cmesh, Ca, Cs, Cson > 0 and s > 0, while ¢, > 0 depends only
on Cson.

< Gopell(m (), UG g (4.33)

Proof. For the proof of the upper bound in (4.33), suppose that the right-hand side of (4.33) is finite. Otherwise, the upper
bound holds trivially. Step (iii) of Algorithm 2.2 selects some set M, with (almost) minimal cardinality which satisfies the
Dorfler marking (2.5). Since the set R(7y; 7) also satisfies the Dorfler marking, (4.28) implies

|Mel S 1RTe: DI S IO U n(Te; U)o (4.34)
The equivalence of the estimates (4.22)-(4.24) in Lemma 4.9 together with Proposition 4.10 allows to employ (4.23) as well
as (4.34) and the optimality of the mesh closure (2.9). For all £ € N, this implies

= -1
7ol = 170l + 1 S 1Tl = 1Tl £ D 1M1 NGO, U D n(75; U@

Jj= j=0

S N, U I n(Te U @)~ (4.35)

—_

Consequently,
n(Te; U@ (Tl = [Tol + 1D° S I(n(), UC))ls; forall £ € N.

Since n(To; U(T0)) < l(n(-), U(-)) ||s,. this leads to the upper bound in (4.33).

For the proof of the lower bound in (4.33), suppose the middle supremum is finite. Otherwise the lower bound holds
trivially. Choose N € Ny and the largest possible £ € Ny with |73| — |79] < N. Due to maximality of ¢, N + 1 <
[To41] = 190] + 1 < Goon|T2| — [Tol + 1 < |Tel — |To| + 1. This leads to

inf (N+1)°n(7; UT)) < (7] — |Tol + D*n(Te; U(T2))
T €T(N)
and concludes the proof. O

Remark 4.16. As mentioned above, the axioms stability (A1), reduction (A2), and discrete reliability (A4) allow for an
application of Proposition 4.15. In this case, Lemma 4.14 implies the quasi-optimality (4.33) of Proposition 4.15 for all
0 <6 <6 =10+ Csztaijrel)*l, see Proposition 4.12(ii). Moreover, Co,e > 0 then depends only on Cpin, Cmesh,
Cstabs Creds Cdrel, Cqo(€q0) > O aswellason® ands > 0.

Proof of Theorem 4.1(ii). Lemma 3.4 proves that discrete reliability (A4) implies reliability (3.7). Stability (A1) and discrete
reliability (A4) guarantee that (4.25) holds for all ko € (0, 1). Together with quasi-monotonicity (3.8) from Lemma 3.5,
this implies that (4.27)-(4.28) of Lemma 4.14 are valid. Moreover, (A1) and (A2) prove estimator reduction (4.18) from
Lemma 4.7. This and quasi-orthogonality (A3) together with reliability (3.7) allow to employ Proposition 4.10 which ensures
that (4.22)-(4.24) hold. Finally, choose 0 < 6 < 6y < 6, in Proposition 4.12(ii) with corresponding 0 < o < 1. Then, the
application of Proposition 4.15 concludes the proof. O
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5. Laplace problem with residual error estimator

This section applies the abstract analysis of the preceding sections to different discretizations of the Laplace problem.
The examples are taken from conforming, nonconforming, and mixed finite element methods (FEM) as well as the boundary
element methods (BEM) for weakly-singular and hyper-singular integral equations.

5.1. Conforming FEM

In the context of conforming FEM for symmetric operators, the convergence and quasi-optimality of the adaptive
algorithm has finally been analyzed in the seminal works [14,15]. In this section, we show that their results can be
reproduced in the abstract framework developed. Moreover, our approach adapts the idea of [39], and efficiency (4.6) is
only used to characterize the approximation class. This provides a qualitative improvement over [14,15] in the sense that
the upper bound 6, for optimal adaptivity parameters 0 < 6 < 6, does not depend on the efficiency constant Ceg.

Let 2 C RY d > 2, be a bounded Lipschitz domain with polyhedral boundary I := 9£2. With given volume force
f € I2(£2), we consider the Poisson model problem

—Au=f inf2 and u=0 onI. (5.1)

For the weak formulation, let X := H&(Q) denote the usual Sobolev space, with the equivalent H'-norm ||v|| @) =
[Vull 2oy associated with the scalar product

b(u, v) ::f Vu-Vvdx:/fv dx forallv € H)(£2). (5.2)
2 2

Then, the weak form of (5.1) admits a unique solution u € H(} (£2). Based on a regular triangulation 7 of £2 into simplices,
the conforming finite element spaces X (77) = /Sg(’f) =PP(T)N H(} (£2) of fixed polynomial order p > 1 read

PP(T)={vel’(R) : ¥T € T wvlrisapolynomial of degree < p}. (5.3)

The discrete formulation
b(UT),V) = / fVdx forallV e JS(T) (5.4)
2

also admits a unique FE solution U(7") € )Sg(‘]'). In particular, all assumptions of Section 2 are satisfied with d [T; v, w] =
lv—w] Hl(2) and C, = 1. The standard residual error estimator consists of the local contributions

(T V)2 = h2 |f + AV||f2(T) + hr ||[a,,V]||fz(3m) forallT € T, (5.5)

see e.g.[1,2] as well as e.g. [14,15].
Here, [0,V ] denotes the jump of the normal derivative over interior facets of 7. Following [15], we use the local mesh-
width function

h(T) e P°(7) with h(T)|r == hy = |T|V¢, (5.6)

where |T| denotes the volume of an element T € 7. We employ newest vertex bisection for mesh-refinement and stress that
the sons T’ of a refined element T satisfy hyy < 27"/¢hy. Since the admissible meshes 5 € T are uniformly shape regular, we
note that hy >~ diam(T) with the Euclidean diameter diam(T). In particular, n(-) coincides, up to a multiplicative constant,
with the usual definition found in textbooks, cf. e.g. [ 1,2]. We refer to Section 9.2 for the proof that the choice of the mesh-size
function does not affect convergence and quasi-optimality of the adaptive algorithm.

Recall that the problem under consideration involves some symmetric and elliptic bilinear form b(:, -). According to
the abstract analysis in Section 3.6, it remains to verify that the residual error estimator n(7; V) satisfies stability (A1),
reduction (A2), and discrete reliability (A4).

Proposition 5.1. The conforming discretization of the Poisson problem (5.1) with residual error estimator (5.5) satisfies
stability (A1), reduction (A2) with preq = 279, discrete reliability (A4) with R(7, T) = 7 \ T and efficiency (4.6) with

osc(7; U(T)) :=o0sc(T) := min [[K(T) F — Fll2e), (5.7)
FepP—1(T)

where ||osc(')||@1/d < oo is guaranteed. The constants Csap, Cred, Carel, Cett > 0 depend only on the polynomial degree p € N

and on T.

Proof. Stability on non-refined elements (A1) as well as reduction on refined elements (A2) are part of the proof of [15,
Corollary 3.4]. The discrete reliability (A4) is found in [15, Lemma 3.6]. Efficiency (4.6) is well exposed in text books on
a posteriori error estimation, see e.g. [1,2], and losc()llo,,y < oo follows by definition (4.7) for a sequence of uniform
meshes. O
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Consequence 5.2. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem 4.1. Theorem 4.5 proves that for lowest-order elements p = 1, even optimal rates for the discretization error are
achieved, while for higher-order elements p > 2 additional regularity of f has to be imposed, e.g., f € H'(2)forp=2. O

Numerical examples for the 2D Laplacian with mixed Dirichlet-Neumann boundary conditions are found in [82] together
with a detailed discussion of the implementation. Examples for 3D are found in [15].

5.2. Lowest-order nonconforming FEM

The convergence analysis of adaptive nonconforming finite element techniques is much younger than that of conforming
ones. The lack of the Galerkin orthogonality led to the invention of the quasi-orthogonality in [19] and thereafter
in [20,22,25].

Consider the Poisson model problem (5.1) of Section 5.1 with the weak formulation (5.2) in the Hilbert space X = H(} (£2).
Let T € T be a regular triangulation, and let & (7") denote the set of element facets. The discrete problem is based on the
piecewise gradients for piecewise linear polynomials

X(T) == CRy(T) := {V € £'(9) : V is continuous at mid(&(7)) N 2 and V = 0 at mid(&(7)) N I'} (5.8)

where mid(& (7)) denotes the set of barycenters of all facets of 7. Given U, V € CR})(T ) in the nonconforming P;-FEM also
sometimes named after Crouzeix and Raviart [54], the piecewise version of the bilinear form,

b(U,V) = Z/vu.vwx, (5.9)
T

TeT

where the weak gradient V(-) is replaced by the 7 -piecewise gradient Vg (-), defines a scalar product on CRl(J ). The
induced norm

12
M = (Z Vs ()|IL2(T)>

TeT

equals the piecewise H'!-seminorm and controls the L?-norm in the sense of a discrete Friedrichs inequality [51], and all
assumptions of Section 2 hold with d [7; v, w] = ||[v — w||x 7). Hence, the discrete formulation

bU(T), V) :/dex forall V € CRy(T) (5.10)

admits a unique FE solution U(7") € CR1 (7). We adopt the mesh-size function hy = h(7")|r from (5.6). Note that analogously
to Section 5.1, we use newest vertex bisection and obtain hy < 27 /dp, forall T € 7 and its successors TeT \ 7 with
T C T.The explicit residual-based error estimator consists of the local contributions

nr(T3 V)® = Wf oy + hr N0V, forall T € 7. (5.11)

Here [9;V] denotes the jump of the (d — 1)-dimensional tangential derivatives across interior facets of 7 and (for the
homogeneous Dirichlet boundary conditions at hand) [0;V] := 9,V along boundary facets E € &(7) withE C 9£2.

Proposition 5.3. The nonconforming discretization of the Poisson problem (5.1) with residual error estimator (5.11) satisfies
stability (A1), reduction (A2) with preq = 27 174 general quasi-orthogonality (A3), discrete reliability (A4) with R(T, '”) =
T \ T and efficiency (4.6) with osc(7; U(7)) = osc(7") from (5.7) and hence | osc(- )||@1/d < 0. The constants Cgap, Cred,
Carel, Cest > 0 depend only on T.

Proof. Stability (A1) and reduction (A2) follow as for the conforming case by reduction of the mesh-size function and
standard inverse inequalities. Efficiency (4.6) is established in [9,83,84], while the discrete reliability (A4) is shown in [20,
Sect. 4] for d = 2, but the proof essentially applies to any dimension. The aforementioned contributions utilize a continuous
or discrete Helmholtz decomposition and are therefore restricted to simply connected domains. The general case is exposed
in [85]. Notice the abbreviation for the [2-norm on the refined domain | J(7 \ 7 7)

. 2
Il =1 D0 -

TeT\T

1/2

The quasi-orthogonality of [19,22] guarantees, e.g., in the form of [20, Lemma 2.2], that
U@ — U i < lu = U@ %) — llu ~UT Mz, + Cllu— U@l 1K) fllr7
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for some generic constant C 2~ 1 which depends on T. For any 0 < g¢, < 1, the Young inequality yields
Cllu = UD) @ 1T fllr7 < eqollts = UT) 37, + CIMT) 112, 7/ (46 q0)-
The analysis of the last term starts with the observation that

w(T) = h(T)f ll 2

defines a function i : T — R with
AT 12,5 < (1T = w(T)?) /(1 = 22/,

In fact, any contribution forT € T N 7 vanishes on both sides while for any TeTandT € T \ T withT C T, the
local mesh-size satisfies h; < 2~ Y4h;. The combination of the aforementioned estimates result in (B3a) with C; (8q0) =

C?/ (8q0(1 — 2%/%)4). Since the term (7") is part of the estimator n(7", V), it follows C, = 1 in (B3b). This and Lemma 3.7
imply the general quasi-orthogonality (A3). O
Consequence 5.4. The adaptive algorithm leads to convergence with quasi-optimal rate in the sense of Theorems 4.1and4.5. O

Numerical examples in 2D that underline the above result can be found in [28].

5.3. Mixed FEM

The mixed formulation of the Poisson model problem (5.1) involves the product Hilbert space X := H(div, £2) x [*(£2)
with
H(div, 22) := {q € [*(£2; R") : divq € [*(2))}
equipped with the corresponding norms i.e.

and d [T; (p, u), (q,v)] = ||(p — q, u — v)||x. The weak formulation (5.2) now involves the bilinear formb : X x X — R
and right-hand side F € X* defined for any (p, u), (q, v) € H(div, £2) x [*(£2) by

b((p,w), (q,v)) == / (p - q + udivg + vdivp) dx,
2

F(g,v) = / fudx,
2

where f € [?(£2) is the right-hand side in the Poisson problem. Let 5 € T be a regular triangulation, and let £(5") denote
the set of element facets. The conforming mixed finite element function spaces read

X(7) :={Q € H(div, 2) : VT € T, Q|r € M(T)} x PX(T) C X,
with the Raviart-Thomas (RT) mixed finite element space
M(T) = {Q € P"/(T; RY) : Fay, ..., a0, b € PXT)Vx € T,Q(x) = (a1(X) + bX) X1, ..., ag(x) + b(x) X4) }

or the Brezzi-Douglas-Marini (BDM) mixed finite element space My (T) := £**1(T; RY) amongst many other examples for
k € Ny. The discrete formulation

b((P(7),U(T)), (Q,V)) =F(Q,V) forall (Q,V) € X(7),

admits a unique solution (P(7), U(7)) € X(7) cf. e.g. [52]. With the local mesh-size function hr := h(7)|r from (5.6), the
explicit residual-based a posteriori error estimator for d = 2, 3 consists of the local contributions, forall T € T,

(T3 Q)% = ht [ curl QY ) + 7 If — MTif 155 + hr 11Q X V12 - (5.12)

Here, curl denotes the rotation operator (=d - /dx, — d - /0x; in 2D) and [Q x v] denotes the jump of the (d — 1)-dimensional
tangential derivatives across interior facets E € &(7°) with E € £ with unit normal v along oT. For the homogeneous
Dirichlet boundary conditions at hand, we define [Q x v] := Q x v along boundary facets E € §(7) with E C 942. Finally,
IT : [2(2) — P*(7) is the [*-orthogonal projection onto P¥(7).

The newest-vertex bisection for mesh refinement allows the following result.

Proposition 5.5. The mixed formulation of the Poisson problem (5.1) on a simply connected Lipschitz domain 2 ind = 2,3
dimensions with residual error estimator (5.12) satisfies stability (A1), reduction (A2) with preq = 2714, general quasi-
orthogonality (A3), discrete reliability (A4) with R(7,7) = T \ T and efficiency (4.6) with osc(7; U(7)) = osc(7)
from (5.7) and hence ||osc(~)||@1/d < 00. As above, the constants Csap, Cred, Carel, Cett > 0O depend only on the polynomial
degree k and on T.
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Proof. Stability (A1) and reduction (A2) follow as for the conforming case. Efficiency (4.6) dates back to the independent
work [86,87]; the first version and the notion of quasi-orthogonality (A3) has been introduced in [28] and refined in [29].
For the two mentioned versions RT-MFEM and BDM-MFEM, the work [31] presents discrete reliability (A4) and the quasi-
orthogonality (B3) in the form

IP(T) = P22 ) < 1P = P22 ) — 1P = P2 ) + Cllp — P(D) 220 05¢(T \ T, f)

for some generic constant C =~ 1. The rearrangements of the previous subsection with 1 (7) := osc(7; f) result in (B3a) for
any 0 < eqo < 1and Cy(gqo) := C?/ (8qo(1 — 2¥%)4) and G = 1in(B3b). O

Consequence 5.6. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorems 4.1and4.5. O

Numerical examples that underline the above result can be found in [88,89].

5.4. Conforming BEM for the weakly-singular integral equation

In this section, we consider adaptive mesh-refinement for the weighted-residual error estimator in the context of BEM
for integral operators of order — 1. Unlike FEM, the efficiency of this error estimator is still an open question in general and
mathematically guaranteed only for particular situations [34] while typically observed throughout, see e.g. [47,48,69,70].
Nevertheless, the abstract framework of Section 4 provides the means to analyze convergence and quasi-optimality of the
adaptive algorithm.

In a specific setting, optimal convergence of adaptive mesh-refinement has independently first been proved by [32,33] for
lowest-order BEM. While the analysis of [33] covers general operators, but is restricted to smooth boundaries I", the analysis
of [32] focuses on the Laplace equation only, but allows for polyhedral boundaries. In [35], these results are generalized to
BEM with ansatz functions of arbitrary, but fixed polynomial order.

Let £2 C RY be a bounded Lipschitz domain with polyhedral boundary 82 and d = 2, 3. Let I" C 952 be a relatively
open subset. For given f € H'/*(I") := {¢|r : ¢ € H'(£2)}, we consider the weakly-singular first-kind integral equation

Yux) =f(x) forxer. (5.13)

The sought solution satisfies u € H~1/2(I"). The negative-order Sobolev space H~/2(I") is the dual space of H'/2(I") with
respect to the extended L?(I")-scalar product (-, -) 12(ry- We refer to the monographs [90-92] for details and proofs of this
as well as of the following facts on the functional analytic setting: With the fundamental solution of the Laplacian

1
——1log|z| ford =2,
2

G(z) = 1 (5.14)
—_— ford = 3,
4 |z|
the simple-layer potential reads
Bux) = [.Gx —yu@y)dr(y) forxer. (5.15)

We note that 0 € L(H~Y2+5(I"); HY/25(I")) is a linear, continuous, and symmetric operator for all —1/2 < s < 1/2. For
2D, we assume diam(£2) < 1 which can always be achieved by scaling. Then, % is also elliptic, i.e.

b(u, U) = <mu, U)LZ(F) (5.]6)
defines an equivalent scalar product on X := H~V2(I'). We equip H~/2(I") with the induced Hilbert space norm
v II%,1 2y = (Vv, v);2(r). According to the Hahn-Banach theorem, (5.13) is equivalent to the variational formulation

b(u, v) = (f, v)2ry forallv e H-V2(I). (5.17)

It relies on the scalar product b(-, -) and hence admits a unique solution u € H-12 (I') of (5.17).

Let 7~ be a regular triangulation of I'. For each element T € 7, let yr : Tef — T denote an affine bijection from the
reference element Tt = [0, 1] for d = 2 resp. Tef = conv{(0, 0), (0, 1), (1, 0)} for d = 3 onto T. We employ conforming
boundary elements X (7) := £P(7) C H~Y?(I") of order p > 0, where

PP(7) == {V € I*(I') : V o yris a polynomial of degree < pon Ty, forallT € 7}.
The discrete formulation
b(U(T),V) = (f, V)2, forallV e PP(7)

admits a unique BE solution U(7) € £P(7). In particular, all assumptions of Section 2 are satisfied with d [T; v, w] =
lv—wlg-12¢yand Ca = 1.
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Under additional regularity of the data f € H'(I"), we consider the weighted-residual error estimator of [47,48,69,70]

with local contributions
nr (73 V) .= hr |Vr(f — qxv>||fzm forallT € T. (5.18)

Here, V() denotes the surface gradient and h(7) € £°J) denotes the local-mesh width (5.6) which now reads
h(T)|r = |TIYY "V forall T € 7 as I' is a (d — 1)-dimensional manifold. We note that the analysis of [47,48,69,70]
relies on a Poincaré-type estimate ||[R(7)[lg12(r) S ”h(T)l/zV['R(T)”LZ(F) for the Galerkin residual R(7) = f — BU(T)
and requires shape-regularity of the triangulation 7 for d = 3, in particular, the fact that hy ~ diam(T). We employ newest
vertex bisection for d = 3 and the bisection algorithm of [34] for d = 2.

As in Section 5.1, the problem under consideration involves a symmetric and elliptic bilinear form b(-, -) and conforming
discretizations. Therefore, it only remains to discuss stability (A1), reduction (A2), and discrete reliability (A4), see
Section 3.6.

Proposition 5.7. The conforming BEM of the weakly-singular integral equations (5.13) with weighted-residual error estimator
(5.18) satisfies stability (A1), reduction (A2) with preq = 2~ /=Y, and discrete reliability (A4) with

RT,T) =0T T\T)={Te7 :37eT\T TNT #0}, (5.19)

ie. R(T, 7 ) contains all refined elements plus one additional layer of elements. The constants Csap, Cred, Caret > 0 depend only
on the polynomial degree p € No and on T.

Proof. Stability on non-refined elements (A1) as well as reduction on refined elements (A2) are part of the proof of [32,
Proposition 4.2]. The proof essentially follows [15], but additionally relies on the novel inverse-type estimate

IR(T) 2V rBV 2y < IVIG-1/2¢y forallV € PP(T).

While the work [32] is concerned with the lowest-order case p = 0 only, we refer to [93, Corollary 2] for general p > 0 so
that [32, Proposition 4.2] transfers to p > 0. Discrete reliability is proved in [32, Proposition 5.3] for p = 0, but the proof
holds accordingly for arbitraryp > 0. O

Consequence 5.8. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem4.1. O

Numerical examples that underline the above result can be found in [69].
Efficiency (4.6) of the weighted-residual error estimator (5.18) remains an open question. The only result available [34]
is for d = 2, and it exploits the equivalence of (5.13) to some Dirichlet-Laplace problem: Assume I" = 92 and let

RE(X) = [} OnyG(x — y) g(¥) dI"(y) (5.20)

denote the double-layer potential & € L(HY**$(I"); H'/?+5(I")), for all =1/2 < s < 1/2. Then, the weakly-singular
integral equation (5.21) for given Dirichlet datag € HY?(I") and f = (& + 1/2)g is an equivalent formulation of the
Dirichlet-Laplace problem

—Ap =0 inf2 and ¢ =g onl =052. (5.21)

The density u € H~"/2(I"), which is sought in (5.13), is the normal derivative u = 3,4 to the potential ¢ € H!(£2) of (5.21).
For this special situation and lowest-order elements p = 0, efficiency (4.6) of n(7") is proved in [34, Theorem 4].

Proposition 5.9. We consider lowest-order BEM p = Oford =2and I' = 082. Let 0 > 2andg € H°(0§2) = {¢|arz ¢ €
H"“/Z(.Q)}, For f := (R 4+ 1/2)g, the weighted-residual error estimator (5.18) satisfies (4.6) with ||osc(-)||@>3/2 < o0.

Proof. The statement on efficiency of (7") is found in [34, Theorem 4], where osc(7"; U(7)) is based on the regular part
of the exact solution . It holds osc(7; U(7)) = ©(h*?*%) for uniform meshes with mesh-size h and some o-dependent
e >0,see[34]. O

For some smooth exact solution u, the generically optimal order of convergence is @ (h*/?) for lowest-order elements
p = 0, where h denotes the maximal mesh-width. For quasi-uniform meshes with N elements and 2D BEM, this corresponds
to ©(N~3?) and hence s = 3/2. With the foregoing proposition and according to Theorem 4.5, the adaptive algorithm attains
any possible convergence order 0 < s < 3/2 and the generically quasi-optimal rate is thus achieved.

Consequence 5.10. Under the assumptions of Proposition 5.9, the adaptive algorithm leads to the generically optimal rate for
the discretization error in the sense of Theorem 4.5. O

Numerical examples that underline the above result can be found in [32,34,47,48,69,70].
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5.5. Conforming BEM for the hyper-singular integral equation

In this section, we consider adaptive BEM for hyper-singular integral equations, where the hyper-singular operator is
of order +1. In this frame, convergence and quasi-optimality of the adaptive algorithm has first been proved in [33], while
the necessary technical tools have independently been developed in [93]. While the analysis of [33] only covers the lowest-
order case p = 1 and smooth boundaries, the recent work [36] generalizes this to BEM with ansatz functions of arbitrary,
but fixed polynomial order p > 1 and polyhedral boundaries.

Throughout, we use the notation from Section 5.4. Additionally, we assume that I" C 92 is connected. We consider the
hyper-singular integral equation

Wux) =f(x) forxerl, (5.22)

where the hyper-singular integral operator formally reads

QI]U(X) = 8n(x)/ Bn(y)G(x —y)v(y) dF(y) (523)
r

By definition, there holds 20g(x) = 0,8g(x) if the double-layer potential £g(x) is considered as a function on §2 by
evaluating (5.20) for x € £2. Again, we refer to the monographs [90-92] for details and proofs of the following facts on
the functional analytic setting: The hyper-singular integral operator 23 is symmetric as well as positive semi-definite and
has a one-dimensional kernel which consists of the constant functions, i.e. 201 = 0. To deal with this kernel and to obtain
an elliptic formulation, we distinguish the cases I' G 02 and I" = 9£2.

5.5.1. Screen problem I' G 952

On the screen, the hyper-singular integral operator 20 : HY2¥(I') — H~Y*¥5(I') is a continuous mapping for all
—1/2 < s < 1/2.Here, H/**(I") == {v|; : v € HY/*™(3£2) with supp(v) C I} denotes the space of functions
which can be extended by zero to the entire boundary, and H~1/2¥5(I") denotes the dual space of H/2=5(I"). For given
f € H7V2(I"), we seek the solution u € H'/2(I") of (5.22).

We note that 1 ¢ H/2(I") and 20 : H'/2(I") — H~V2(I") is a symmetric and elliptic operator. In particular,

b(u, U) = (Qﬁu, ‘U)LZ(F) (5.24)
defines an equivalent scalar product on X := H/2(I"). We equip H'/2(I") with the induced Hilbert space norm [|v ”2ﬁ1/2(r) =
b(v, v). The hyper-singular integral equation is thus equivalently stated as

b(u, v) = (f, V)2 forallv e HY2(I) (5.25)

and admits a unique solution.
Given a regular triangulation 7 and a polynomial degree p > 1, we employ conforming boundary elements X (7) =
80(T) == PP(7) NHV2(I"). The discrete formulation

bUT), V) = (f, V)2, forallV e 85(7)

admits a unique BE solution U(7") € 53(’1‘). In particular, all assumptions of Section 2 are satisfied with d [T; v, w] =
lv — wllgiz2ry and Ca = 1.

Under additional regularity of the data f € L?(I"), we may define the weighted-residual error estimator from [47,69,70,
94] with local contributions

(7 V)2 = hr|lf — annfzm forallT € 7. (5.26)

As in Section 5.1, the problem under consideration involves symmetric and elliptic b(-, -) and conforming discretizations.
Therefore, it only remains to discuss stability (A1), reduction (A2), and discrete reliability (A4), see Section 3.6. As for the
weakly-singular integral equation from Section 5.4, efficiency (4.6) is only observed empirically [47,69,70,94], but a rigorous
mathematical proof remains as an open question.

Proposition 5.11. The conforming BEM of the hyper-singular integral equation (5.22) on the screen with weighted-residual error

estimator (5.26) satisfies stability (A1), reduction (A2) with preq = 2~/=D and discrete reliability (A4) with
RT,.T)=T\T.

The constants Cstap, Cred, Carel > 0 depend only on the polynomial degree p € N and on T.

Proof. The discrete reliability (A4) follows with the techniques from [15] which are combined with the localization

techniques for the H'/2(I")-norm from [94]. We refer to [36] for details. For the lowest-order case p = 1, an alternate proof

is found in [33, Section 4], where R(7, 7) = w(7; T \ 7) are the refined elements plus one additional layer of elements,
see (5.19). Stability (A1) and reduction (A2) are proved in [36] and use the inverse estimate from [93, Corollary 2]. O
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Consequence 5.12. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem4.1. O

Numerical examples that underline the above result can be found in [69].

5.5.2. Laplace-Neumann problem I' = 952
On the closed boundary I = 942, the hyper-singular integral operator (5.23) is continuous for all —1/2 <s < 1/2
W : H/*(I) — H27(T).

Due to 1 € H/2(I"), we have to stabilize 23, e.g., with the rank-one operator Gv = (v, 1);2(@) 1. Alternatively, one could
consider 207 on the factor space H2(I")/R ~ H}*(I") := {veHY2(I) : [, vds = 0}. The (stabilized) hyper-singular
integral equation reads

W+ S)ukx) =f(kx) forxe . (5.27)

The sought solution satisfiesu € % := H'/?(I"). The stabilization & allows to define an equivalent scalar product on H'/?(I")
by

b(u, v) == (Wu, v)2¢ry + U, Vzery (v, Dz

We equip H'/2(I") with the induced Hilbert space norm || v||l2{1/2(r) = b(v, v). Then, (5.27) is equivalent to

b(u,v) = (f, v)2( forallv e H2(I). (5.28)

In case of (f, 1);2(y = 0, we see that (u, 1);2y = 0by choice of the test function v = 1. Then, the above formulation (5.27)
resp. (5.28) is equivalent to (5.22).

For given g € H~'/2(I") and the special right-hand side f = (1/2 — &g, it holds (f, 1);2(-, = 0. Moreover, (5.22)
resp. (5.27) is an equivalent formulation of the Laplace-Neumann problem

—Ap=0 inf2 and 9¢p=g onl =052. (5.29)

Clearly, the solution ¢ € H!(£2) is only unique up to an additive constant. If we fix this constant by (¢, D2y = 0, the
density u € H'/2(I") which is sought in (5.22) for f = (1/2 — &)g, is the trace u = ¢|- of the potential ¢.

For fixed p > 1 and a regular triangulation 7 of I, we employ conforming boundary elements X(7) = $°(7) =
PP(7) N HY2(I"). The discrete formulation

bUT), V) = (f, V) forallV e 87(7) (5.30)

admits a unique solution U(7) € 4P(7). In particular, all assumptions of Section 2 are satisfied with d [7T; v, w] =
lv — wllg2ry and C4 = 1. In case of (f, 1);2ry = 0, it follows as for the continuous case that (U(7), 1) = 0 and
therefore GU(7") = 0. Hence, the definition of the error estimator as well as the proof of the axioms (A1), (A2), and (A4) is
verbatim to the screen problem in Section 5.5.1 and therefore omitted.

Consequence 5.13. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem4.1. O

Numerical examples that underline the above result can be found in [94].

Although one may expect an efficiency result (4.6) similar to that from [34] for Symm’s integral equation from Section 5.4,
see Consequence 5.10, the details have not been worked out yet. In particular, quasi-optimality of the adaptive algorithm in
the sense of Theorem 4.5 remains as an open question.

6. General second-order elliptic equations

This section collects further fields of applications for the abstract theory developed in the previous Sections 2-4 beyond
the Laplace model problem from Section 5. This includes general second-order linear elliptic operators as well as different
FEM discretizations of the Stokes problem and linear elasticity.

6.1. Conforming FEM for non-symmetric problems

On the bounded Lipschitz domain £2 C R¢, we consider the following linear second-order PDE

Lu:=—divAVu+b-Vu+cu=f inf2 and u=0 onI. (6.1)
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Forallx € 2,A(x) € R™is a symmetric matrix with A € W' (22; R&<). Moreover, b(x) € R” is a vector with

b e 1®°(£2; RY) and c(x) € R is a scalar with ¢ € L*(£2). Note that .£ is non-symmetric as
£ # LT = —divAVu — b - Vu + (c — divb)u.

We assume that the induced bilinear form
b(u, v) := (Lu, v) = / AVu-Vu+b-Vuv+cuvdx foru,v € X = Hy(£2)

2

2 .
Hy(2)
Lax-Milgram lemma and for given f € L?(£2), the weak formulation

is continuous and H(} (§2)-elliptic and denote by ||v]| = b(v, v) the induced quasi-norm on H(}(Q). According to the

b(u, v) :ffv dx forallv € Hy(£2) (6.2)
2

admits a unique solution u € H(} (£2).

Historically, the convergence and quasi-optimality analysis for the adaptive algorithm has first been developed for elliptic
and symmetric operators, e.g. [11-15] to name some milestones, and the analysis strongly used the Pythagoras theorem
for the energy norm (3.14). The work [49] introduced an appropriate quasi-orthogonality (B3a) in the H'-norm to prove
linear convergence of the so-called total error which is the weighted sum of error plus oscillations. Later, [17] used this
approach to prove quasi-optimal convergence rates. However, [17,49] are restricted to divbh = 0, ¢ > 0, and sufficiently
fine initial meshes 7; to prove this quasi-orthogonality. The recent work [ 18] removes these artificial assumption by proving
the general quasi-orthogonality (A3) with respect to the induced energy quasi-norm || - || Hl(Q)" Moreover, the latter analysis

also provides a framework for convergence and quasi-optimality if b(-, -) is not uniformly elliptic, but only satisfies some
Garding inequality. For details, the reader is referred to [18, Section 6].

The discretization of (6.2) is done as in Section 5.1, from where we adopt the notation: For a given regular triangulation
7 and a polynomial degree p > 1, we consider X(7) := 53(7‘) = PP(T)N H(}(Q) with £P(7) from (5.3). The discrete
formulation also fits into the frame of the Lax-Milgram lemma and

bU(T), V) :/dex forall vV e 82(7) (6.3)
2

hence admits a unique FE solution U(7") € 5(’)’ (7). In particular, all assumptions of Section 2 are satisfied with the quasi-norm
I |||H3(Q) and A [T; v, w] = |lv— w|||H& @) and some constant C, > 1 which depends only on £.

The residual error-estimator 7 (-) differs slightly from the above, namely

(T3 V)2 = hell LItV = flif ) + hrlTAVY - nll% 00 (6.4)

forallT € 7 andallV € 53('1‘) and £L|7V = —div [fA(V|7V) +b - V|7V 4 ¢V, see e.g.[1,2].
The problem under consideration involves the elliptic bilinear form b(-, -) and thus fits into the framework of Section 3.6.

Proposition 6.1. The conforming discretization of problem (6.1) with residual error estimator (6.4) satisfies stability (A1),
reduction (A2) with peq = 279, generalized quasi-orthogonality (A3), discrete reliability (A4) with R(T,T) = T\ T,
and efficiency (4.6) with

7. F\\2 . : 2 Ty _f _ 2 : Ty . _ 2
0sc(T; U(T)* i= _ min. )%hTHﬂTU(J) J=Flay+ _min 3 hrlIAVU(T) 0] =Flgrog): (6.5)

P (D) Ter

where q,q € Ny are arbitrary and Ceg depends on q, q¢' and on T. If the differential operator £ has piecewise polynomial
coefficients, sufficiently large q, ¢ € Ng even provides (4.6) with
osc(T;U(T)) :==o0sc(T) = min [[A(T) (f — F)ll2()- (6.6)

FePP~1(T)

In particular, there holds ||osc(~)||@1/d < oo in this case. The constants Cgap, Cred, Caret > 0 depend only on the polynomial
degrees q,q € Nand on T.

Proof. Stability (A1), reduction (A2), and discrete reliability (A4) follow as for the Poisson model problem from Section 5.1.
Standard arguments from e.g. [1,2] provide the efficiency (4.6). The proof of the general quasi-orthogonality (A3) follows as
in [18]: First, according to Corollary 4.8, a priori convergence of U(7;) — U, implies convergence U(7;) — uas { — oo.
Without loss of generality, assume that u # U, for all £ > 0.

Second, by general Hilbert space arguments, the a priori convergence implies that the sequences e, := (u—U,)/||V(u—
U2y aswell as Eg := (Upy1 — Up) /I V(u — Up) |l 12() tend weakly to zero, see [18, Lemma 6].

Third, the non-symmetric part Xu := b- Vu of .£ is a compact perturbation. Hence, .Ke, as well as K E, converge to zero
even strongly in H™1(£2) := Hj(2)*.
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Since £ — X is symmetric, the following quasi-orthogonality is established as in [ 18, Proposition 7]. For all £ > 0, there
exists some index £y € N such that

1
IU(Tesn) = U@ ) < T 1= UTON o) = I = UTed)ll ) forall € = o,

As shown in [18, Proof of Theorem 8], one may now choose ¢ > 0 sufficiently small to derive for all N > £

N

;(uw(m]) — U@ g, = Eaollt = Uy o)) < llu = U@, ) forall £ > .

For the remaining indices 0 < £ < £g, recall that |Ju — U(Tg)|||H&(m = 0 implies U (Txy1) — U(TI<)|||H(}(9) =0forallk > ¢.
With the convention co - 0 = 0, it holds

Lo—1
V-2 TN U(TN2
max = Ul o) > MU (Tin) = UTOlG o) < 00
50 t0 0 k=t 0

The combination of the last two estimates finally yields the general quasi-orthogonality (A3) and concludes the proof. O

Consequence 6.2. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem 4.1. For lowest-order elements p = 1 and piecewise polynomial coefficients of £, even quasi-optimal rates for
the discretization error are achieved in the sense of Theorem 4.5. At the current state of research, higher-order elements p > 2
formally require piecewise polynomial coefficients of £ and additional regularity of f. O

Numerical examples for the symmetric case that underline the above result can be found in [49].

6.2. Lowest-order nonconforming FEM for Stokes

The simplest model example for computational fluid dynamics is the stationary Stokes equations
—Au+Vp=f and divu=0 in2 and u=0 onl =08 (6.7)
with Dirichlet boundary conditions for the velocity field u € H& (£2; RY) along the boundary I" and the pressure field

p € L3(2) = {q € *() : [,qdx = 0}. The weak formulation involves the Hilbert space X := H; (£2; R?) x L3(£2) and
the bilinear form b(-, -) and linear form F(-) with

b((u, p), (v,q)) = f (Du:Dv —pdivv —qdivu)dx and F(v,q) := / f-vdx
Q Q

for (u, p), (v, q) € X with the Frobenius scalar product of matrices A : B := Z‘.{k:] AjBjr and the Jacobian D. The weak

problem !
b((u,p), (v,q)) =F(v,q) forall(v,q) € X

has a unique solution (u, p) € X. This and the conforming and nonconforming discretization is e.g. included in text-
books [50-53].

The first contributions on adaptive FEMs for the Stokes Equations involved the Uzawa algorithm [95,96] to overcome
the residuals from the divergence term. In contrast to this, the nonconforming scheme naturally satisfies the side constraint
divu = 0 piecewise [97] and so enables the convergence and optimality proof [21,23,24].

Given a regular triangulation 7 € T, the nonconforming discretization starts with the nonconforming Crouzeix-Raviart
space CR}(7) from (5.8) and

X(T) == CRY(T)? x (P°(T) NL2(2)), (6.8)
equipped with the product norm (V4 (-) denotes the piecewise gradient)
IV, QB = I1V5V 2 o) + 1QUE g,

and d [7; (U,P), (V,Q)] = [[(U—V,P — Q)llx). The differential operators in b(-, -) are understood in the piecewise
sense

b(7; (U,P), (V,Q)) = Z/(DU :DV — P divV — Q divU)dx
T

TeT

for all (U, P), (V, Q) € X (7). The discrete problem

b(’f’; ), pP@)), (v, Q)) = / fVdx forall (V,Q) € X(7) (6.9)
2
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admits a unique FE solution (U(7), P(7)) € X(7) [50-53]. Recall the jumps of the tangential derivatives from Section 5.2
and define the local contributions of the explicit residual-based error estimator [97]

(T3 (V, Q)% = hi If Il gy + hr I18cV1II gy, forallT € 7, (6.10)
where V is some part of the discrete test function Y = (V, Q) € X(7) and hr is the local mesh-size defined in (5.6).
Proposition 6.3. The nonconforming discretization (6.9) of the Stokes problem (6.7) on a simply connected domain §2 with
residual error estimator (6.10) satisfies stability (A1), reduction (A2) with preq = 2-1/4 general quasi-orthogonality (A3),

discrete reliability (A4) with R(T,T) = T \ 7 and efficiency (4.6) with osc(7; U(7)) = osc(7) from (5.7) and hence
||osc(~)||@1/d < 00. The constants Csap, Cred, Carel, Ceff > 0 depend only on T.

Proof. Stability (A1) and reduction (A2) follow as in Proposition 5.3. Efficiency (4.6) is established in [97], while the discrete
reliability (A4) is shown in [23, Theorem 3.1] for d = 2, but the proof essentially applies also to the case d = 3. The
aforementioned contributions utilize a continuous or discrete Helmholtz decomposition and are therefore restricted to
simply connected domains. The general case is clarified in [85].

The quasi-orthogonality in the version of [23, Lemma 4.3] allows an analysis analogous to that of Proposition 5.3 with
the same w(77) (applied to f in d components rather than one) to prove (B3b). This and Lemma 3.7 imply the general quasi-
orthogonality (A3). O
Consequence 6.4. The adaptive algorithm leads to convergence with quasi-optimal rate in the sense of Theorems 4.1and4.5. O

Numerical examples for 2D that underline the above result can be found in [21].

6.3. Mixed FEM for Stokes

The pseudostress formulation for the Stokes equations (6.7) starts with the stress ¢ := Du — p|I for the d x d unit
matrix I and the velocity u € H(} (£2; RY) and the pressure p € L(z)(.Q). Since u is divergence free, the trace free part
dev o := o — tr(o)/dI (with the trace tro = o011 + -+ 4+ 049 = o : I) equals the Jacobian matrix Du. With this
notation, (6.7) reads

devo =Du and f+dive =0,
where the divergence acts row-wise. With the Hilbert space

H:= {‘L’ € H(div, 2; R™%) : / tr(t)dx = o}
2
for the stresses, the mixed weak formulation reads

/(U :devt +u-divrt)dx=0 forallt € H,
2

/v-divodx:—/v-fdx forall v € [?(2; RY).
2 2

Given a regular triangulation 7 € T, the discrete spaces for the Raviart-Thomas discretization read

X(T) == (M(T) N H) x PX(T;R*) € X :=H x [*(£2; RY)
with My (7) from Section 5.3 and equipped with the norm d [T; (U, ¢), (V, t)] = (JJU — V||fz<9> +lo—1 ||12~1(div,9;RdXd))1/2'
The discrete formulation

/(E(T) cdevt + U(T) -divt)dx = 0,
2

/V'divE(T)dx=—/ V-fdx
2 fe)

forallY := (V, t) € X(7) admits a unique solution X(7) = (U(7), X (7)) € X(7) [54].ForY(T) = (V, 1) € X(7), the
a posteriori error analysis of [55] leads to the local contribution
nr(T3 V)? = 0sc(f, T) + hi || curl(dev V)% + hr [[[dev(V) x vl . (6.11)

with the jumps [dev(V) x v] of the tangential components of the deviatoric part of the stress approximation as in Section 5.3.

Proposition 6.5. The pseudostress formulation of the Stokes equations on a simply connected Lipschitz domain 2 ind = 2
with residual error estimator (6.11) satisfies stability (A1), reduction (A2) with preq = 274 general quasi-orthogonality (A3),
discrete reliability (A4) with R(T,T) = T \ T and efficiency (4.6) with osc(7; U(7)) = osc(7) from (5.7) and hence
llosc()llo, a < 00.As above, the constants Cstap, Cred, Carel, Cet > 0 depend only on the polynomial degree k and on T.
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Proof. Stability (A1) and reduction (A2) follow as above—some details can be found in the proof of [98, Theorem 4.1].
Efficiency (4.6) is contained in [55,98]. The recent work [98] presents discrete reliability (A4) [98, Theorem 5.1] and quasi-
orthogonality in the form

IZ(T) = 2(D)lg, < lo = @) = (D)2 + Cllt = U@l 20)05¢(T \ T, f)

for some generic constant C ~ 1 [98, Theorem 4.2]. The proof is based on a discrete Helmholtz decomposition and an
equivalence result of the pseudostress method with the nonconforming FEM of the previous subsection and so restricted
to d = 2. The rearrangements as in Section 5.3 with u(7) = osc(7;f) result in (B3a) for any 0 < &q, < 1 with
G = C%/ (6qo(1—27"?)4) and G; = 1in(B3b). O

Lz(.Q) LZ(Q) ”

Consequence 6.6. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorems 4.1and4.5. O

Numerical examples that underline the above result can be found in [55].

6.4. Lowest-order nonconforming FEM for linear elasticity

The Navier Lamé equations form the simplest model problem in solid mechanics with isotropic homogeneous positive
material and the Lame parameters A and u. Given a polyhedral Lipschitz domain £2 C RY and f € [2(£2;RY), the
displacement field u € X := H} (£2; R?) satisfies

—pAu— A+ p)Vdivu=f in £2. (6.12)
The existence and uniqueness of weak solutions with the bilinear form b(-, -) and the linear form F(-) and the conforming
and nonconforming discretization is included in the textbooks [50,51]. The weak form of (6.12) reads

b(u,v) == / (uDu : Dv 4 (A 4+ ) (divu)(divv)) dx.
2

Given a regular triangulation 7 € T, let X(7) = CRé(T)d denote the nonconforming Crouzeix-Raviart space from
Section 5.2 and let d [T -, -] be defined as in Section 5.2. There exists a unique discrete solution U(7) € X(7) such
that

b(T; U(T),V):/f-de forallV e X(7), (6.13)
7}
where

b(T,U(T),V) = / (uDU(T) : DV + (A + w)(divU(7))(divV)) dx.
TeT

The error estimator reads (5.11) as in Section 5.2 with the little difference that V and f are no longer scalar but d-dimensional.

Proposition 6.7. The nonconforming discretization (6.13) of the Navier-Lame equations (6.12) on the simply connected domain
2 in 2D with residual error estimator (5.11) satisfies stability (A1), reduction (A2) with preq = 27 1/ general quasi-
orthogonality (A3), discrete reliability (A4) with R(T, “) = 7 \ 7 and efficiency (4.6) with hot(7") := osc(7; f) from
Section 5.1 and hence ||osc(- )||@1/d < 00. The constants Cgap, Cred, Carel, Cer > 0 depend only on T and constraints on [,
but do not depend on A.

Proof. Stability (A1) and reduction (A2), Efficiency (4.6) plus the discrete reliability (A4) and the quasi-orthogonality follow
as in Section 5.2. The novel aspect is that all the generic constants are independent of A which follows with an application
of the tr-dev-div lemma [8,30]. A discrete Helmholtz decomposition in [30] leads to discrete reliability and so restricts the
assertion to simply connected domains §2 ford =2. O

Consequence 6.8. The adaptive algorithm leads to robust convergence with quasi-optimal rate in the sense of Theorems 4.1 and
4.5. All constants are independent of A. O

Numerical examples that underline the above result and provide a comparison to conforming finite element simulations
can be found in [30].

7. Incorporation of an inexact solver algorithm

Any evaluation of the solver U(-) depends on the solution of some linear or nonlinear system of equations and may
be polluted by computational errors. This contradicts the verification of the axioms (A1)-(A4) in Sections 5-6 for the exact
evaluation of the solver U (-). This section is devoted to the incorporation of this additional error into the optimality analysis.
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7.1. Discrete problem

In contrast to the previous sections, we do not assume that the discrete approximation U(J") is computed exactly by
the numerical solver. Instead, given some 0 < ¢ < 0o, we assume that we can compute another discrete approximation
U(T) € X(7) such that

A[7;UT), U] < 0 n(T; UT)). (7.1)

Here, we assume that the error introduced by the inexact solve is controlled by the corresponding error estimator. A similar
criterion is found in [99, Section 2]. Since ¥ = 0in (7.1) implies U(7) = U(7), the results of this section generalize those
of Sections 2-4.

7.2. Residual control of the approximation error

This section illustrates the condition (7.1) in the context of an iterative solver. Suppose d [T; v, w] = [|[v—w||x(s) stems
from a quasi-norm on X+ X (7) and let ¥ (") be a suitable normed test space. Suppose that B(7; -, ) : X(T)XY(T) - R
is linear in the second component in ¥ (7). Given any linear function F(7; -), suppose that U(7") solves the variational
equality

B(T; U@),V)=F@;V) forallV € Y(7). (7.2)
An iterative solver terminates after a finite computation and so specifies an inexact solver

UC) :T— X().
Given an accuracy ¢ > 0, common iterative solvers allow to monitor the discrete residual

IF(T3) =BT UT), gy <& (7.3)
in terms of the dual norm || - ||y (7y* = Supyeyyjo; (> V)/ IV ly()- Suppose that B(7; -, -) satisfies a uniform LBB condition
in the sense that

IVIlxery < Ce IB(T5 V, )lyeys forallV e X(T) (7.4)

with some universal constant C;gg > 0. Then, the estimate (7.3) guarantees
d[7;U(T), U(T)] < Cuse.

Altogether, the termination with ¢ := Cﬁgéﬁ‘ n(T; ﬁ(’]’)) guarantees (7.1).
In particular, the above assumptions are met for the uniformly elliptic problems of Section 3.6 as well as for the strongly
monotone operators of Section 10.

7.3. Adaptive algorithm for an inexact solver

The only difference between the following adaptive algorithm and Algorithm 2.2 of Section 2 is that the inexact solve
computes the discrete approximations in Step (i).

Algorithm 7.1. INPUT: Initial triangulation 75, parameters 0 < 0, ¢ < 1.
Loop: For £ =0, 1, 2, ... do (i)-(iii)

(i) Compute approximate discrete approximation LNI(’JQ) € X (7) as well as the corresponding error estimator 1 (77; ﬁ(’fg))
which satisfy (7.1).
(ii) Determine set M, € 7; of (almost) minimal cardinality such that

On(T: UTD)’ < Y nr(Te: U(T2))™. (7.5)
TeMy

(iii) Refine (at least) the marked elements T € M, to design new triangulation 77 1.

OuTPUT: Approximate solutions ﬁ(']}g) and error estimators 1 (77; ﬁ(’fg)) forall £ € N.

7.4. Optimal convergence rates
The following is the main result of this section.

Theorem 7.2. Suppose stability (A1), reduction (A2), and general quasi-orthogonality (A3). Then, Algorithm 7.1 guaran-
tees (i)-(ii).
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(i) Discrete reliability (A4) or reliability (3.7) and 0 < ﬁsztab < 6 imply R-linear convergence of the estimator in the sense that
there exists 0 < peonv < 1and Ceony > 0 such that

1(Terjs UTe4i))? < CeonvOlony 1(72; U(T))? forallj, £ € No. (7.6)
In particular,
Col A2 u, U] < 0T UT2) < CY2 pl2, n(0; U(To)) forall £ € No. (7.7)

(i) Discrete reliability (A4) together with0 < 6 < 6, := (14 C2,,C3.) " " and
0<6 < sup (] - ﬁcstab)ze* - (1 + (S_l)ﬁzcsztab
5>0 (1+9)
imply quasi-optimal convergence of the estimator in the sense of

7 (T,
Cop (1), U s, < sup Tz(fm fﬁ)i)_s < Copell 7). U e, (7.9)

(7.8)

foralls > 0.

The constants Ceonv, Peonv > 0 depend only on Cstap, Pred; Cred, Cqo(€qo) > 0 as well as on 6 and . Furthermore, the constant
Copt >0 depends Only on Cmin’ Crefv Cmesh’ Cstab, Cdrelv Cred7 Csom qu (5qo)s Pred > 0 as well as on 9; v and S, while Copt > 0
depends only on ¥, Csap, and Csop.

The proof of Theorem 7.2 is the overall subject of this section and found below. The following theorem transfers the
results of Theorem 4.5 to inexact solve U(-).

Theorem 7.3. Suppose (A1)-(A4) as well as efficiency (4.6) and quasi-monotonicity of error and oscillations (4.13). Then,
(7.8) implies quasi-optimal convergence of the error

_ d [7¢; u, U(T7)]
CoptCie 1, U() 14y < su
oG N U s = 280 G = 172l + 1)
CoptCie (11, UM 14, + ll0sc()loy) (7.10)

foralls > 0. The constants Copt, Copr > 0 are defined in Theorem 7.2. The constant Cie > 0 depends only on ¥, Cstap, Crel, Cet, Capx-

+ llosc() [l

IA

The proof of Theorem 7.2 first establishes that the Dérfler marking (7.5) for n(7; ﬂ(’J‘)) implies the Dorfler marking (2.5)
for n(7; U(7)) with a different parameter 0 < # < 1 and vice versa.
Lemma 7.4. Suppose that n(-) satisfies stability (A1). Then, any T € Tand 0 < 61, 65, ¥ < 1 satisfy (i)-(iii).
(i) (1= 2 Can)n(T5 U(T)) < (T3 UT)) < (1+ 9 Coap) (T3 U(T)).
(ii) Assume that 6, = 6 satisfies (7.8) with 6, = 6,. If M C T satisfies

1 (T UT))> < D (T3 U, (7.11)
TeM
then it follows
(T UT))? < nr(T: U(T) (7.12)
TeM

(iii) Provided that 192C52tab < 0,, there exists 0 < 6y < 0, which depends only on 6, ¥, and Cs.p, Such that 0 < 6; < 6y

guarantees that (7.12) implies (7.11).
Proof of (i). Stability (A1) and the definition ofﬂ(’f) in (7.1) show
n(T:UT)) < (T U@)) + Cap A [T U@, U]
< (1 + ﬁcstab)"(rf; U(T))
Analogously, one derives
n(7:U(T)) < (T3 U@)) + Corap A [T U@, U]
< (T U(T)) + 9 Caapn(T; U(T)).
This implies (i). O
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Proof of (ii). Suppose that (7.11) holds. With (i), stability (A1) as well as (7.1) and the Young inequality, it follows, for each
8 > 0, that

(1= 9 Caeap)?O1n(T: U(T)? < O(T:UT)? < Y (T3 U(T))?

TeM
S48 (T U@+ (A +8 )2 Cyn(T: UT))
TeMm
The absorption of the last term proves (7.12) for all
1 — 9 Csran)?61 — (1 + 8~ 1H92C2
0 <6, < sup" sab) 61 = (1487 )9 Copy (7.13)

§>0 (1 + 8)
Therefore, assumption (7.8) with & = 6, and 6, = 6, implies (7.12). O

Proof of (iii). Suppose that (7.12) holds. The aforementioned arguments show, for each § > 0, that

On(T: U < D nr(T: U(T))?

TeMm

< (A+8)Y T U@ + (148 )P2Cn(T: UT)).
TeM

This implies
(62 — A+ 82T U@ < (1+8) D nr(T: UT)).
TeM

The combination with (i) and

0, — (14 8~ H2c2
0 <6, <sup—= A+ )0 Gy _, 6o < 0, (7.14)
§>0 (1 + 8)(1 + ﬁcstab)z

establishes (7.11). This concludes the proof. O

Proof of Theorem 7.3. Proposition 4.6, (7.9), and the equivalence from Lemma 7.4(i) lead to

o n(T¢; U(Te))

1+ 0C ot TORILe < su

( stab) Copt Crer II( Dl = teng (|Te| — |Tol + 1)~*

(1= 9 Catap) ™ CopCapn (1t U1, + losc)llo,)-

The arguments of the proof of Theorem 4.5 imply

IA

PPN d [Te; u, U(T)]
14 9Csap) 'ColC ot 1 (W, U())[14, < su + Jlosc() [l o,
( stab)~ Copt Crel Cerr [, UCD) I SUP T = [Tl + 1) llosc()llo

< ((1 = ¥ Cstab) ™' CoptCretCapx + DI, U |y + llosc() [lo,)- (7.15)
The arguments of (7.16) together with (A1), efficiency (4.6), and (7.1) yield
A[T:u, U] < dIT:u, U]+ d[T:UT), UT)]
AT u, U]+ 0 n(T; U(T))
A7 u, U]+ 9 9T UE) +9 d[T5UT), U]
A4+H)A[T;u, U] +9 d[T;u, UT)]+ 9 osc(T; UT)).

N AN N

For some sufficiently small ¢, it follows

A[T;u, UT)] < AT u, UT)] + osc(T; U(T)).
The converse estimate follows analogously

d[T5u, U] S dIT5u,U@)]+ 9 n(T,U@)) S d[T;5u,UT)] + 9 osc(T; UT)).
This leads to the equivalence

A [T u, UT)] + 0sc(T; U(T)) =~ d[T;u, UT)] + osc(T; U(T)).

The combination with (7.15) concludes the proof. O
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Proof of Theorem 7.2(i). With ﬁzCsztab < 0 and 6, = 6, Lemma 7.4(iii) shows that the Dorfler marking (2.5) holds for some
0 < 6 < 1in the sense of

On(T: U@ < Y nr(Te: UTD).
TeMy

Proposition 4.10 provides R-linear convergence (4.24) of n(7;; U(7;)). This and Lemma 7.4(i) imply R-linear convergence of
n(T¢; U(T7)) and hence (7.6). The reliability (3.7), assumption (7.1), and Lemma 7.4(i) lead to

AT u, U] < AT u, U]+ d[T: UT), U(T)]
Cet)(T5 U(T)) + 90(T; U(T))
(Cret(1 + D Cagap) + ) (T3 U(T)), (7.16)

i.e. reliability of n(7; ﬂ(‘]’)) with Erel = Ca(Cre1(1 + ¥ Cqap) + ¥). This, T = 77 in the estimate above, and (7.6) conclude
the proof of (7.7). O

A

IA

The following lemma asserts, in particular, that the approximation class B; from (4.2) is a suitable approximation class
for the inexact problem (7.1).

Lemma 7.5. Provided ¥ Cyap, < 1and s > 0, it holds

(1= 2Cea) ), U g, < 1), UC) s, < (1 + 3 Caean) [(0C), U Iz, (7.17)

Proof. The statement follows immediately from Lemma 7.4(i). O
Proof of Theorem 7.2(ii). According to (7.8), there exists 0 < 8y < 6, such that
0<6 <sup (1 — 9Csab)*6 — (1 + 5*1)02@2@,-
§>0 (] + 8)

Given 6y, Proposition 4.12(ii) provides an appropriate 0 < ko < 1 and allows for Lemma 4.14. For ||(n(-), U(:))|lz, < o0
and 7; € T, this guarantees the existence of a certain refinement 7 € T of 7; with

(7.18)

n(T; UT)? < kon(Te, UT)? and [T | — |Te] < 21(n(-), U I8 n(Te, U(T) "

for some set R (77, ?) 27\ 7 from Proposition 4.12, which satisfies

|R(Te, T < Celln(), U0 (Te, U@~
as well as the Dorfler marking (2.5) for 6 and n(-; U(-)). With (7.18), Lemma 7.4(ii) yields that R (7, ’j‘\) satisfies the Dorfler
marking (7.5)

@U@’ < Y (T U@

TeR(Te,T)

The (almost) minimal cardinality of .M, in Algorithm 7.1 results in

|Me| < 1R(T, D S (), U(-))Ilﬁgﬁsn('fz, U)) " forall£ e N.
According to Theorem 7.2(i), n(7¢; U(J7)) is R-linear convergent. The arguments of the proof of Proposition 4.15 show

n(Te; UT))(Tel — 1Tl + D° S 1), UC) I, forall £ € N.

Hence n(7y; U(77)) decays with the optimal algebraic rate. The equivalence n(7;; U(7;)) =~ n(Tg; Gm)) from Lemma 7.4(i)
proves the upper bound in (7.9). The lower bound follows as in the proof of Theorem 4.1(ii) by use of Lemma 7.4(i). O

8. Equivalent error estimators

Some error estimators o(-) do not immediately match the abstract framework of Section 3, but are (locally) equivalent
to other estimators 7(-) that do. Moreover, the local contributions of an error estimator may rather be associated with
facets and/or nodes than with elements. This section shows quasi-optimal convergence rates for an estimator o(-) if Dorfler
marking with o(-) is equivalent to Dorfler marking with some mesh-width based error estimator 7(-) that satisfies the
axioms of Section 3. Moreover, the discrete reliability axiom (A4) is generalized to allow for strong non-linear problems like
the p-Laplace. This generalizes [16,56].

Affirmative examples and applications are found in Sections 9 and 10.
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8.1. Additional assumptions on mesh-refinement

The following assumptions are satisfied for all mesh-refinement strategies of Section 2.4. The element domains T € T
are compact subsets of R” with positive d-dimensional measure |T| > O for a fixed d < D.The meshes 7~ € T are uniformly
y-shape regular in the sense of (2.11) and each refined element domain T € 7 \ 7 is the union of its successors, i.e.,
T = U{T eT : TC T}. Moreover, two different successors T, T" € 7 of T € T are essentially disjoint in the sense

that T N T' has measure zero. Finally, for each 7 € T, let h(7) € £°(7) denote the piecewise constant mesh-size function
defined by h(7)|r = |T|/? as in Sections 5 and 6. Suppose that there exists a contraction constant 0 < prefine < 1(which
depends only on T), such that all successors T € T of a refined element T € 7 \ T satisfy

IT| < Prefine|T]- (8.1)

The strategies from Section 2.4 imply (8.1) with prefine = 1/2.
Additional notation is required throughout this section. The k-patch w*(7; §) € 7 ofasubset § C 7 € T is successively
defined by

o(T;8) =w'(7;8) ={T €7 : existsT' € §suchthatT'NT # ¥} and
(T3 8) = w(T; 1T 8)) fork=2,3,....
To abbreviate notation, set w*(7; T) := «*(7; {T}). The y-shape regularity, implies
|0*(T; )] < ;18] forall 8§ C T €T (8.2)

with some constant C7, which depends only on T and k € N.

8.2. Assumptions on abstract index set

For each mesh 7 € T, let (7)) denote an index set. For each index 7 € {(7), let 7(tr) € 7 be a nonempty subset of
associated elements. Recall the counting measure | - | for finite sets and suppose uniform boundedness

|7 ()| < Cg forallt € 4(7) (8.3)
with a universal constant Cg > 1. For each subset ¥ C J{(7) of indices, abbreviate 7 (X) := UreZ‘ 7 (t) and, with a
universal constant Cq > 1, assume that

{ret(@) : T()N 8 #0}| <Co|8] forall s < 7. (8.4)

In typical applications, the local contributions of o (-) are associated with the element domains T € 7, the facetsE € &(7)
of 7, and/or the nodes z € K (7) of 7, i.e. it holds £(7) € 7 U &(7) U K (7). In those cases, 7 (t) usually is either the
whole corresponding patch or just one (arbitrary) element of the patch and Cg, Cg > 0 depend only on y-shape regularity
and hence only on T.

8.3. Adaptive algorithm

Foreach7 € Tandt € 4(7),let 0. (7,-) : X(7) — [0, co) denote a function on the discrete space X (7)) with the
corresponding error estimator

o(T. V)= Y 0:(7.V)> forallT € TandV € X(7). (8.5)
Tel(T)

The difference between Algorithm 8.1 below and Algorithm 2.2 of Section 2 is that instead of n(-), o(-) marks indices £(7%)
for refinement in Step (iii). The refinement step (iv) refines the element domains 7 (M) associated with the marked indices.

Algorithm 8.1. INPUT: Initial triangulation 7pand 0 < 6 < 1.
Loop: for £ =0, 1, 2, ... do (i)-(iv)

(i) Compute discrete approximation U (77).
(ii) Compute refinement indicators o (77; U(7)) for all T € 4(7%).
(iii) Determine set M, C £(77) of (almost) minimal cardinality such that

00(T: U(T))* < Y 0r (70 U(T)™. (8.6)
TEMy
(iv) Refine (at least) the element domains T € 7 (.M;) corresponding to marked indices, to design new triangulation 7. 1.

OutpurT: Discrete approximations U(J7;) and error estimators o(7;; U(7)) forall £ € N.
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8.4. Assumptions on the equivalent mesh-width weighted error estimator

Let n(-) be a given error estimator of the form
nr(T: V)2 = np(T, h(T); V)> forallT € 7 (8.7)

with some local mesh-width function h(J ) € L®°(J7T), either h(J ) = h(T) or h(J ) = h(7, k) with the equivalent
mesh-width function h(7, k) from Section 8.7, below.
Suppose that o(-) and n(-) are globally equivalent in the sense that, with a universal constant C;o > 0,

Cro' 1(T, h(T); U(T))* < 0(T5 U(T))* < Cion(T, h(T); U(T))* forall T € T. (8.8)

Suppose that Dérfler marking for n(-) and o(-) is equivalent in the sense that there exist constants k € Nand C;; > 1
such that for all 7 € T the following conditions (i)-(ii) hold:

(i) fM C 2(7T)and 0 < 0 < 1 satisfy the Dorfler marking criterion
0o(T:UT))” <Y 0T UT)), (8.9a)
TEM
then, 6 := C;;'6 and the k-patch M := o*(T; T (M)) satisfy
O U@)* <Y (T3 UT)) (8.9b)

TeM

(ii) Conversely, if M C T satisfies the Dorfler markmg criterion (8.9b) with 0 < 9 < 1, the set M : {r ed(T) : T(r) <
k(75 M) # 0} satisfies (8.9a) with 6 := C}! 9.

In addition to the general assumptions of Section 2.1, suppose (B0)-(B1).

(BO) Homogeneity: There exist universal constants 0 < ry < r_ < oo suchthatforallT € 7 € T,V € X(79), and
o € L*°(T; [0, 1]) it holds

letll oy (T h(T): V) < (T «h(T); V) < Nl gyne (T h(T); V).

(B1) Stability: There exists a constant C stap > 0 such that all refinements 7 € Tof 7 € T, all functions Vex (‘;”\) and
V e X(7), as well as allh(J ) € P°(7) with h(J ) < h(7) satisfy

1/2 1/2
(Zm(?,ﬂmﬁ)z) (Zm(?f( ); )) < Coap A [T: V. V]
Tes Tes

for all subsets 8 C 7, § € 7 with U 3= U 4.

Note that (B1) is slightly stronger than (A1), since it includes the case § € 7 N T 7 and h(J ) = h(7) formulated in (A1)
with Cgap = Cseap. Lemma 8.8 below asserts that (B0)-(B1) imply the reduction axiom (A2). Section 9 below studies the
application for the residual FEM error estimator.

Finally, the discrete reliability axiom (A4) is weakened.

(B4) Weak discrete reliability: For all refinements 7 € Tofa | triangulation 7 € T and all ¢ > 0, there exists a subset
R(e; T ") CTwithT\T C R T ") and |R(e; T '“)| < Gef(e) [T\ T |suchthat

d[T:UT), U@ <en(T: UT))? + Cararle)’ Z (T3 U@

TefR(s;T,?)

The constants Ce(€), Cqrei(¢) > 0 depend only on T and ¢ > 0.

Lemma 8.2. Discrete reliability (A4) implies weak discrete reliability with ¢ = 0 and Cgre1(0) = Cqrel. Weak discrete
reliability (B4) implies reliability (3.7) with Cie; = inf-o(¢ + CACqrei(€)).

Proof. The first statement is obvious. The proof of the second statement follows the lines of the proof of Lemma 3.4 with
obvious modifications. O
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8.5. Locally equivalent weighted error estimator

The presentation in [ 16] concerns locally equivalent FEM error estimators which implies (8.8) and the equivalence (8.9).
To prove this, assume that

o (UM <Ca Y. m(T; U@, (8.10a)
Tewk(T;7 (1))

(T U@ <Co Y 0T U (8.10b)
Ted(T)

T (1)Nak (7:T) 20
for some fixed k € N and a universal constant Ci, > 1.
Lemma 8.3. The local equivalence (8.10) implies (8.8) with Co = C1, max{Cg, Cg}. Moreover, (8.9a) implies (8.9b) with Cy; =
CsCoC and vice versa.
Proof. Forall ¥ C 4(7) and 8 C 7, the local equivalence (8.10) yields

Y o (TU@) <GCra Y. (T U, (8.11a)
el Teak(T;7 (X))

D omr(TUE)) <Gl Y eT UM (8.11b)
Tes Tel(T)

T ()Nwk (T 8)£0

For § = 7 and ¥ = J4(7), this shows the global equivalences (8.8) with C;p = max{CsCi>, CoCq2}. Moreover, Dorfler
marking (8.9a) for o(-) yields

O n(T, h(T); U(T))* < CoCr20 0(T; U(T))? < GoCry Z 0:(T; U(T))?
TEM
< GGG Y (T, (T UT))
Tewk(T;7 (M))

This leads to the Dorfler marking (8.9b) with 0 = C8’1C9’1C1’22 0 and M = o*(T; T (M)). The converse implication follows
analogously. O

8.6. Main result

The following two theorems are the main result of this section. Note that the global equivalence (8.8) of the error
estimators implies

(), UCD e = [1@(), UC)) Il (8.12)

In particular, R-linear convergence and optimal convergence rates do not depend on the particular estimator n(7;, h(7);
U(7%)) or o(77; U(T7)) considered. To avoid additional constants, the main theorems are therefore formulated with respect
to n(Te, h(T); U(Tp)), although o(77; U(T7)) is used to drive the mesh-refinement.

Theorem 8.4. In addition to the assumptions of Section 8.4, suppose that n(-) satisfies homogeneity (BO), stability (B1),

reduction (A2), and general quasi-orthogonality (A3). Then, Algorithm 8.1 guarantees (i)-(ii).

(i) Weak discrete reliability (B4) or reliability (3.7) imply R-linear convergence of the estimator in the sense that there exists
0 < peonv < 1and Ceony > 0 such that

N(Tetgs h(Te49); UTe1))? < CoonvPlony 1(Te, h(T0); U(T))? forallj, € € N. (8.13)
In particular, this yields

Coat A LT5 1, UTD)] < 0(Te, h(T2); U(T0) < Col2,pt2, n(To, h(T0); U(To))  forall € > 0. (8.14)

(ii) Weak discrete reliability (B4) and 0 < 6 < C]_]] 6, with
_ 1-C2. ¢
0, = sup — b (8.15)
e=0 1+ Cstabcdrel(g)
imply quasi-optimal convergence of the estimator in the sense that
n(Te, h(Te); U(T0))
Coptl (M), U()) [lg; < sup < Coptll (7 (), U()) Il (8.16)

tevg (1Te] = [Tol + 1)~
foralls > 0.
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The constants Ceonv, Peonv > 0 depend only on Ctan, Pred, Creds Cqo(€q0) > 0 as well as on 6. Furthermore, the constant Cype > 0
depends only on Cpin, Cref, Cmesh» Cstabs Cdrels Creds Cqo(€q0), Ored > 0 as well as on 6 and s, while cop; > 0 depends only on Cyop.

The proof of Theorem 8.4 follows in Sections 8.7-8.8. An analogous optimality result can also be obtained for the error
under the assumption that the error estimator is efficient.

Theorem 8.5. In addition to the assumptions of Section 8.4, suppose that n(-) satisfies (BO)-(B1), (A2)-(A3), (B4) as well as effi-
ciency B B

(4.6) and quasi-monotonicity of oscillations and error (4.13). Then, 0 < 0 < C1_11 0, with 6, from (7.8) implies quasi-optimal
convergence of the error

d [7¢; u, U(T0)]

clete M, uc < su + |losc(-
opt Crel Cege 1, UG llag < zEN[; (T =T 1 D) llosc(-) |l
< (CoptCretCapx + D (I (w, U()) llas + llosc()llay) (8.17)

forall's > 0. The constant Cope > 0 is defined in Theorem 8.4.

Proof. Since the error estimator o(-) and 7(-) are equivalent, the arguments of the proof of Theorem 4.5 apply and prove
the statement. O

This section concludes with an overview on its main arguments. In general, Dérfler marking (8.6) for o(-) does not imply
Dorfler marking (2.5) for n(-) with 7;(M,), but may be satisfied with the larger set w*(7; 7¢(M,)) by virtue of (8.9).
To ensure the estimator reduction (4.18) for n(-) and to simultaneously avoid the refinement of T € *(7¢; T¢(Mp))
(as proposed in [16]) the analysis of this section modifies n(-) by changing the mesh-size function h(-) =~ h(-,k)
such that the resulting error estimator 7n(-, h(-, k); -) satisfies (4.18) although only 7(M,) is refined. Since n(-) and
n(-, h(-, k); -) are even 7 -elementwise equivalent, all properties transfer to n(-, h(-, k); -) and lead to R-linear convergence
for n(-, h(, k); -) and therefore for n(-). The optimality analysis, utilizes n(-) to obtain corresponding results for o(-) via the
global equivalence (8.8).

8.7. Equivalent mesh-width function

The following equivalent mesh-size function is contracted on a patch if at least one element domain of the patch is refined.
Its design only requires a mesh-refinement strategy which ensures uniform y -shape regularity. The following proposition
generalizes a result from [35].

Proposition 8.6. Given any k € N, there exists a modified mesh-width function h(-, k) : T — L*°(£2) which satisfies (i)-(iii).
(i) Equivalence: For all T € T, it holds
C]_;h(‘]’) < h(7,k) <h(7) almosteverywherein U TJ. (8.18)
(ii) Contraction on the k-patch: All refinements TerT of a triangulation 7 € T satisfy
h(?:, K)r < pnh(T,k)|r forall T € o*(T; T\ 7). (8.19)
(iii) Monotonicity: All refinements TerT of a triangulation T € T satisfy

h(?:, k) < h(7,k) almost everywhere in U TJ. (8.20)

The constants C13 > 1and 0 < py < 1depend only on the y-shape regularity of the meshes in T, on k € N, as well as on prefine.

Proof. The y-shape regularity of the meshes in T implies that the mesh-size ratio of the elements in the k-patch is uniformly
bounded in the sense that

C < h(@)|r/h(T)|p < Ciy forallT € o*(7:T), TeT, T €T. (8.21)

The constant C14 > 0 depends only on the y-shape regularity and on k € N. Moreover, the number of element domains in
the k-patch is bounded with (8.2), i.e.

(T T)| <C forallTeT, T eT. (8.22)

The first three steps of the proof consider a sequence of consecutive triangulations (7;)¢ey C T such that T4 is a
refinement of 75.

Step 1 proves that an element domain T’ € w*(7; T) cannot be refined arbitrarily often (and still be in the k-patch of T)
without refining T € 7y itself. Suppose that there exist consecutively refined elements

=Ty 2T} 2 2Ty withT/ € 0*(Toym; T) foralli=0,...,N
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with a strictly monotone sequence mj;; > m; > mg = 0,i = 0,...,N — 1 (Note that, in particular T € Ty, for all
i=0,...,N.). Assumption (8.1) implies h(?‘Hm,\,)h/V < pr’iﬁneh(?‘)hé. The estimate (8.21) and the fact T € Ty4p, yield
h(TOIr = M(Term)lr < Clah(Tesmy)lry, < Craplene Ty = Clapegine(T0) |1 (8.23)

This implies N < Ny for the maximal Ny € N with 1 < C124pf’e%ne. Note that Ny € N solely depends on Cy4 (and hence on y
and k € N as well as on prefine ), but neitheron T € 7, noron 7; € T.

Step 2 provides a bound on the number of refinements which may take place in the k-patch of T without refining T itself.
Suppose that

O (Team: T) O Togem \ Tegms1) #9 fori=1,... . nr (8.24)
for a strictly monotone sequence m;y; > m; > mg = 0,i = 1, ..., nr. This means that at least nr elements are refined in
the k-patch of T without T itself being refined. Introduce counters c(T") = 0 for all T’ € w*(7%; T) and apply the following
algorithm.

fori=1,...,nrdo

e Determine the unique ancestor T’ € w*(7; T) of each
T" € & (Teamis T N Teem; \ Teem1)
and increment its counter ¢(T") — ¢(T') + 1.
The bound (8.22) and the fact that at least one counter is incremented in each iteration of the loop show that there exists
at least one counter ¢(T’) > ny/C; for some T’ € w*(7; T). The definition of the above algorithm implies the existence of
consecutively refined elements 7" =Ty 2 Ty 2 -+ 2 T/ ;) with T} € @"(T¢m; T). This and Step 1 show
nr/C; < c(T') < Np.

Hence nr < npax ‘= NoG; is uniformly bounded and the bound np,,x depends only on y-shape regularity, prefine, and on
k e N.

Step 3 successively defines a preliminary modified mesh-width function E(T@, k) for the particular sequence 7; of meshes.
For £ = 0, set h(7g, k) = h(7p).For £ > 0and forall T € 7 set

h(Ter)lr TeTe\ Toqr,
Y T . 1 x+1) 7 I g . g [y T T
N(Tesr. Ol = { prlanm> V(T W)lr T € 0"(T0 o \ Teen) \ (T2 \ Ten),
h(Te, k)|r T e 7o \ (755 T2 \ Tos)-

The claim (8.18) follows from

Preme "™ VhTDIr < BT Rl < h(@0)lp forall T € 7. (8:25)

refine

The upper bound in (8.25) follows immediately by mathematical induction on ¢ € N. The lower bound in (8.25) follows by
contradiction. Consider an element domain T € 7j,j € N, with

'H(?;, k)|T < pflnax/(”max"'])h(?})'_r' (826)

efine

Let £ < j be an index with h(77, k)|r = h(7)|r. Such an index always exists. To see this, assume that the element domain
T is refined at some point, i.e. T € T;_q_\ 7. Then, h(7, k)|T = h(T;)|r by definition of h. Otherwise, assume that T is
never refined. Then, the definition states h(7g, k) = h(7,). Hence, to obtain (8.26) there must exist at least nyax + 1 indices
£ + m; < jwith (8.24). In terms of Step 2, this means nr > npa + 1. This contradiction proves (8.25).

To prove the contraction estimate (8.19) for h(7%, k), distinguish two cases. If T € 7; \ 741, then, with the lower bound
in (8.25), it holds

1(Ter1, )l = h(TesDlr < Prefine H(T0)|r
< Drefine e TV R(T, )|y = paiimatD b, k). (8.27)
If T € (7% T¢ \ Te1) \ (T2 \ Ter1), then, it holds
R(Tes1s Ol = pragee™ V R(T7, K] 7. (8.28)

Each case leads to some contraction with constant p, = pl;;n/li"ma"ﬂ) € (0, 1).
ForT € 7 \ o*(7¢; T¢ \ Te41), the definition shows
h(Teq1, W) Ir = h(Te, k)7

This implies F(?z+1, k) < ﬁ(?g, k) almost everywhere.
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Step 4 improves the preliminary modified mesh-width function E(']}g, k) by removing the dependence on the sequence
of meshes 7y, 77, . .. which lead to 7. So far, for T € 7, it holds
h(7e, Kl =h(To, ... T .
Define the set of all sequences which lead to a particular mesh 7 € T, i.e.
T(T) == {(Fo, ..., Te =T) : £ €N, T4 is arefinement of 7j forall j =0, ..., £ — 1}.
Define h(7, k) € £°(7) by

hWT,k|r= min h(T,...,Tk|r forallT €T eT.
(704, T¢)ET(T)
Note that it is valid to take the minimum in the definition above, since the set T(7") is finite up to mesh repetition, i.e.
Ti+1 = 7;. Equivalence (8.18) follows from the fact that all the h(7y, ..., 7¢; k) are equivalent with the same constants as
shown in (8.25). The contraction property (8.19) can be seen for T € *(7; 7 \ T)

h(rJC» k)|T = ’H({J‘E)*v cee rJ‘[*s {?s k)lT = phz(%*v RN (J‘[*s k) = phh(T, k)'Tv (8'29)
where (75", ..., 7, = 7) € T(T) is chosen such that h(7, k)|r = 7{(’70*, ..., 7)) |r. Finally, monotonicity (8.20) follows

with the same arguments that lead to (8.29) by replacing p with 1. This concludes the proof. O

8.8. Proof of Theorem 8.4

This section transfers the convergence and quasi-optimality results for 7 (-) to the locally equivalent estimator o(-) with
the help a third error estimator.

Lemma 8.7. There exists a constant Cy5 > 1 which depends only on Cy3 and on the constants r,. and r_ in the homogeneity (BO),
suchthatallT € T € Tand allV € X(T) satisfy

Cis'nr (T, h(T); V) < mp (T, h(T, k); V) < (T, h(T); V)2 (8.30)

In particular, the assumptions general quasi-orthogonality (A3), reliability (3.7), weak discrete reliability (B4), and
efficiency (4.6) hold true for n(-, h(-, k); -) if and only if their corresponding counterpart holds true for n(-, h(-); -). Moreover,
Dorfler marking (8.9b) for n(-, h(-); -) and some set M C T and 0 < 6 < 1 implies Dorfler marking

00T, h(T, k):; U < Y nr(T, (T, k); U(T))’ (8.31)
TeM
for n(-, h(-, k); -) with the same set Mand 0 = C]_sl 8.

Proof. The function « = h(7,k)/h(T) € £°(T) satisfies C1_31 < llelleqysy =< 1 because of (8.18). Therefore,

homogeneity (BO) withﬁ(?‘) = h(7") proves (8.30) with C5 = C]rg. The remaining statements follow with (8.30). O

Lemma 8.8. Algorithm 8.1 enforces for all £ > 0 the estimator reduction

N(Ter1, h(Ter1, K); U(Te41))? < pest 1(Te, B(Te, k); U(T0))? + Cest A [Teg1; U(T41), U (8.32)

The constants 0 < pest < 1and Cest > 0 depend only on Csap, pn, as well as Gy, Cy1, C12, Ci5 > 0, and on the marking parameter
0 < 0 < 1 of the Dérfler marking (8.6) from Proposition 8.6.

Proof. First, the estimator is split into a contracting and a non-contracting part

N(Tes1, h(Tein, K); U(Tep1)? = Yo mTesn h(Tein, K U(T4))?
Tewk(Tg41:7041\T0)
+ > N1 (Test, h(Toe1, K0 U(Toen)?. (8.33)

T€Tp+1\0K (To41: To41\T2)

In the following, stability (B1) comes into play. Note that § = @*(Te; T¢ \ Teqr) and 5 = WX (Tos1; Teqr \ To) satisfy
4 = | 8. Moreover, due to (8.18), we have @ = h(7, k) < h(7") in (B1). The Young inequality and (B1) imply (for each
3 > 0) that

> @ b U@ < A48 Y np(Te AT, k) UT)

Teok (Tp113:7041\T0) Tewk (T3:7¢\Te+1)

_1.=2
+ (148 HCopp A [Tor15 U(Te41), UT)I
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Homogeneity (BO) with ¢ = h(T;41, k) /h(Tg, k) andﬂ(J‘”) = h(7¢, k), and the contraction (8.19) yield

T T+ T 2 - - T
Y mTu h(Ten R U@ < A48y Y ar(Te h(Te k) UT)?
Tewk (T4 137041\ 0) Tewk (T: 70 \Te+1)

1. =2
+ (148D Coap A [Tg1: UTern), UTD) P

The second term on the right-hand side of (8.33) is similarly estimated by use of monotonicity (8.20) instead of (8.19). This
proves

> N (Tesrs h(Tog1, k) U(Te41)? < (146) Yoo (T (T k) U(T))’
TeTp11\ok (Te41:T241\70) TeTp\ok (T4 7\Te+1)
1 =2
+ (148D Cp A [Teg1s U(Te41), U@TDI (8.34)

Assumption (8.9) and Lemma 8.7 imply that (7, h(7%, k), -) satisfies the Dorfler marking (8.31) with M= @*(To: To(My))

and 6§ = C]_]IC]_S1 6. Therefore, w*(T;; Te(M)) S @*(T¢; Te \ Te+1), and the sum of the last two estimates yields for

—2
Cest = 2(1+ 8 N)Copsp

N(Ter1, M(Tig1. K): U(Tee1)? < (14 8)n(Te, h(Te, k); U(T)?
—A+HA =) > (T h(Te K UTD))?
Tewk (T4 T\ Te41)
+ Cest d [T15 U(T1), U(TD)
< (148 — A+ 81— py ")) n(Te, h(Te, k); U(T7))?
+ Cest d [T15 U(Tr), U(TD T

For sufficiently small § > 0, this proves (8.32) with pese = (14 8)(1 — (1 — pé”))@ <1 O

Proof of Theorem 8.4(i). According to Lemmas 8.7 and 8.2, n(-, h(-, k); -) satisfies general quasi-orthogonality (A3)
and reliability (3.7), and (77, h(T¢, k); U(T;)) satisfies the estimator reduction (8.32). With (4.18) replaced by (8.32),
Proposition 4.10 proves R-linear convergence of n (7, h(7, k); U(T¢)) to zero, i.e. (4.24) holds with n(-) replaced by
1n(Te, h(Te, k); U(T%)). Since there holds n(7%, h(Te, k); U(Te)) < n(Te, h(52); U(T)) S n(Te, h(Te, k); U(Te)), the relia-
bility (3.7) concludes the proof. O

The following lemma shows that the weak discrete reliability axiom (B4) guarantees the optimality of the Dorfler
marking. In particular, the main results of Sections 4 and 7 remain valid with (A4) replaced by (B4).

Lemma 8.9. Suppose that n(-) satisfies the weak discrete reliability axiom (B4). Then, for all 0 < 6y < 0, with 6, from
(8.15) there exists some 0 < kg < 1and eg > 0 such that forall 0 < 6 < 6y and all refinements T € T of T € T, the
assumption

n(T, h(T); U(T))? < kon(T, h(T); U(T))? (8.35a)
implies
On@T RORU@N < Y (T h(T); UT))? (8.35b)

TeR(e0;T,T)
with R(go; T, 7 ) from (B4). The constants o and «o depend only on 6y and 9,.

Proof. Recall from the definition of (B1) that stability (A1) holds with Cyap = Cstan. The proof of the lemma follows that of
Proposition 4.12(ii) with free variables ¢y > 0 and kg to be fixed below. The Young inequality and stability (A1) show

N(T T U@ = Y e RO U@+ Y (T h(T); UT))?

TeT\T TeTnT
< Y @ RE@RU@)? + (A48 Y (T h(T); UT))?
TeT\T TernT

+ (14862, d[T;U@), UT)]* = RHS.
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Recall 7\ T T CRET,T ) The application of the weak discrete reliability (B4) and the assumption n(/ h(J ); U(T ))2
kon(T, h(7); U(7))? y1eld
RHS < ((1+48)ko + (14871 Clyy £0) n(T, h(T); U(T))?
+(14+ A+ )CpCarei(€0)?) Y mr (T, h(T); UT)).

TeR(e:T.7)
Some rearrangements prove
1— (14 8)Kko— (148 HC2,, €0
1+ (1467 1)C,,Carer(€0)?

NT RETRU@N < Y (T h(T): U™

TeR(eg;T.T)
For arbitrary 0 < 6y < 0,, fix &5 > 0, choose § > 0 sufficiently large and then determine 0 < xy < 1 with

_ 1040k - A+ Gy e - 1—Cl %0 < 1-C2p¢ _7
14+ (14 6~1)C2,, Carer (0)? 14 o Caral(0)? 120 1+ CopCara(e)2

The claim follows for 6y and hence for all 0 < [ <6, O

Proof of Theorem 8.4(ii). Recall linear convergence (8.13) of 7(7;, h(7;); U(7)). By assumption, 0 < 6 < C;;'6,, and
set§ = C1160 < 6,. The proof follows that of Proposition 4.15 with the difference that the set of marked indices (and
hence elements) is determined by ¢(-) instead of n(-, h(-); -). First, Lemma 8.9 provides the means to use Lemma 4.14. Then,
R(eo; Te, T ") and hence its superset M= o K701 R(eos To, 'T)) satisfy the Dorfler marking (2.5) for n(-, h(-); -) with 8.
Second, by assumption (8.9), M = {7 € 1(1,3) Te(t) N " (T¢; M) # ¥} satisfies the Dorfler marking (8.6) for o(-) with

C{]‘ 6 =0. According to the almost minimal cardinality of M,, assumption (8.4), and uniform shape regularity, it follows
that

|Me| < M| < Cola®(T0; M| = | M| = |R(eo; Te, T)I.

The remaining steps are verbatim to the proof of Proposition 4.15 and are therefore omitted. 0O

9. Locally equivalent error estimators for the Poisson problem

This section applies the analysis of the previous one to a specific model problem, where the adaptive algorithm is steered
by some locally equivalent and possibly non-residual error estimator. This improves the work [16], where all patches of
marked element domains are refined. Theorem 8.4 states optimal convergence behavior of Algorithm 8.1, where solely the
element domains associated to marked indices are refined.

9.1. Poisson model problem

In the spirit of [16], consider the Poisson model problem (5.1) in £2 € R,
—Au=f in2 and u=0 onrl,

and recall the weak formulation (5.2), the FE discretization (5.4) by means of piecewise polynomials /Sg('f) = PPT)N

H(} (§2) of degree p > 1, as well as the definition of d [-, -] := ||V - ||;2(). The residual error estimator 7(-) with local
contributions
(T3 V) =nr(T,h(T): V)? = hi [ + Ar V”Lz(T) + hr ||[0n V]IILz(am) (9.1

with hy := h(T)|r = |T|Y4forall T € 5 and A+ the 7 -elementwise Laplacian serves as a theoretical tool. With newest
vertex bisection (NVB) the assumptions (2.7)-(2.10) as well as uniform y -shape regularity (2.11) and all further assumptions
of Section 8.1 are satisfied.

Proposition 9.1. In addition to the axioms (A1)-(A4), the residual error estimator (9.1) satisfies efficiency (4.6),
homogeneity (BO) withr, = 1/2 and r_ = 1, as well as stability (B1).

Proof. Proposition 5.1 verifies the axioms (A1)-(A4) as well as efficiency (4.6). Stability (B1) is well-known and follows
by use of the triangle inequality as well as standard inverse estimates analogously to the proof of [15, Corollary 3.4]. The
homogeneity (BO) is obvious. O

The following sections concern different error estimators o(-) which are equivalent to n(-) and fit into the framework
of Section 8. Section 9.2 studies the influence of equivalent choices of the mesh-size function h(7") for the residual error
estimator, Section 9.3 concerns a facet-based formulation of (-), while Section 9.4 analyzes recovery-based error estimators.
Further examples for the lowest-order case p = 1, which also fit in the frame of the analysis from Section 8, are found in [16].
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9.2. Estimator based on the equivalent mesh-size function

Instead of hy = |T|/? for weighting the local contributions of 1(-), one can also use the local diameter diam(T). This
leads to

o1 (T3 V)? = nr(T, h(T); V)? = diam(T)? |If + AV|% ., + diam(T) [[[3:V]]|%

(T) BTNR)

with the modified mesh-width function ’ﬁ(’f )t = diam(T). This variant of »(-) is usually found in textbooks as e.g. [1,2].
The uniform y-shape regularity (2.11) of newest vertex bisection leads to h(7") < h(7) < y h(7). In particular, n(-) and
o(-) are elementwise equivalent and so match all the assumptions of Section 8.4.

Proposition 9.2. The estimators n(-) and o(-) are globally equivalent in the sense that (8.8) holds with C1g = y2. Moreover, the
equivalence of Dérfler marking (8.9) holds withk = 1, M = M, and C;; = y2. O

Consequence 9.3. Convergence and optimal rates for the adaptive algorithm steered by the residual error estimator in the sense
of Theorems 4.1 and 8.4 resp. Theorem 8.5 hold independently of the equivalent mesh-width function chosen. 0O

9.3. Facet-based formulation of the residual error estimator

For a given triangulation 7 € T, let £(7") denote the corresponding set of facets which lie inside £2, i.e. foreach E € &(7")
there are two unique elements T,T' € T withT # T"andE = TNT.Let w(7;E) .= {T,T'}and Jw(T;E) = TUT
denote the patch of E € &(77). Assume that each element T € 7 has at most one facet on the boundary I = 92 whichis a
minor additional assumption on the initial mesh 7 to exclude pathological cases. In particular, each element T € 7 has at
least one node z € X (7') inside £2. For each facet E € &(7), let F; € £P~1(|J w(T"; E)) be the unique polynomial of degree
p — 1such that

AsV —f —Fellp jorpy = min ArV = F — Fll2q joen- 9.2
| Ag f=Fellzow:e) FEW?](UMT;E))H 7 f=Fllzuwr:e) (9.2)

With the introduced notation, consider the following facet-based variant of the residual error estimator (9.1)

o(T: V) = > op(T: V)2, (93a)
Ec&(T)

06(7: V)* = diam(E)* | A7V — f — Fell?, + diam(E) [|[9,V][I% (9.3b)

(Uw(T:E) (DN

Convergence and quasi-optimality for this estimator is directly proved for d = 2 and p = 1 in [38] via the technical and
non-obvious observation that the edge oscillations are contractive [80,81]. The novel approach of this paper generalizes the
mentioned works to arbitrary dimension d > 2 and polynomial degree p > 1.

For each facet E = T NT' € &(7), define T(E) := {T, T'}. In other words if the edge E € &(7") is marked in step (iii)
of Algorithm 8.1, the elements of the patch of E will be refined. This does not necessarily imply that the facet E is refined.
To apply Theorem 8.4 and thus derive convergence with quasi-optimal rates, it remains to show that o(-) and »(-) meet the
assumptions of Section 8.4.

Proposition 9.4. The estimators n(-) and o(-) are globally equivalent (8.8). Moreover, equivalence of Dérfler marking (8.9) holds
with k = 0. The constants Cyg, C;; > 0 depend only on T, the polynomial degree p > 1, and the use of newest vertex bisection.

The proof requires some technical lemmas and some further notation: For an interior node z € K (7°) N £2 of 7, define
the star X(7;2) == {E € &(7) : z € E} as well as the patch w(7"; z) := {T € 7 : z € T}.To abbreviate notation, write
Uo(T52) = Ureyr.p T-Finally, F; € PP~ (J @(T; z)) denotes the unique polynomial of degree p — 1 such that

1AV = F — Bl 2q e = min AV —F — Fll2q |- (9.4)
7 ZI2(Jo(T;2)) Fepr—1\(U (7 2)) T L2(Jo(T;2))

To abbreviate notation, write r(7°) := A7 U(7) — f for the residual.
Lemma 9.5. Any interiornodez € X(7) N2 and T € T with z € T satisfies

Cro b 1T (D gy < br 18U 5ezyy + 17 17T = Bl iy (95)

The constant Cy¢ > 0 depends only on y-shape regularity and hence on T.
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Proof. Consider the nodal basis function ¢, € §'(5") characterized by ¢,(z) = 1and ¢,(z') = 0forallz’ € X (7) with
z # Z'. In particular, supp(¢,) = |Jw(7; 2). Let IT,_1(T) : 2(Jw(T;2)) - PP~ 1({Jw(T;2)) be the [*-orthogonal
projection and note that F, = IT,_(7)r (7). A scaling argument and ||¢; ||;c (o) = 1 prove

2 1/2 2
”FZ”LZ(Uw(T;Z)) 5 ||¢z FZ||L2(Uw(T;Z))

= / r(T)g.F, dx — / ((l - Hp—l(T))r(T))¢ze dx
Uo(T:2) Uo(T:2)

< / 1(T)¢zF; dx + (1 = -1 (TNT T 2o ion Iz 2 o2y -
Uo(T;2)

Consider the first term on the right-hand side and use that V := ¢,F, € 58 (7) is a suitable test function. With the Galerkin
formulation (5.4) and elementwise integration by parts, it follows that

/ r(T)(Pze dx = / T(T)V dx
Uw(T:2) Uw(T:2)

=/ ATU(’J")VdX—Ff VU(T) - VVdx
Uo(T:2) Uo(T:2)

_ / [8,U(T)] 2F. dx
UZ(T;2)

= ||[8nU(T)]||L2(U 3(T;2)) ||Fz||1_2(U 2(T:2)"
Since F, € ?p‘](U (T '; 2)), an inverse-type inequality with h, := diam(| w(7"; z)) shows

IEN2s@:2) S h;'/? IE N2 eoirs2))-
The hidden constant depends only on y-shape regularity (2.11) and hence on T. The combination of the previous arguments
implies

”Fz”fz(Ua)(T;z)) < (2 N0U i 222y + 17T = Felliz oo son) IF 2 o520
The triangle inequality together with h, >~ hy proves

RN AUT) +FZ gy S RIRIE oy + RIFET) = el o)

S hrlll8nU (D 52y T 0 ITT) = Bl e
This concludes the proof. O

The following lemma shows that edge oscillations (9.2) and node oscillations (9.4) are equivalent on patches.
Lemma 9.6. Any interiornodez € X(7) N2 andT € T with z € T satisfies

-1 " 2 Irad 2
C 1T @) = Bl oy = 2 I = Fella e
EeX(T;2)

< G |Ir(7) (9.6)

2
e
The constants Cy7, C1g > 0 depend only on T, the polynomial degree p > 1, and the use of newest vertex bisection.

Proof. The upper bound in (9.6) follows from
I7(T) = Felleo:ey < 17T = Ell2gweey = 11T — El2od:2)

forallE € X (7 ; z) and the fact that the cardinality | X' (7"; z)| is uniformly bounded in terms of the uniform shape regularity
constant y.

The lower bound in (9.6) is first proved for a piecewise polynomial f € PP~1(7). This yields r(7) € PP~1(7). We
employ equivalence of seminorms on finite dimensional spaces and scaling arguments. Note that both terms in (9.6) define
seminorms on PP~ (w(7; z)) with the kernel $P~!( (7 '; z)) and hence are equivalent with constants Cy7, C;g > 0. A
scaling argument proves that these constants depend only on the shape of [ w(7; E) or | J ¥ (7; z). Since newest vertex
bisection only leads to finitely many shapes of triangles and hence patches and facet stars, this proves that C;7 and Cig
depend only on T, p, and the use of newest vertex bisection.

It remains to prove the lower bound in (9.6) for general f € [*(£2). Let I[1(T) : [*(2) — £P~1(7) denote the [*-
projection so that F(7°) = IT(7)r(7) is the unique solution to

Ir(T) = F(Mllzm = m£r11 Ir(7) = Fllz¢ry forallT € 7.
FepP=1(T)
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Note that PP~! (Uo(T;E) C PP~ (w(T; E)). Since F¢ and F(7") are the corresponding L-orthogonal projections of r (7),
this yields

F(7) — Felloq oy = min F(T) = Fllaq 1o e 9.7)
I Ell2o;e) I I 2 we:en (

According to the 7 -elementwise Pythagoras theorem and the foregoing discussion for a 7 -piecewise polynomialf, it follows

”r(T) - FZ ”fz(Ua)(T;Z)) = ”r(T) - F(T)”zZ(Uw(T’Z)) + ”F(T) - FZ”fz(Uﬂ)(T;Z))

S Y (@) = F@O ey + 1@ = Felbs ey
EeX(T;z)

= Y W) = Fell}y oy
EeX(T;z)

This concludes the proof. O

Proof of Proposition 9.4. According to Lemma 8.3, it remains to verify (8.10). The uniform y-shape regularity (2.11) yields
hg = diam(E) >~ hy forallE € &(7)and T € 7 with E C T. Hence

OF (T UTN? = WEIN(T) = FellZa ) uirapyy + e NU I g,

> (B g, + he 100U I r0y)
Tew(T;E)
> (T U@

TeT (E)

N

12

This proves (8.10a). For each interior node z € K (7)) N 2 of T € 7, Lemmas 9.5 and 9.6 imply
e (T (T UT))? = B2 [T, + hr 108aU T )

W IF(T) = o urizy T B 18U @R 57z

= 3 (IR = Fellf gy T hr 182U 1))

EeX(T;2)
~ Y or(TUM))

EeX(T;z)

IA

Since £(7;z) € {E € &(7) : ENT # @}, this concludes the proof of (8.10b). I

Remark 9.7. This section concerns the natural choice 7(E) = {T, T’} forE = T NT' € &(7) for the relation between the
index set &(7") and the elements 7. Remarkably, the abstract analysis of Section 8 would even guarantee convergence with
optimal rates, for fixed k € Ny, if 7 (E) is an arbitrary nonempty subset of w*(7 (E)). O

Consequence 9.8. Convergence and optimal rates for the adaptive algorithm in the sense of Theorems 4.1 and 8.4 resp.
Theorem 8.5 hold even for the facet-based error estimator. O

Numerical examples that underline the above result can be found in for 2D and lowest-order elements in [ 100]. Moreover,
numerical examples for the obstacle problem with the facet-based estimator are found in [80,81].

9.4. Recovery-based error estimator o(-)

In this section, we consider recovery-based error estimators for FEM which are occasionally also called ZZ-estimators
after Zienkiewicz and Zhu [62]. These estimators are popular in computational science and engineering because of their
implementational ease and striking performance in many applications. Reliability has independently shown by [89,101]
for lowest-order elements p = 1 and later generalized to higher-order elements p > 1 in [102]. For the lowest-order
case, convergence and quasi-optimality of the related adaptive mesh-refining algorithm has been analyzed in [16]. In the
following, the result of [16] is reproduced and even generalized to higher-order elements p > 1. Moreover, the abstract
analysis of Section 8 removes the artificial refinements [16].

Adopt the definition of o(-) and the notation of Section 9.3 and let G(7) : [?>(£2) — 4P(7) denote the local averaging
operator which is defined as follows:

e For lowest-order polynomials p = 1, define G(7)(v) € 81(7) by

1
GTHW(z) = — vdx forall nodesz € K (7).
|w(T; Z)| Uo(T;2)
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e For the general case p > 1, define G(7°) = J(7) : H'(§2) — 4P(7") as the Scott-Zhang projection from [103].
Based on G(7), the local estimator contributions of the recovery-based error estimator o(-) read

ha - G(T))VU(T)H;(T) fort=TeT7T,

diam(E)* | Az U(T) — f — Fellpp, forc =E € &(7).

0:(T;U(T))? == (9.8)

Note that £(7) = T U &(7) with respect to the abstract notation of Section 8. We define 7(T) = {T} for T € 7 and
T(E) =(T,T}forE=TNT € &7T).

Proposition 9.9. For general polynomial degree p > 1, the error estimators n(-) and o(-) satisfy the local equivalences (8.10) for
k=2

The proof requires the following lemma which states that the normal jumps are locally equivalent to averaging. The
result is well-known for the lowest-order case, and its proof is included for the convenience of the reader.

Lemma 9.10. For some interior node z € KX (7)) N £2, it holds

Cio' Mz MU 5z < 1= CEINVU@IE iy
<Go ) U@L s (9.9)

e X(T;2)NK(T)NR
The constants Cq9, Cy9 > 0 depend only on T, the polynomial degree p > 1, and the use of newest vertex bisection.

Proof. We use equivalence of seminorms on finite dimensional spaces and scaling arguments. To prove (9.9), it thus suffices
to show that the chain of inequalities holds true if one term is zero.

First, assume (1 — G(7))VU(7) = 0 on |J o(7; z). This implies VU(7) € 8”(w(T; z)) and hence [3,U(7)] = 0 on

(T 2).
U Second, assume [3,U(7)] =0 on |JX(7;2) for all inner nodes z' of X(7;z). This shows that the normal
jumps of VU(7") are zero over | J X (7;2'). Since U(T) € H'(£2), the tangential jumps of VU(7") also vanish over
X (7; 7). Altogether, this implies VU(7) € 4~ (w(7; 2')) for all Z'. If the Scott-Zhang projection defines the averaging,
G(7)(VU(7))(z") depends only on VU(T)|(7:7), this implies G(T)VU(5) = VU(T). In the particular case p = 1 and
patch averaging, VU(7) is constant on w(7"; z'). In any case, we thus derive (1 — G(7))VU(7) = 0 on | J o(T; 2).

The constants in (9.9) depend on the shapes of patches | (7 ; z’) involved. Since NVB leads to only finitely many patch
shapes, we deduce that the these constants depend only on the polynomial degreep € NandonT. O

Proof of Proposition 9.9. In order to prove the local equivalence (8.10) of o(-) and 7n(-), letz € K (7)) N 2 be an interior
node of T € 7. The upper estimate in (9.9) yields

or(T:U@N* S Y. (T U))

T'ew?(T:T)

ForE=T'NT € &(7), it holds

0e(T; UT)) <211 (D) sy +2IF ) oy <2 ) (T3 U@

T'ew(T:T)

The combination of the last two estimates proves (8.10a). The proof of (8.10b) employs Lemmas 9.5 and 9.6 as well as the
lower bound in (9.9). For an interior node z € KX (7)) N 2 of T € T, it follows

(T3 U@ S B UG sy THE D 11T = Fella e
EeX(T;2)

A

Y 0T U))
TeTUE(T)
TNT#H

This concludes the proof. O
Consequence 9.11. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator o(-) in the sense

of Theorem 8.4. For lowest-order elements p = 1, Theorem 8.5 states optimal rates for the discretization error, while for higher-
order elements p > 1, additional regularity of f has to be imposed, e.g., f € H' () forp=2. O

10. Adaptive FEM for nonlinear model problems

In this section, we give three examples of adaptive FEM for nonlinear problems. Each problem relies on different
approaches, however, all fit into the abstract analysis of Section 4 resp. Section 8.
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10.1. Conforming FEM for certain strongly-monotone operators

In this section, we consider a possibly nonlinear generalization of the model problem of Section 6.1. On a Lipschitz domain
2 c R%, d = 2, 3, consider the nonlinear, second-order PDE

Lu(x) == —divA(x, Vu(x)) + g(x, u(x), Vu(x)) =f in £,

u=0 onl =0%. (10.1)

The work [57] considers strongly monotone operators £ with A(x, Vu(x)) = a(x, |Vux)|?) Vu(x) with a(-,-) € R
and g(x, u(x), Vu(x)) = 0. The discretization consists of first-order polynomials. Although the analysis is, in principle,
not limited to the lowest-order case, this avoids further regularity assumptions on the nonlinearity of the operator £ to
guarantee reduction (A2) of the estimator. In the frame of strongly monotone operators, suppose the coefficient functions
to satisfy

A, Vv) — A, Vw)llze) < allV(v — w)llzge), (10.2a)
lgC, w, Vv) —g(-, w, VU)”LZ(Q) <CulV(v — w)||L2(Q) (10.2b)
n|IV(v — w)llfz(m < {(Lv — Lw,v —w) (10.2c)

forallv, w € H(}(Q) and some constants Cp1, C5; > 0. Here and throughout this paper, (-, -) is the dual pairing of H&(Q)
and H~1(£2) and all differential operators are understood in the weak sense. Note that (10.2a)-(10.2b) implies, in particular,
that the operator £ : Hj(2) — H™'(£2) := H} (£2)* is Lipschitz continuous. Together with (10.2c) and f € L*(£2) the main
theorem on strongly monotone operators [ 104, Theorem 26.A] guarantees that the weak form

(Lu, v) == / A(x, Vu(x)) - Vv + g(x, u(x), Vu(x))vdx = / fvdx forallv e H(}(Q) (10.3)
2 2

admits a unique solution u € H(} (£2). The discretization of (10.3) as well as the notation follow Section 6.1. For a given
regular triangulation 77, consider X (7) := 83(7) := £(7) NH} (£2) with £P(T) from (5.3). The discrete formulation also
fits in the framework of strongly monotone operators and

(LUT), V) = / fVdx forallV e 83(7) (10.4)
2
admits a unique solution U(7") € 5(}(7). Define the symmetric error-measure d [7; v, w] = d [v, w] := (Lv — LW, v —
w), which is equivalent to the H'-norm in the sense that
IV —wllzg S dlv,w] SV —w)llpzg, foralv,we H(}(’J‘). (10.5)

Therefore, dl [-, -] satisfies the quasi-triangle inequality with C, > 0 which depends only on £ and £2. With X := H& (£2),
all the assumptions of Section 2 are satisfied and the Céa lemma (3.9) holds with the constant Cce; = 2Ca1/Coa.

For ease of notation, set Av := —divA(:, Vv(:)) as well as X := L — . To define the error estimator and to verify
our axioms of adaptivity, suppose that A : £ x RY — RY is Lipschitz continuous and .£ : H(} (2) — H7'(£2) as well as
A H}(£2) — H™1(£2) to be twice Fréchet differentiable

DL, DA : H (2) — L(H}(2), H'(2)),

D*>£,D*4 : Hy(22) — L(Hy(£2), L(Hy (2), H'(£2))). (10.6)
Assume that the second derivative is bounded locally around the solution u of (10.3) i.e., there exists g4, > 0 with
— 2 2
o= s <||D OV, g spanr-rimn) * P2, g o g (m))> < 0. (107)
V€

”V(U*U)HLZ(_Q) <€foc

Assume that DA(v) : Hj(£2) — H™'(£) is symmetric for all v € H(£2) in the sense that (DA(v)wq, wy) =
<UJ], DA(U)U)Z> for all wi, Wy € H& (.Q)
The residual error estimator is similar to the linear case (6.4) and reads

(T3 V) = h LIV = Flifa i, + hrllTAC, VV) - 111G grna) (10.8)

forallV € 8}(7)and T € T, see [18, Section 6.5].

Suppose newest vertex bisection (NVB) so that the assumptions (2.7)—(2.10) as well as uniform y -shape regularity (2.11)
hold.

While the axioms stability (A1), reduction (A2), and discrete reliability (A4) follow from the same arguments as for the
linear case, the general quasi-orthogonality requires some additional analysis.
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Proposition 10.1. The conforming discretization of (10.4) with residual error estimator (10.8) satisfies stability (A1),
reduction (A2) with preq = 274, generalized quasi-orthogonality (A3), and discrete reliability (A4) with R(T,T) = T\ 7.
The constants Cstap, Cred, Crels Cqo(€q0), Carel > 0 depend only on the polynomial degree p € N and the shape regularity and hence
onT.

Proof. Stability (A1) and reduction (A2) follow similarly as for the Poisson model problem from Section 5.1 by use of
Lipschitz continuity of A : £ x RY — RY. The equivalence (10.5) allows to apply the techniques of [14,15] to prove
discrete reliability (A4) which implies reliability (3.7) according to Lemma 3.4. As in the proof of Proposition 6.1, a priori
convergence already implies convergence U(7;) — uas { — oc.

The proof of the general quasi-orthogonality (A3), mimics the proof of Proposition 6.1 (see [18, Section 6.5] for details).
The Taylor approximation in the neighborhood of the solution u of (10.3) and boundedness (10.7) lead to (cf. e.g. [105,
Theorem 6.5])

A — Aw — DAW®)(© — W)F-1(0) < Crayor |V (0 — w)[ %) (109)

forallv, w € H(}(.Q) with [[V(u — v)|l2q) + VU — w)l;2(0) < €oc. The constant Crayor > 0 depends only on <£. Since
DA (v) is symmetric and since U(7;) — u, there exists £g € N such that U(7;) and U(J;.,) are sufficiently close to u for all
£ > {y. According to the Céa lemma (3.9) and U(7;) € 5(} (Te¢+1), this yields

| (At = AU(T210), U(Ti) = UT)|
< | = U0, DAV @) (UTei) = UTD))| + CIV @ = UTD) s

< | = UTs0), AU(Ti10) = AU + C IV @ = UTD I -

Here, C > CcéaCraylor > 0and €’ =~ CZ

<, Craylor > 0 depend only on «£. For any § > 0, there exists £, € N such that for all
> 4Ly

(At = AU(T210), UTe0) = UED)| = | = U(Tis), AUTE41) = AUGTD)| + 81V @ = U - (10.10)

The weak convergence to zero of the sequence ey := (u — Up)/[|V(u — Up) ;2 € H(} (£2) is proved in [18, Lemma 17]
and allows for (10.10) also for the (nonlinear) compact operator X in the sense that, for all £ > ¢,

(e = KU(Ten), UTean) = UED)| = | = UTen), KU = KUED)| + 81V @ = UT)

The remaining parts of the proof follow those of Proposition 6.1 (see [18, Section 6.5] for details). Given some ¢ > 0, there
exists £9 € N such that

A[U(Te41), UTDP < (1= &)~ d [u, U] — d[u, U(Te)] forall € > £o.

Combined with the equivalence (10.5), this allows for the general quasi-orthogonality (A3) and so concludes the proof. O

Consequence 10.2. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(-) in the sense
of Theorem 4.1(i)-(ii). O

10.2. Conforming FEM for the p-Laplacian

The p-Laplacian allows for a review of the results of [56] in terms of the abstract framework from Section 8. Since the
lower error bound is not required, this paper provides some slight improvement. The analysis allows generalizations to
N-functions as in [56].

Consider the energy minimization problem

1
gu) = min g(v) withgw) := 7/ |[Vul|P dx — / fvdx (10.11)
vewy P (2) PJe 12
forp > 1and W, ”(£2) equipped with the norm ||v lwieey = (V130 + ||Vv||fp(9>)l/2. The direct method of the calculus
of variations yields existence and strict convexity of #(-) even uniqueness of the solutionu € WJ "P(£2). With the nonlinearity
A:R'> R, AQ) =QPQ,

the Euler-Lagrange equations associated to (10.11) read

(Lu, v):/A(Vu)-Vv:/fvdx foru, v e X = W, ?(2). (10.12)
2 2
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Define F(Q) := |Q|?/?>~1Q for all Q € R? as well as the error measure

d[7; v, w] = d[v,w] = [F(|Vv]) = F(|Vw|) |l j2() forallv, w € WO]’p(.Q). (10.13)
The error measure d [-, -] is symmetric and satisfies the quasi-triangle inequality and coercivity

(Lo — Lw, v —w) = [F(Vo]) = F(Vw])Lg, forallv, w € WyP($2),

with hidden constants which depend solely on p > 1.

The discretization of (10.12) and the notation follows Section 5.1. For a given regular triangulation 7°, we consider the
lowest-order Courant finite element space X(7) = 43(7) := £1(7) N Hy(£2) with £1(7) from (5.3). Arguing as in the
continuous case, the minimization problem

FWU@)) = min g(V) (10.14)
vesd(m)

admits a unique discrete solution U(7") € 55 (7), which satisfies

(LU(T), V) =/dex forall vV e 82 (7). (10.15)
2

All assumptions of Section 2 are satisfied with newest vertex bisection (NVB). The residual error estimator o(-) reads

_ -2
0r(7T:V)? = b2 / (VP! + helf )™ I P dx+ e [TV - nll2 000, (10.16)
T

forallT € 7 andallV € 53 (7) [56, Section 3.2]. Since the error estimator o(-) is associated with elements, 4(7) = 7 in
the notation of Section 8. Since the first term of o(-) depends nonlinearly on V, [56, Section 3.2] introduces an equivalent
error estimator 7(-) with local contributions

— —2
(T, h(T); V)? == hi f (IVulP~" + helf1)*IF P dx 4 he lTF (YY) - 0l )
T
forallT € T andallV € 53(7’ ). Note that n(-) can only serve as a theoretical tool as it employs the unknown solution .

Proposition 10.3. The error estimators n(-) and o(-) are globally equivalent in the sense of (8.8) and they satisfy the equivalence
of Dérfler marking (8.9) with k = 0. Moreover, n(-) satisfies the axioms homogeneity (B0), stability (B1), reduction (A2) with
Pred = 274, general quasi-orthogonality (A3), and weak discrete reliability (B4) with R(s; T,T) = 7 \ T. The constants
Cstabs Creds Cqo(€qo), Crels Caret(€) > 0 depend only on T as wellasonp > 1.

Proof. The global equivalence (8.8) is proved in [56, Corollary 4.3]. The equivalence of Dorfler marking (8.9) is part of the
proof of [56, Lemma 4.6]. The homogeneity (BO) follows as in Section 9 with ry = 1/2 and r_ = 1. Since the first term
of n(-) does not depend on the argument V, standard inverse estimates as for the linear case prove stability (B1) as in [56,
Proposition 4.4] and Proposition 5.1. Reduction (A2) follows with the arguments from Proposition 5.1 as in [56, Lemma 4.6].

The discrete reliability (A4) for o(-) with R(7, 7) = 7 \ 7 follows from [56, Lemma 3.7]. Together with the equivalence
from [56, Proposition 4.2], there holds forall § > 0

AU@D). U < Car Y or(T:UT))?
TeR(T,T)

CareiCs Y (T, h(T); UT))” + Carad d [u, UT)P.
TeR(T,T)

IA

The constant Cs > 0 is defined in [56, Proposition 4.2]. This proves weak discrete reliability (B4) with R (e; 7, T)=7\ 7
and Cyre(€) := C4reiCs and 6 = &/Cqre; and particularly implies reliability (3.7) as proved in Lemma 8.2.

The general quasi-orthogonality (A3) follows from the fact that the equivalence of the error measure to the energy of the
problem with eq, = 0 and (g, > 0 independent of gq,. As stated in [56, Lemma 3.2], each arbitrary refinement 7 € T of
T € T satisfies

FU@T) — g =~ du, UTP,
JU@)) — gU@) = A[UT), U

with hidden constants, which depend only on p > 1. This immediately implies for all £ < N € N that

N N
Y AU, UTOP S D UG) — §UT11))

k=t k=t
= JWU@T) — FWUTn+1))
< JUT) — g 5 dfu, UTI.

Together with reliability (3.7), this implies (A3) with g = 0,and 0 < C4,(0) < codependonlyonp > 1and C;. O
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Consequence 10.4. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator o(-) in the sense
of Theorem 8.4(i)-(ii). O

Numerical examples for 2D that underline the above result can be found in [56].

10.3. Conforming FEM for some elliptic eigenvalue problem

This subsection is devoted to the optimal adaptive computation of an Eigenpair (A, u) € X := R x V for V := H(} (£2)
with energy norm | - |1y = a(-, -)"/? for the energy scalar product a(-, ) (denoted b(, -) in (5.2))

a(v, w) = / Vu-Vwdx forallv,w € H,(£2)
2
and the I2-scalar product b(-, -)
b(v, w) = / vwdx forallv, w € Hy(£2)
2

of the model eigenvalue problem
—Au=Xxu in2 and u=0 onds2.
The weak form of the eigenvalue problem reads
a(u, v) = Ab(u,v) forallv eV. (10.17)

On the continuous level, there exists a countable number of such Eigenpairs with positive eigenvalues ordered increasingly
which essentially depend on the polyhedral bounded Lipschitz domain £2 C R

Throughout this subsection, let (A, u) denote one fixed Eigenpair with the vth simple eigenvalue A and corresponding
eigenvector normalized via ||ul|;2(q) = 1 (the first eigenvalue for v = 1 is always simple [106]). For simplicity, this sub-
section presents an analysis for the conforming FEM of order p with V(7)) := 58 (7)), which embeds the optimality results
of [58,59] in the general setting of this paper.

Let the number v of the simple eigenvalue A be fixed throughout this section and kept constant also on any discrete level
(without extra notation for this) and suppose ||h(7) |1 () is so small that the discrete eigenvalue problem has at least v
degrees of freedom and pick the discrete Eigenpair

U(T) = (M(T), u(T)) € X(T) =R x V(T)

(of that fixed number v) with [[u(7);2(z) = 1and

a(u(T), V) =2XT)bW(T),V) forallV e V(T) = 55(7). (10.18)

Notice that the discrete eigenvalue (A(7") of number v) is simple for sufficiently small ||h(55) || () and that the adaptive
algorithm is supposed to solve the algebraic eigenvalue problems exactly with an (arbitrary) choice of the sign of u(7")
(which does not enter the adaptive algorithm below but is assumed in the error measures to be somehow selected aligned
with u). In fact, givenany 7 € 7 and (i, V) € X(7) := R x V(7), the residual-based a posteriori error estimator consists
of the local contributions

(T (1, V)2 = W 1V + Az Vg gy + b 1BV rn0)-

The axioms (A1)-(A4) follow for the error measure d [7; -, -] defined (independently of 7) by

12
A [T (ku), (1, 0)] = (Ilku — wllf g, + U= vlﬁ,l(m) for all (A, u), (i, v) € X.

The arguments which imply optimal convergence of the adaptive algorithm are essentially contained in [58,59] while the
introduction of the error measure to allow for the abstract framework of this paper is a novel ingredient.

Proposition 10.5. Given positive integers v and p such that the vth eigenvalue X is simple and provided the initial mesh-size
[1h(T0) |12y of the initial triangulation Ty is sufficiently small, the pth order conforming finite element discretization (10.18) of
the eigenvalue problem (10.17) with the above residual-based error estimator satisfy stability (A1), reduction (A2) with
Preda = 274, general quasi-orthogonality (A3), discrete reliability (A4) with R(7,T) = 7 \ T, and efficiency (4.6) with
osc(T; U(T)) = 0. The constants Cstap, Cred» Cqo Carel, Cett > 0 depend only on T and the polynomial degree p € N.

The proof of the proposition requires two straight-forward algebraic identities.
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Lemma 10.6. Suppose that (i1, v) = (A(7),u(7)) € X(7) and (L, v) = MT), u(T)) € X(T) denote the discrete
Eigenpairs with respect to some refinement T € T of 7 € T and let (A, u) denote the exact Eigenpair. Then, it holds

[0l =k —A+RIT = vl 20w —R =0, (10.19)

10 — pvlil g, = (= ) + pRIT = vlik ) < (4= DD = vl 0. (10.20)

Proof. The Rayleigh-Ritz principle for the conforming discretizations leads to
A= ulf g S < pi=MT) = W)l g < MT0).

In particular, the differences of discrete eigenvalues in (10.19)-(10.20) are all non-negative. Direct calculations with
b + v,V — v) = 0 from |[V]| 2o, = 1 = ||l Prove

~ 1 5 ~
b(v,v—v) = EHU — U”LZ(Q) =bw —",v). (10.21)

2

The eigenvalue relations (|T)‘|H1<m

= U etc.) show

Together with the first equation in (10.21), this implies (10.19), which has been used before, e.g., in [59]. The left-hand side
of (10.20) equals

IE@ = v) + (= wvlhg, = (@ — w)? + 280 — ) b@ — v, v) + 220 — vl%q-
This and the second equation in (10.21), prove the equality in (10.20).
The substitution of s — 7 from (10.19) in one factor of (1 — 7£)? in (10.20) proves

PN 2 A2~ 2 _ N\ 2
||[.LU - Mv||L2(Q) + e ||U - UHLZ(_Q) - (I’L - /,L)|'U - U|H1(Q)'

This concludes the proof of the inequality in (10.20). O

Proof of Proposition 10.5. The stability (A1) follows as in Proposition 5.1 for (i1, v) € X(‘?) and (i, v) € X(7) up to
sums of squares of some additional terms

hr |20 — poll2¢qy forT e 8 C 7.

Those extra terms motivate the error measure d [7; -, -] and, because of hy < ||h(7) || (s), lead to the proof of (A1)
without additional difficulty. The proof of the reduction (A2) with preq = 274 follows the same lines and hence is not
outlined here.

The remaining parts of the proof require a brief discussion on a sufficiently small mesh size ||h(7) ||1 () of the initial
triangulation 7. Textbook analysis [107] proves the uniqueness of the algebraic Eigenpair (A(7), U(7")) for sufficiently
small ||h(T0) || (sz) and that the direction of U (7) of the discrete eigenfunction U(7") can and will be chosen in alignment
tou (via b(u, u(7)) > 0 in this proof) such that

It = u(T)lZg, < oI i) [t — u(T) 2, ) (10.22)
holds for some Landau symbol with lim;_.¢ 0(8) = 0 uniformly for all triangulations 7~ € T. A less well-known discrete
analog of (10.22) for all refinements 7 € T of T € T with mesh-size h(7) € Py(7) reads

1u(T) = ()22 ) < UM i) 1u(T) = u( @) 3 - (10.23)

The proof of (10.23) follows from elliptic regularity and the combination of [59, Lemmas 3.3-3.4] for a simple eigenvalue
A. Without loss of generality, we may and will suppose that the function o(§) is monotone increasing in § so that
o([[R(T) o 2y) < o(Jlh(To) llze(2y) < 1/(2A(T0)). The reliability of the error estimators requires some sufficiently small
mesh-size as well. For some sufficiently small mesh-size ||h(7o) || (s of the initial triangulation 7, [59, Lemma 3.5] reads,
in the above notation, as

u@) = u(T)1 o) < IReS(T; U@ 5,
in terms of the discrete dual norm || - [|ly#)=. It is a standard argument in the linear theory of Section 4.1 to estimate the
discrete dual norm of the residual

Res(7: U(T)) := bOU(T)u(T), ) — a(u(T), ) € V(T)*
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(just replace f on the right hand side by A(7") u(7") in the Poisson model problem) by

IRes(T; UT D}z S D (T3 U@
TeR(T.T)

with R (T, 9/‘\) =7 \ 7. The combination of the aforementioned estimates verifies

u@ —u g S D (T U@
TeR(T,T)
The inequality in (10.20) and & < u < A(7) prove for (i, v) := U(T) and (1Z, D) := U(T) that

d[T; U@), UDP = IAD — poll o) + 0= vlf )

IA

1+ A@NIu(@) = u(T) 1 - (10.24)

The combination of the previous two displayed estimates proves the discrete reliability (A4) with a constant C.; which
depends only on T.

The convergence of the conforming finite element discretization is understood from Textbook analysis [107] or (10.22)
and so Lemma 3.4 reveals reliability (3.7). Efficiency is proved in [60, Lemma 4.2] for general p > 1 and relies on sufficiently
small ||hg | 0) < 1.

The proof of the general quasi-orthogonality (A3) with eq, = 0 starts with a combination of (10.19) and (10.23) with
o(Ih(T)ll=(2)) < o(IN(To) (@) < 1/(2A(T0)). This proves

u(T) = U1 g) = M)+ AT)| < %|u<f?) — U)o
The first conclusion is the equivalence
u(T) = u(D) 7o) = M) = AM(T).
With (10.24), the second equivalence is, for all refinements TerT (4.6) of 7 € T, that
A[T; U@, U = AT) = A(F). (10.25)

Exploit the equivalence (10.25) in the proof of the general quasi-orthogonality with (A, uy) = Uy := U(J) to verify, for
any ¢, N € Ny with N > ¢, that

N

Z A [T Ues1, Ukl® S Ae — Angr S AT Unga, Ul
k=t

The combination with the discrete reliability (A4) concludes the proof of the general quasi-orthogonality (A3) with 4o = 0
such that Cy, only dependsonT. O

Consequence 10.7. Given sufficiently small ||h(T9) |1 (0), the adaptive algorithm leads to convergence with quasi-optimal rate
in the sense of Theorems 4.1 and 4.5. O

Numerical examples can be found in [59,60] with the generalization to inexact solve and even optimal computational
complexity under realistic assumptions on the performance of the underlying algebraic eigenvalue solver [60].

This section focused on a simple eigenvalue A while clusters of eigenvalues require a simultaneous adaptive mesh-
refinement with respect to all affected eigenvectors [61] beyond the scope of this paper. An optimal nonconforming adaptive
FEM has recently been analyzed in [108] with guaranteed lower eigenvalue bounds.

11. Non-trivial boundary conditions

The literature on adaptive finite elements focuses on homogeneous Dirichlet conditions with the only exception of
[37-39]. This section extends the previous results to non-homogeneous boundary conditions of mixed Dirichlet-Neumann-
Robin type, where inhomogeneous Dirichlet conditions enforce some additional discretization error. The present sec-
tion improves [39] and shows that standard Dorfler marking (2.5) leads to convergence with quasi-optimal rates if the
Scott-Zhang projection [103] is used for the discretization of the Dirichlet data [39,109]. The heart of the analysis is the
application of the modified mesh-width function h(7", k) from Proposition 8.6.
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11.1. Model problem

The Laplace model problem in RY for d > 2 with mixed Dirichlet~-Neumann-Robin boundary conditions splits the
boundary I" of the Lipschitz domain 2 C R? into three (relatively) open and pairwise disjoint boundary parts 32 =
IpU Ty U I} Givendataf € [?(2),8p € H'(ID), on € L2(I'y), ¢r € [>(J}),and o € L®°(I}) with @ > o9 > 0 almost
everywhere on Ik, the problem seeks u € H'(£2) with

—Au=f ing2, (11.1a)
u=gp onlp, (11.1b)
ohl = ¢y on Iy, (11.1¢)
¢r — @ = dpu on Iy. (11.1d)

The presentation focuses on the case that |I'p|, |Tk| > 0, with possibly I'y = (. The cases I'p = @ and |[I}| > O, |Ip| > 0
and Iy = @, as well as the pure Neumann problem I'y = 952 are also covered by the abstract analysis of Sections 2-4.

11.2. Weak formulation

The weak formulation of (11.1) seeks u € X := H'(£2) such that
u = gp on I'p in the sense of traces (11.2a)

andallv € Hj(2) := {v € H'(£2) : v =0on Ip} satisfy

b(u,v) == / Vu-Vudx + / ouv ds = RHS(v) (11.2b)
2 I
with
RHS (v) := / fodx + ¢nvds + ¢Prv ds. (11.2¢)
2 I'n Ir
Since [Ik| > 0and « > ag > 0,the norm | - || := b(-, -)/? is equivalent to the H'(£2)-norm.

Let up € H'(£2) with up|; = gp be an arbitrary lifting of the given Dirichlet data and set uy := u — up € H[]J(.Q).
Then, (11.2) is equivalent to seek uy € Hé(.Q) with

b(ug, v) = RHS(v) — b(up, v) forallv € H)\(£2). (11.3)

According to the Lax-Milgram theorem, the auxiliary problem (11.3) admits a unique solution u, € H!(£2) and thus
u = ug + up is the unique solution of (11.2).

11.3. FEM discretization and approximation of Dirichlet data

Assume the initial triangulation 7, and hence all triangulations 7 € T of £2, to resolve the boundary conditions in the
sense that for all facets E C 92 on the boundary, there holds E C  for some y € {Ip, I'y, I'x} and suppose newest vertex
bisection. Let X(7) = 8P(7) = £P(T) NH'(£) and /S,’;(T) =PP(T)N Hf,(.Q) with fixed polynomial order p > 1 and
PP(7) from (5.3) above. To discretize the given Dirichlet data gp, for any given mesh 7 € T, choose an approximation

Gp(7) € 8°(TIrp) = {VIr, : V € 87(7)}

of the Dirichlet data gp. Here and throughout this section, let 7|, := {T| n:TeT } denote the restriction of the volume
mesh to the Dirichlet boundary I'p, and 8P (7| ;) is the discrete trace space. A convenient way to choose this approximation
independently of the spatial dimension is the Scott-Zhang projection J(7) : H'(£2) — 4P(7) from [103]. The formal
definition also allows for an operator (7 |p,) : [*>(Ip) — 4P(T |r,) on the boundary. The reader is referred to [39] for
details and further discussions.

The discrete counterpart of (11.2) seeks U(7") € 4P (7") such that

U(T)Irp, = Gp(7), (11.4a)
bU(T), V) = f(V) forallV e 82(7). (11.4b)

As in the continuous case, (11.4) admits a unique solution and satisfies all assumptions of Section 2 with d [T; v, w] =
lv—w]| and C, = 1.



1250 C. Carstensen et al. / Computers and Mathematics with Applications 67 (2014) 1195-1253
11.4. Quasi-optimal convergence

The derivation of the residual-based error estimator n (7, -) follows similarly to the homogeneous case and differs only
by adding an oscillation term to control the approximation of the Dirichlet data [38,39,109,110]. With the local mesh-width
function h(7") from Section 8, the local contributions read

(T3 V) = IR + ArV) D, + 1) 210V 11 00
AT 2 (@r — @V = V) 1D yp0 ) + 1RO 2G5 = V) gr0p,, + dirr (72,
where
dirr(7) = [|h(T)">(1 = Ty (T |r)) Vr&oll2ornry,)

and IT,_(T|p) : [*(Ip) — ?”‘1(T|FD) = {V|pD Ve !P‘"l(?‘)} is the (piecewise) L?-orthogonal projection, and
V() denotes the surface gradient.

For each facet E C 942, there exists a unique element T € 7 such that E C 9T. In particular, h(7") also induces a local
mesh-size functionon y € {Ip, I'y, I}}.

The following proposition shows that inhomogeneous (and mixed) boundary data fit in the framework of our abstract
analysis. Emphasis is on the novel quasi-orthogonality (A3) which improves the analysis of [39] on separate Dorfler
marking. The novel mesh-size function h(7, k) establishes optimal convergence of Algorithm 2.2 with the standard Dérfler
marking (2.5).

Proposition 11.1. The estimator n(-) satisfies stability (A1), reduction (A2), quasi-orthogonality (A3), discrete reliability (A4),
and efficiency (4.6). The discrete reliability (A4) holds with R(7,T) := &> (T;T \ T) (as defined in Section 8.1), and the
oscillation terms in the efficiency axiom (4.6) reads

osc(7; U(T))? := dir(7)?> + min umﬂq—Fmgm
FePP~1(T)

+min R P Gn = D)y, min BT PG — D) (115)

@ePP~1(TIry) ePP~ (T Irp)

Proof. Efficiency (4.6) can be found in [109,110] or [39, Proposition 3]. The proof of (11.5) follows similarly to that of
Proposition 5.1 and exploits that A+ U (7)|r is a polynomial of degree < p — 2.

The proofs of stability (A1) and reduction (A2) are verbatim to the case with I'; = @ from [39, Proposition 11]. The proof
of discrete reliability (A4) is more involved, however, the difficulties arise only due to the approximation of the Dirichlet
data and the non-local H'/?(Ip)-norm. The proof in [39, Proposition 21] for Iy = ) generalizes to the present case.

It remains to verify the quasi-orthogonality (B3) which implies (A3) by virtue of Lemma 3.7. Recall the modified mesh-
size function h(7", 5) and the patch »>(7; 7 \ 7) € 7 from Section 8 for k = 5. It is proved in [39, Lemma 20] for I'; = ¢
that there holds for all ¢, > 0

IU@) = U@ < llu = U@I* = (1= ggo)llu = U@’
+Cpytngao NUT 1) = J(T1rp)&nl02 0 (116)

where Cpy, > 0 depends only on T and I'p. Although [39] considers Iz = ¢ and hence || - || = [|V(-)]l;2(g), the proof
transfers to the present case. R R
The focus in the derivation of (B3) is the last term on the right-hand side . (7)? — (7). First, let wg (T;T\T)C Tl

denote the set of all facets E of 7 withE € I'p N |J & (T; 7\ 7). It is part of the proof of [39, Proposition 21] that there
exists a uniform constant C,4 > 0 such that any mesh 7 € T and all refinements 7 of 7~ satisfy

10 Ir) = JT ) vllavzryy < Coall AT V2 = My 1 (T Vvl o o7y

for all v € H'(I'p). We note that this estimate hinges on the use of newest vertex bisection in the sense that the constant
Cy4 > 0 depends on the shape of all possible patches. For newest vertex bisection, only finitely many pairwise different
patch shapes can occur.

Secondly, this estimate is applied for v = gp. The definition of h(7", 5) in Proposition 8.6 implies

h(7,5) < h(7,5) pointwiseonallT € T,
h(T,5) < pyh(7,5) pointwiseonallT € 0’ (7; T \ 7),

for some independent constant 0 < p,, < 1. Hence

(1 — pn) h(T, 5)|Uw5<7;7\f) < h(7,5) — h(‘f, 5) pointwiseonallT € 7.
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This implies
(1= (T, 520 = Hp s (T ) Vrgolls o3 7,
< (T, 5)"* (A = T s (T 1) Vol — 1MT, 5" = Ty (T 1) Vgl -
This and the elementwise best-approximation property of IT,_; ('f |r,) prove that
Ih(T. 521 = Ty (T ) Vroll < KT 52 = Myt (T11,)) Vroll -
With h(7) < Cy3h(7, 5) from Proposition 8.6, this implies

-1 e et e =
(1= PG R0 = Ty (TI )Vl iy S TP = (P2

The combination of the previous arguments leads to
1T 1r) =JT )0l 1720y, < CaCis(1 = o) ™" ((T)? = w(T)?).

Since u(7)? < Y rer oscr(7)? < n(7; U(T)), there also holds (B3b). This concludes the proof. 0O

Remark 11.2. We briefly comment on the case I'y = ¢ with
||U||2 = ||VU||52(_Q) + ||U||,2.,1/2(1~D) # b(v, v).

The Rellich compactness theorem guarantees that ||-|| is an equivalent normin H! (£2). The combination with [39, Lemma 20]
(ie. (11.6) with || - || = [[V()|l;2(g)) proves for sufficiently small &4, < 1 that

IU@E) —U@DI? < IV@—U@)IE g — (1 - e[V —UE)%

+Coynqo 10T Iry) =J(T ))&l - (11.7)
With (11.7) instead of (11.6), the arguments in the proof of Proposition 11.1 remain valid.

The adaptive FEM for the mixed boundary value boundary (11.1) satisfies all assumptions of the abstract framework.

Consequence 11.3. The adaptive algorithm leads to convergence with quasi-optimal rate for the estimator n(7; U(J")) in the
sense of Theorem 4.1. For quasi-optimal rates of the discretization error in the sense of Theorem 4.5, additional regularity of the
data has to be imposed for higher-order elements p > 1, cf. Consequence 5.2. O

Numerical examples which underline the above result can be found for 2D in [100] and for 3D in [39].
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