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Abstract

The purpose of this contribution it to theoretically analyze the adaptive refinement strategies for
conforming hp-finite element approximations of elliptic problems proposed for exact algebraic solvers in
[Daniel, Ern, Smears, Vohralik, Comput. Math. Appl. 76 (2018), 967-983] and for inexact algebraic
solvers in [Daniel, Ern, Vohralik, Comput. Methods Appl. Mech. Engrg. 359 (2020), 112607]. Both of
these strategies are driven by guaranteed equilibrated flux energy error estimators. The employed hp-
refinement criterion stems from solving two separate local residual problems posed only on the patches
of elements around marked vertices selected by a bulk-chasing criterion. In the above references, we
have derived a fully computable guaranteed bound on the ratio of the error on two successive steps of
the hp-adaptive loop. Here, our focus is to prove that this ratio is uniformly smaller than one, which
implies a guaranteed contraction of the adaptive and adaptive inexact hp-refinement strategies. To be
able to achieve this goal, we have to introduce some additional assumptions on the h- and p-refinements,
namely an extension of the marked region, as well as a sufficient h- or p-refinement of each marked
patch; a p-robust contraction is then proven. In the inexact case, a sufficiently precise stopping criterion
for the algebraic solver is requested, but this criterion remains fully computable and also realistic in the
sense that in our numerical experiments, it does not request the algebraic error to be excessively small
in comparison with the total error.

Key words: elliptic problem, finite element method, a posteriori error estimate, equilibrated flux, hp-
adaptivity, inexact solver, error reduction, convergence analysis

1 Introduction

The adaptive finite element method has been used in practice and theoretically studied for several decades.
Its recent development has been catalysed by the extensive research dedicated to efficient and reliable a
posteriori error estimates, see, e.g., the pioneering works of Babugka and Miller [3] and Doérfler [28] and the
survey books by Ainsworth and Oden [1] and Verfiirth [54]. In the h-adaptive strategy for elliptic problems,
Morin et al. [41] provided a plain convergence result, whereas Binev et al. [10] modified the method from [41]
to prove not only optimal convergence rate but also optimal computational complexity. Other important
results are to be found in Morin et al. [42, 43], Cascén et al. [21], Stevenson [52, 53|, and Carstensen et
al. [19]. Most of the convergence results were stated for methods driven by residual-type a posteriori error
estimates; the works addressing other types of estimators include Kreuzer and Siebert [37] and Cascén and
Nochetto [22]. In contrast, convergence of hp-adaptive strategies has been addressed only recently in Dorfler
and Heuveline [29], Biirg and Doérfler [15], and Bank, Parsania, and Sauter [6]. To our knowledge, the
state-of-the-art optimality result is by Canuto et al. [16], hinging on an coarsening module due to Binev [9];
a polynomial-degree-robust (p-robust) contraction has been shown in Canuto et al. [17], based on a local
saturation assumption.
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In a common adaptive finite element method, a (larger and larger) system of algebraic equations needs to
be solved at each step. This can be practically quite costly and is actually not necessary upon employing the
idea to balance the algebraic error to the level of the discretization one at each step of the adaptive procedure,
as suggested in, e.g., [7, 10, 52, 53, 8, 2, 31, 48] and the references therein for linear elliptic problems and
Holst et al. [35], Carstensen et al. [19], and Gantner et al. [34] for nonlinear elliptic problems. In the
seminal works, Binev et al. [10] and Stevenson [52, 53] present their h-adaptive finite element algorithms
in an abstract setting and the inexact approximations are assumed to be sufficiently/arbitrarily close to
the exact ones, without, however, a practical estimate on the algebraic error. The algebraic error can be
estimated for a specific solver under appropriate assumptions as in Arioli et al. [2], where a convergence of
the inexact h-adaptive finite element algorithm employing the conjugate gradient method as the algebraic
solver has been shown, provided a good estimate on the smallest eigenvalue of the finite element system
matrix is available. Another approach is based on an a priori argument which requires that the employed
iterative solver contracts the algebraic error at least by a factor p;; < 1 on each iteration. In particular, in
such a situation, Becker and Mao [8] design a convergent and quasi-optimal conforming h-adaptive finite
element algorithm. We believe, though, that an optimal way to proceed is via a dedicated a posteriori error
estimate on the algebraic error. This does not rely on a specific solver or assumptions and may be much
more precise, leading to quite sharp identification of all total, algebraic, and discretization error components,
see [36, 45, 44] and the references therein.

The goal of this work, stemming from Chapter 3 of the Ph.D. dissertation [23], is to complete our
recently proposed hp-adaptive refinement strategy with computable guaranteed bound on the error reduction
factor [24] and its counterpart with an inezact algebraic solver setting [25] by a rigorous convergence
proof. Similarly to [24, 25], we examine the pure diffusion equation with homogeneous Dirichlet boundary
conditions. Let © C R% d = 2,3, be a polygonal /polyhedral domain (open, bounded, and connected set)
with a Lipschitz boundary 992, and let HZ (£2) denote the Sobolev space of all functions in L?(2) which have
all their first-order weak derivatives in L?({2) and a vanishing trace on 9. Let f € L?(f2) be a given source
term and A € [LOO(Q)}dXd be a given diffusion tensor that we additionally suppose symmetric, positive
definite, and piecewise constant. The model problem in its weak form reads: find u € H () such that

(AVu, Vo) = (f,v) Yo € H}(Q), (1.1)

where (-,-) stands for the L?(Q) or [L? (Q)}d inner product. The conforming hp-finite element method is
used to discretize the model problem (1.1). Therein, we consider only matching simplicial meshes without
hanging nodes.

(SOLVE}—{ESTIMATE }—>{ MARK —>REFINE

Scheme 1: Paradigm of an hp-adaptive algorithm employing an exact algebraic solver.

The first part of this manuscript (Sections 2-6) is dedicated to the study of the hp-adaptive algorithm
in the ezxact solver setting, i.e. we assume exact (up to machine precision) solution of all the resulting linear
algebraic problems. Typically, such algorithms follow the well-established paradigm presented in Scheme 1.
Particularly, in [24], we showed that on step ¢ of the adaptive loop from Scheme 1, it is possible to compute
explicitly a real number 0 < Cyreq < 1 such that

[A2V (u = uZi )| < Crreal A2V (u — g, (1.2)

where ug* and vy}, denote the exact finite element solutions from the respective iterations ¢ and ¢ + 1 of
the adaptive loop. Even though we provided numerical evidence in [24, Section 6], we did not prove that
the reduction factor Cyreq of [24, Section 5] is bounded by a generic constant strictly smaller than one;
this is the subject of our study here. In order to achieve it, in contrast to [24], we introduce two slight
modifications of the modules MARK and REFINE of Scheme 1 in Section 4. First, we extend the marked region
in module MARK by one layer of elements, see Section 4.2. And second, we either introduce an additional
computational check on discrete stability of the local equilibrated fluxes in each patch marked for refinement
within module REFINE, see condition (4.10) in Algorithm 1, or we use stronger local h- and p-refinements.



For a piecewise polynomial right-hand side and when the maximal polynomial degree is bounded by
some Pmax, we prove that estimate (5.16), with Cy, depending on pp,ax, is satisfied when each patch marked
for refinement is h-refined such that element and face interior nodes arise and/or p-refined by essentially
a polynomial increase by d — 1. We will call this below the “interior node, p + d — 1” strategy. In the
general case, we prove that the check (4.10) will be satisfied with Cy, independent of p upon strong-enough
h- and/or p-refinements in each marked patch, where we propose to iterate one newest-vertex bisection or
polynomial increase by one. We call this strategy “additional layer” below. The requested bound on the
maximal polynomial degree in the first result above is restrictive from the theoretical viewpoint (it only
gives a h-convergence result with p-refinements included but limited), though reasonable in practice. The
second result then gives both a h- and p-robust contraction (1.2), but the number of h- and/or p-refinement
iterations in each marked patch is not necessarily limited; in our numerical experiments, though, only one
such iteration was necessary, just as in [24, 25]. The key ingredient of the proof is the stability of the
local equilibrated fluxes: non p-robust via the bubble function technique in the fist case and p-robust via
polynomial extension operators in the second case. We summarize these developments in Section 5 and
state the guaranteed contraction result (1.2) in details in Section 6.

a—
ONE_SOLVER_STEP | ~ESTIMATE)

adaptive stopping criterion
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Scheme 2: Paradigm of an adaptive loop employing an inexact algebraic solver.

In the second part of this manuscript (starting with Section 7), we extend our results concerning the
convergence (guaranteed contraction) of the hp-adaptive algorithm from the exact solver setting to the
inexact solver setting. Following [25], we incorporate the use of an arbitrary algebraic solver within the
framework of adaptive algorithm of Scheme 1 by replacing the module SOLVE by an adaptive sub-loop
consisting of modules ONE_SOLVER_STEP and ESTIMATE, see Scheme 2. In contrast to [25], we need to increase
the equilibration polynomial degree by one. We treat carefully our choice of a practical adaptive stopping
criterion for the algebraic solver in order to ensure the convergence of the adaptive algorithm. In contrast
to [10, 52, 53, 8, 2], the particular advantage of the present work is that no request on the algebraic solver
is made and our bounds on algebraic, discretization, and total error do not contain any generic constant
and remain fully computable, see Section 7.1. Consequently, the values of the stopping parameter ~y,, which
expresses the percentage of the algebraic error with respect to the total error, do not need to theoretically
take excessively small (and unknown) values. The proper choice of stopping criterion together with the
modifications of modules MARK and REFINE introduced in the exact solver setting then allow us to show, in
extension of property (1.2), the error reduction between two consecutive inexact approzimations ue and g1
produced by the adaptive loop of Scheme 2

1AV (= ugr)|| < Crrea| A2V (u — ug)l, (1.3)

with a fully computable factor 0 < Cp,ea < C < 1. This theoretical result improves in particular the
developments of [25, Theorem 5.4], where the reduction factor was not shown to be bounded by a generic
constant strictly smaller than one. In particular, the reduction property (1.3), showed in Section 9 here,
implies the convergence of the adaptive algorithm prescribed by Scheme 2. The quick numerical assessment
of Section 10, which complements the extensive numerical studies from [24] and [25], illustrates that the
generated sequences of meshes and polynomial degree distributions still lead to asymptotic exponential
convergence, and this for the stopping parameter v, with the very-reasonable-in-practice value around 0.05
in the inexact solver case. Moreover, condition (4.10) in Algorithm 1, with Cj, independent of p which
ensures p-robust contraction, was here satisfied already for one newest-vertex bisection step and/or increase
of the polynomial degree by one.

2 Road map

To help the reader orientate in our paper, we provide here a quick “road map” of our developments to
come; let temporarily the source term f be a piecewise polynomial (so that no “data oscillations” arise),



and suppose an exact algebraic solver. Let u be the (unknown) weak solution from (1.1), let u$* be the
(known) finite element approximation on mesh 7; and space V, and let ug* ; be the (unknown) finite element
approximation on the mesh 741 and space V11 (containing V;) that has been designed by our hp-refinement
strategy on step £. The Galerkin orthogonality of ug%, yields

1 ex 1 ex 1 ex ex
A2V (u—ugf))|? = [A2V(u—uf)|? = A2V (uff; —ug)|. (2.1)

In our approach, we construct an equilibrated flux contribution o3 on each patch subdomain wj associ-
ated with a vertex a € Vy; o is a Raviart-Thomas piecewise polynomial with no flow through the boundary
of wf on interior vertices. We then set op = o, which gives the guaranteed upper bound

EYSW
| ARV (= uf)| < n(uf, Te) = A Vg + A~ Foyl); (22)
we use ||A%Vu§X + A~ 20|k for marking of elements K to refine. Moreover, on each patch wgt around a

vertex a € Vg marked for refinement, where h- or p-refinement as been applied, we construct a residual lifting
r&hP which is a conforming piecewise polynomial taking zero value on the boundary of wf. Importantly,
we design r®"P such that the local stability

[V AT VU + A" 208 | us < Cibl|AZVISP| e Vae V) (2.3)
holds for a generic constant Cy,. Then we have the guaranteed discrete lower bound

Cacvi A2V

A (B 0

1
A=V (ugdy —ug)ll =,

Wy

(2.2) and (2.4) allow to bound the error |AzV(u — ugk ()|l in (2.1) prior to the computation of ugt .

In our developments, we moreover prove that the error is contracted between uy* and ug} |, and this at
least by a fully computable factor Cy r.q bounded from above by Ci.q < 1. For thls purpose, remark first
that patchwise recoveries lead to

1 1/2
A S lAb )
O = Vd+1 '

Patchwise recoveries again, together with the local stabilities (2.3), imply the global stability on the refined
elements collected in MY in the form

(2.5)

2.3 2.5
P MY < (@41) Y AtV + Aoty S (@) Y GRIATY I, S @12 Chr
acv} acv;} ‘
(2.6)
Thus, since the marked elements M are selected using the bulk-chasing (Dorfler) criterion

n(ug*, M) > 0n(ug™, Te), (2.7)
we can bound, using respectively the guaranteed discrete lower bound (2.4), Dorfler’s marking (2.7), the
guaranteed upper bound (2.2), and the global stability (2.6)

(2.4) Mgt (2.7) 77/\/1”

IAZV (ugiy —uf)l = e = (g Te) = 0———gen(ug™, Te)

= A T ) - on(ugr 7M9)

(2.2) TIM ey (26) 9 o

2 ew\lA V(u—ug)|| > WIIA V(u—ug )|,
so that from (2.1),

1 ex 1 ex
[AZV(u—ugiy)|| < Crreal|AZV (u —ug®)||
with
7]2 # 62
—M;
0 < Cpred := 1—927<C’r =4/l - —— < 1.
> Ulred (ué 7M9) >~ ed (d+ 1)2012b



3 Framework and notation

This section details the notation employed throughout the manuscript. Within the adaptive loops of
Schemes 1 and 2, a sequence {(7¢, pr) }e>0, with £ > 0 the iteration counter, is generated. Each pair (7¢, pe)
consists of a matching simplicial mesh 7Ty of the computational domain {2, i.e., a finite collection of (closed)
simplices K € Ty covering Q and such that the intersection of two different simplices is either empty or their
d’-dimensional common face, 0 < d’ < d—1, and of a polynomial-degree distribution vector py := {ps.x } keT;
which assigns a degree pg x € N>1 to each simplex K € 7,. Moreover, each pair (7;, p¢) prescribes a discrete
finite-dimensional space V;, defined as

Vi =Py, (Te) NHF (),  V£>0,

where Py, (7;) denotes the space of piecewise polynomials of total degree at most ps x on each simplex
K € T;. Let us denote by Ny the dimension of the ¢-th level space V. Note that we enforce the H{(£2)-
conformity of the spaces V; for all £ > 0. In addition, we make the following nestedness assumption:

Ve C Vé.i,_l, Ve > 0. (31)

The initial pair (7o, po) is assumed to be given. Then, the purpose of each step ¢ > 0 of the adaptive
loops of Schemes 1 and 2 is to determine the next pair (7z41, Pe+1). The nestedness property (3.1) gives us
two crucial restrictions on the meshes and polynomial-degree distributions defining the spaces V;: (i) the
sequence of meshes {7;}¢>0 needs to be hierarchically nested, i.e., for all £ > 1 the mesh 7 is a refinement of
T¢—1 such that for all K € 7Ty, there is a unique simplex K e T¢—1, called the parent of K, satisfying K C I?;
(ii) the local polynomial degree is locally increasing, i.e., for all £ > 1 and all K € Ty, pg.x > D1 i where

K e T¢—1 is the parent of K. Moreover, we assume the following standard shape-regularity property: there
exists a constant k7 > 0 such that maxge7T, hx/px < k7 for all £ > 0, where hy is the diameter of K
and pg is the diameter of the largest ball inscribed in K. This can in practice be ensured by using e.g. the
newest-vertex bisection mesh refinement algorithm [51, 39, 53].

We denote by Vy (respectively Fy) the set of vertices (respectively (d — 1)-dimensional faces) of the mesh
7. These are decomposed into interior vertices Vi"* ((d — 1)-dimensional faces F;"*) and boundary vertices
V§Xt ((d — 1)-dimensional faces Fg**). For each vertex a € Vy, £ > 0, the so-called hat function ¥2 is the
continuous, piecewise affine function that takes the value 1 at the vertex a and the value 0 at all the other
vertices of Vy; the function 1} is contained in the space V, for all vertices a € Vént and all polynomial
degrees py. Furthermore, we consider the simplex patch 7,* C 7, which is the collection of the simplices
sharing the vertex a € V,, with w? the corresponding open subdomain of €2, coinciding with the support
of ¥2. Let F2 C Fy denote the set of all the (d — 1)-dimensional faces in the patch 72. This set can be
further decomposed into F;' ’im, the subset of faces from F}* that share the vertex a and are shared by two
distinct simplices in 72, and F;"* the faces from F3 lying in Ow?, so that F& = f?’im U F*. For
any face I' € Fy, np stands for a unit vector normal to F' with an arbitrary but fixed orientation. The
operator [-] yields the jump, in the direction of ng, of the traces of the argument from the two simplices
that share F' € Fi", and the actual trace for F' € Fg*'. Finally, for each simplex K € Ty, Vy i denotes the
set of vertices of K and Fy g denotes the set of (d — 1)-dimensional faces of element K € 7y.

4 The hp-adaptive algorithm with exact solver

In this section we first recall the modules SOLVE and ESTIMATE as defined in [24]. Afterwards, we introduce
the slightly modified versions of the remaining modules MARK and REFINE from the adaptive loop of Scheme 1,
which will allow us to prove the boundedness of the contraction factor and thus the convergence of such an
adaptive algorithm.

4.1 The modules SOLVE and ESTIMATE

Let £ > 0 denote the current iteration counter. The module SOLVE takes as input the current finite element
space V; C Hg () and outputs the Galerkin approximation u$* € V; of the weak solution u of (1.1) defined
as the unique solution of

(AVug™, Vug) = (f,ve) Y € V. (4.1)



Note that obtaining uy* is equivalent to computing the exact solution of the system of linear algebraic
equations

AU =Fy, (4.2)

where {9} }1<n<n, is a basis of the ¢-th level space Vp, so that uf* := Zgil (UF), s (Adkm =
(AV?/}?@,V%“), and (Fy), = (f, 1/1}?)7 1<k m<N,.

Following [26, 13, 32, 27|, see also the references therein, the module ESTIMATE relies on an equilibrated
flux a posteriori error estimate on the energy error | Az V(u — u§¥)||. The module ESTIMATE takes as input
the finite element solution ug* and outputs a collection of local error indicators {nx } ke, -

The equilibrated flux is constructed locally on the simplex patches 7,2 attached to each vertex a € V.
For this construction, we consider as in [27, 24] the local polynomial degree p&t := MAXKeTA Pe,K (any
other choice so that p&t > maxge7p e,k can also be employed). For a fixed vertex a € V;, let the broken
space

RTN, (T72) := {v, € [L}(w})]?; vi|x € RTN,(K), VK € T2},

where RTN,,(K) := [P,(K)]¢+P,(K)x is the usual p-th order Raviart-Thomas-Nédélec space (cf. [14, 49])
on a simplex K € 7;. Then, the patchwise normal-trace-continuous spaces Vi with homogeneous Neumann
boundary conditions in which the local equilibration will be performed are defined by

N {ve € RTNpest (7,*) N H(div,w}); venge = 0 on dwj} if a € Vint,
" {ve e RTN e (72) N H(div,w}); vengs = 0 on 9wy \ faces in dw? N 0N that share a} if a € V**.
(4.3)

Let Ppest (7;2) be composed of elementwise polynomials of degree pZ* on the patch T2. We will also need
the L?(wf)-orthogonal projection onto Ppest (72) that we denote as IT2.

Definition 4.1 (Equilibrated flux o, by local minimizations). Let u§* be the solution of (4.1). For each
vertex a € Vy, let the local equilibrated flux o} € V3 be defined by the local minimization problem

ol = arg min AT A7%Vg wa- 4.4
[ g 0 0 b
V[EV? )
Vv =T13 (3 f)— V3 - AVus™

Then, extending each local contribution o3 by zero outside of the patch domain w2, the global H(div,2)-
conforming equilibrated flux oy is constructed as

Note that the Neumann compatibility condition fwa V&f — VY- AVu, = 0 for the problem (4.4) is
4

satisfied for all a € V" as a direct consequence of (4.1) (consider ¥ as a test function in (4.1)). Also, to

impose the constraint in (4.4), we use the assumption A € P, (Ea)dXd. The global H(div, Q?)-conformity of
o follows from imposing the zero normal trace of functions in the local spaces V%, cf. the definition (4.3).

Then, as stated in [26, 13], see also [27, Theorem 3.3], the following guaranteed upper bound on the
energy error holds true:

2
1AV (u = u)|| < n(ug™, Te) = { > n%auz*)} L= ATV + Aol = Ve
KeT: TCA K
(4.5)
where ca i is the smallest eigenvalue of the diffusion tensor A on the simplex K. Note that when f is a
piecewise polynomial, the local estimator nx does not include the so-called data oscillation term mh% Ilf—
ALK

V'O’gHK.

4.2 The module MARK

The module MARK takes as input the local error estimators from (4.5) and proceeds in two phases.



The first phase corresponds to the module MARK used in [24]. We select the smallest subset of marked
vertices V¢ C Vy using a bulk-chasing criterion inspired by the well-known Dérfler’s criterion (cf. [28])

(W .U 7;) > 0n(us™, o), (4.6)

aEV9

where 9 € (O 1] is a fixed threshold parameter, and where, for a subset S C 7Ty, we adopt the notation
n(ug™, S) == {ZKes nx (U } 12 . Then, letting

M=) TPCT

aEVf

be the collection of all the simplices that belong to a patch associated with a marked vertex, we observe
that (4.6) means that n(u$®, M9) > 0n(us*, Tz). Let us denote by wy = Uaevf w§ the open subdomain

corresponding to the set of marked elements ./\/lg. To select a set Vf of minimal cardinality, the mesh
vertices in V, are sorted by comparing the vertex-based error estimators n(ue, 772) for all a € V,, and a
greedy algorithm is employed to build the set V. Possible reductions of the computational cost of such an
algorithm are proposed in [28, Section 5.2] and in Stevenson [53, Section 5], whereas a construction of the
minimal set at a linear cost is identified in Pfeiler and Praetorius [46].

In a second phase, we define an extended set of marked vertices Vg with the corresponding set of marked
elements ./\/lg in the following way

U Vex and M= | 72

KeM) acy}

In other words, we extend the set /\/12 by one more layer of neighbouring elements in contact with the

boundary dwy, see Figure 1 for an illustration. In addition, we define by wg =U the open subdomain

a
aeV‘&1 Wy

0.07

0.06

0.05

Ay, 3|
0.04 a
g a2
a LUZ

0.03 ag

0.02

0.01

Figure 1: An example of local error estimators ng (ug™) from (4.5) (left) and illustration of the corresponding set
of marked vertices V{ = {a;} and its extension V! = {ai,as,...,as}, § = 0.5 (right). The region highlighted in
red color corresponds to the subdomain w,, while its union with the yellow region region amounts to the extended

subdomain wg .

corresponding to the set of marked elements Mg. This extension is motivated by the structure of the error
estimate (4.5), stemming from equilibrated flux o, composed of local patchwise contributions of. It plays a
particular role later in our convergence proof, when we decompose the error estimate n(ug* ,Mg) into a sum
of local patchwise contributions in (6.6) with their corresponding domains of definitions possibly exceeding
the original marked subdomain wy, but always included in the extended marked subdomain wg. The present
theoretical analysis requires such extension of the marked region; this is the price we pay for the precision
of our estimates on the error reduction factor Cp req:

Remark 4.2 (Marking and analysis without the additional layer). Instead of the elementwise estimate (4.5),



one could employ the following patchwise form of the error estimate, cf. [32, Lemma 3.22] or [17, Proposi-
tion 3.1]:

A2V (u—uf)|| < Vd+1 { > na(ui")Q} :

acVy (47)

7M@W?=Z:“WAW%“HV%®M LY AT

KeTg TCA K

This would result in no need to extend the obtained set of marked vertices Vg by the additional layer, as well
as in an overall a simpler hp-adaptive algorithm based on the patchwise estimators na(u§). However, unless
a combination with (4.5) was used, the presence of the constant \/d + 1 already in the error estimate (4.7)
would lead to a deterioration of the bound on the error reduction factor Cpreqa, which was designed as sharp
as possible in [24, 25].

4.3 The module REFINE

The module REFINE takes as input the extended set of marked vertices Vg and outputs the mesh 7,7 and
the polynomial-degree distribution pyy; to be used at the next iteration of the adaptive loop from Scheme 1.

(T4, p?) ") (T8, pg") —

¢

Figure 2: An example of a marked patch 7, together with its polynomial-degree distribution p? (left), its h-
refinement (center), and p-refinement (right), the “additional layer” strategy of Section 4.3.2.

P3

P1

4.3.1 h and p patch refinements and the hp-decision

The idea employed in [24, 25] is to emulate separately the effects of h- and p-refinement on each patch
T2 assigned to a marked vertex a € Vg using two distinct local primal solves. For this purpose, we will

need a matching simplicial refinement ﬂa’h of T2 (see the center panel of Figure 2 for an example), as
well as an increased polynomial-degree distribution vector pj™® (see the right panel of Figure 2 for an

example); let also py’ 2" he the (original) polynomial-degree distribution in the patch 72 given by the vector
p? = {pe,x} KeTp and TP = T2. For each vertex a from the extended set of marked vertices Vg, consider

the local patch-based spaces V" and V2 given by
a,h a,h a a, a, a
VAR o B (TP YW, VP = B (T77) N HY(w). (48)

In the spirit of Babuska and Miller [3], and similarly to the element-patch problems in Biirg and Dorfler [15,
Section 3.2.1], we let r®" € V;’h and r*? € V" be the h- and p-refinement residual liftings respectively
given by
(AVF*" Vot o = (f,0")0n — (AVUS, Vo) e Vot e VD!, (4.9a)
(AVr®P VoP) o = (f,0*P)a — (AVUg™, Voo e VorP e VP (4.9b)



the two above local primal problems use Dirichlet boundary conditions, while we refer to [25] for the possible
use of Neumann boundary conditions. The hp-decision is then made based on the comparison of “attainable
error decreases” HA%VT'&’}LHW;\ and ||A%Vra’p||w; and is described in Algorithm 1, also relying on the details
of the two following refinement strategies.

Algorithm 1 (module REFINE)

1: module REFINE (V)

2: > Input: extended set of marked vertices Vg
3: > Output: new pair (741, Pr+1)
4: for all a € Vg do
5: Prepare the patch h-refinement space Vea’h and the patch p-refinement space Vga’p from (4.8).
6: Compute the residual liftings 72", r®P given by (4.9a) and (4.9b).
7 end for
> hp-decision on vertices:
8 Set VW i={ac V| |ATVraN| e < [|AZVI2P|| 0}

9 Set V) :=VI\ VP
> hp-decision on simplices:
10: Select M :={K € Ty | Vo xk NV #£0} C Mﬁ.
11: Select M2 :={K € T; | Vox N VP # 0} € M.
> hp-refinement:
12: Build 774, from 7; and M, such that 72" C Toyq Va € VP
13: for all K € Ty1 with its parent element K e T, do

14: if “additional layer” strategy of Section 4.3.2 then
= if K ¢ MY, 1 ifp, = =mingz,_rap, =,
15: Det+1,K 1= P e # f; where 62 = p“(. KreTePri
P T0% K eM,, K 0 otherwise.
16: else if “interior node, p + d — 1”7 strategy of Section 4.3.3 then
b, if K¢ M
17: De+1,K = Pek ¢ o where f)“} =

max {p, z +d—1Lp, g +d+1} if Ke M}’

max {p&f(’p.é,neigh.f(}'

18: end if

19: end for

20: if “additional layer” strategy of Section 4.3.2 then

21: for all a € V! do

22: Compute the hp residual lifting r®"? given by (4.13).
23: if the condition

N

2
1 - _1 h 1
{ ) [sz%Vuz +A za?x+fj2||wz‘f—nﬁ<wz‘f>|4 } < Cul| ARV (4.10)
KeTa TCA K

is not satisfied then

24: re-assign Ty := Tyy1 and pg := pes1 and go back to line 4.
25: end if

26: end for

27: end if

28: end module

4.3.2 “Additional layer” refinement strategy; hp residual lifting

For each vertex a from the extended set of marked vertices Vg , this strategy corresponds to iteratively
applying the original strategy from [24, 25]. Let Cj, be a positive constant; theoretically, this should be
taken as (5.9) from Section 5.1, whereas in practice, we use C, = 10.



For h-refinement testing, we define 7za’h by diving each simplex K € 72 into at least two children
simplices simply by applying the selected mesh refinement algorithm e.g., the newest-vertex bisection [51,
39, 53], see Figure 2, center. The polynomial-degree distribution pj’ correspondmg to T, " is then obtained
from p? by assigning to each newly created simplex the same polynomlal degree as that of its parent. For
p-refinement testing, we set 7,” = 72 and the polynomial-degree distribution pj”* is obtained from p2 by
assigning to each simplex K € 7,%” the polynomial degree py i + 0% where, as in [24, 25],

(4.11)

52— 1 if pok = mingrera pe.x,
K 0 otherwise.

This is illustrated in Figure 2, right, and only increases the smallest polynomial degree in the patch 72.
In difference with respect to [24, 25], though, we also immediately consider the suggested new pair
(Te41, Pe+1) identified by the hp-decision on all vertices a € Vg after step 19 of Algorithm 1, leading to the
suggested finite element space Vi1 := Py, (Te41) N HE(2). Then we consider local subspaces of Vo1, still
on wy, given by
VR = Vesiloe N Hy (W), (4.12)

and construct the patch residual lifting "7 ¢ Vga’hp by solving
(AVrahP, Vva’hp)w; = (f, va’hp)w; — (AVug*, Vva’hp)w; Vo2h? ¢ Vf’h”. (4.13)

Now, the idea is to check the condition (4.10), similar to the “local saturation property” (iii) from [17,
Section 4]. If it is satisfied (which was always the case in the numerical experiments in Section 10 below),
then we accept the suggested new pair (Toq1,pPet1). If (4.10) is not satisfied, we continue working on w?
by further diving each simplex K € 7, to create a more refined 77’h and by increasing pj*, until (4.10) is
satisfied (which will be reached by virtue of Proposition 5.1 below, at least for small data oscillation).

4.3.3 “Interior node, p+ d — 1” hp refinement strategy

We will see below that the strategy from Section 4.3.2 is p-robust, but it may lead to an iteration loop for
finding (T¢4+1, pPe+1). Alternatively, when the polynomial degrees in py can be supposed bounded by pmax
(which is restrictive from the theoretical point of view, though acceptable in practice), we may identify a
sufficient mesh refinement and polynomial degree increase in each marked patch w?, a € Vg , to automatically
satisfy a condition of the form (4.10), without any iteration, as follows. Let for simplicity the datum f be a
piecewise polynomial of variable degree at most py with respect to the coarsest partition 7o, f € Pp, (7o),
satisfying pr < po — 1.

For each marked vertex a € Vg , we let Ea’h be obtained from 72 by dividing each simplex K € 7, into
at least six children simplices such that

am

a node interior to all the elements K € 7, as well as all the faces ' € F,”"" is created, (4.14)

cf. the requirement of having an interior node and its implementation in two and three dimensions in [41].
This requirement can actually be relaxed, as done previously in, e.g., [30, Lemma 11]. In particular, when
the space dimension d = 2 and either f = 0 or ps x < prx — 2 for all K € 72, then only the faces from
]-7 it jeed to have an interior node but not the elements from T2. The polynomial-degree distribution
P, correspondmg to T, " is then copied from p?, with a possible increase to match the polynomial degree
of its marked nelghbors More precisely, for each K € 7, we set Py x as the maximum of the polynomial
degrees pg i and all pp g where K’ € T2 shares a face with K. [-] An illustration can be found in the right
panel of Figure 3.

Next, for p-refinement testing on each marked patch, we let 7,” := T2 and define the polynomial-degree
distribution vector p?’p by assigning to each simplex K € 77”’ the polynomial degree

max{pex +d—1,ppx +d+ 1}, (4.15)

with pf g the local polynomial degree of f on K, see line 17 of Algorithm 1 and Figure 3, right, for
illustration.

In this strategy, " from (4.13) is only to be computed at a later stage in Section 4.3.4 below.
Congruently, there is no need to check condition (4.10) on line 23 of Algorithm 1, since it is automatically
satisfied in view of (5.16) from Proposition 5.2 belowjthough possibly with a non p-robust constant.



o

Figure 3: An example of a marked patch 7, together with its polynomial-degree distribution pj (left), its h-
refinement (center), and p-refinement (right), the “interior node, p 4+ d — 17 strategy of Section 4.3.3.

4.3.4 Computable discrete lower bound

Once the new pair (72+1, Pr+1) is determined using one of the above strategies, the finite element space
Vis1 = Pp,, (Tes1) N HE()) to be used on iteration (¢ + 1) of the adaptive loop of Scheme 1 is at our
disposal. We now proceed by extending the discrete lower bound of [24, Lemma 5.1] to the present setting,
which relies on constructing the hp residual lifting r®"? by (4.13). After extending r®"? from (4.13) by zero
outside wf, we have for the current (available) approximation u§* € V; and the next level’s (unavailable)
approximation u¥, € Vi1, by [24, Lemma 5.1] used with the extended set Vg in place of Vg,

ZaengAévra'thZ

wd

IS e £
AV (U, — uf)],: > AV ’

(4.16)

#t

“e

1
o— 5 a,h
Oy Oaes = HA”@EW ")

0 otherwise.

Moreover, this lower bound can be further localized using the fact that each simplex has (d + 1) vertices as

1 1/2
[ Sacvs A3 Vr=7|2,)

> 4.17
Tat; = Vd+1 (417

Indeed, this can be seen from

HA§V< Z Ta,hp)
aevg

5 Discrete stability of equilibrated fluxes in an exact solver set-
ting

2

< N @+ Y ARV R = (d+1) Y AR V|2,

wi  KeMm? acVinvg acV}

We prove in this section that condition (4.10) of Algorithm 1, requested for the “additional layer” strategy
of Section 4.3.2, can be satisfied. Section 5.1 does it a p-robust way, for a sufficient h- and/or p-refinement of
each marked patch wf. In Section 5.2, we then show that this condition automatically holds for the “interior
node, p+d — 1”7 strategy of Section 4.3.3 with a fixed h- and/or p-refinement, albeit in a non-p-robust way.

5.1 p-robust stability for the “additional layer” strategy

We prove here condition (4.10) for the “additional layer” strategy of Section 4.3.2, with the constant Cy,
independent of the polynomial degree p. Let us consider the infinite-dimensional space local H(div) space

Ve .o {{v € H(div,w}); vimys =0 on dwj} if a € Vint, (5.1)

{v € H(div,w}); vengs = 0 on dwf \ faces in dwf NI that share a} if a € V',

11



and the infinite-dimensional constrained minimization

o? = argmln 2 A T Vug® +A_%V4Hw;‘; (5.2)

ev?
V.v=IIg (wz f) V- AVug™®

note that (4.3)—(4.4) are discrete versions of (5.1)-(5.2). The seminal p-robustness result by Braess et al.
[12, Theorem 7| in two space dimensions and its extension to three space dimensions [33, Corollaries 3.3
and 3.8] show that

[0F A2 VU + A" 207 up < Cu[UFAZT VU + A2 0% g (53)
for a constant Cy; that only depends on the space dimension d, the mesh shape-regularity «, and the ratio
of the largest and the smallest eigenvalue of the diffusion coefficient A. Computable upper bounds on Cy

are discussed in [32, Lemma 3.23 and Remark 3.24].
Let also

H () i {{veﬂl( 2), (v, 1)z = 0} if a € Vint, 5.0

{ve HY(w?),v =0 on faces in dw? N IN that share a} if a € V¥,

For all v € H}(w?), there holds v2v € Hj(w?). Moreover, as in Carstensen and Funken [20, Theorem 3.1],
Braess et al. [12, Section 3], [32, estimate (3.29)], or [11, Lemma 2.4], there holds

142V (450)[lwp < Ceont,pr [ AZ Volug, (5.5)

where the constant Ceone,pr only depends on the space dimension d, the mesh shape-regularity ~7, and
the ratio of the largest and the smallest eigenvalue of the diffusion coefficient A; Cecone pr relies on the
Poincaré—Friedrichs inequality and is fully computable. Finally, denote

Tosc,a ::{ Z [ 172 I f — Ha("/’éf)HK‘| } (5.6)

KeTp LTCA K
where we recall that ca i is the smallest eigenvalue of the diffusion tensor A on the simplex K.

Proposition 5.1 (Discrete local p-robust stability of the flux equilibration). Let u$* € V; satisfy the hat
function orthogonality _
(fs¥)wp — (AVUZ, VYF)ue =0 Vae V™

and let the local equilibrated flur of be constructed by (4.4). Let data oscillation do not dominate in that

1 a 1 1
—|URARVUF + A" 208 || Vae Vi 5.7
Tlosc,a > (1 + 2Cst) ||,(/}Z Uy + gy ||"J€ a L ( )
Then, there exists a constant Cy, > 1 only depending on the space dimension d, the mesh shape-regularity K,

and the ratio of the largest and the smallest eigenvalue of the diffusion coefficient A so that, for a sufficiently
fine patch space Vf’hp from (4.12) and r®" given by (4.13), there holds

2

2
{ Z [W‘A%w +A ol g+ — 1/2 |2 f — Ha(zp@f)nK] } gclbllA%vra,thw? Va e Vi (5.8)

KeTp

More precisely, it is possible to take

Clb = 4Cstccont,PF~ (59)

Proof. We proceed in several steps.
Step 1. Remark that the left-hand side of (5.8) can be bounded by the triangle inequality as

2
5 ex -5 a h’ a a a ’ a 5 ex -5 a
{ > [wz‘A%w +A 0] ||K+f/‘2||wfng<wf>||f<] } < [ A2 Vug + A720F lup + Nosc.a-
KeTR TCA K

(5.10)

12



Step 2. In addition to o, let us denote by @ the solution to the problem (5.2) where the polynomial
projection II3(¢2 f) is replaced by ¥% f. Treating the mismatch between 7 f and II3 (42 f) as in [32, proof
of Theorem 3.17], one uncovers from (5.3) that

[VEAZ VU + A7 08 |wp < Cutl[ P AT VU + A776%|up + Cutllosc,a- (5.11)
Moreover, the primal-dual equivalence as in [32, Remark 3.15] or [33, Corollary 3.6] shows that

(f> w?v)w? - (AVU?(? V(l/f?v))w;

ATV + A2 50 wa = max 5.12
||¢Z 4 || ¢ veH}(wz‘) HA%VUHM? ( )

Step 3. From (5.5), we can rewrite and bound the right-hand side of (5.12) as

e d YRV — (AVUP, V(@R0))uy [A2V(650) |

v () A=V (450)lug A2Vl
,0)wa — (AVUS*, Vo),a 5.13
SCcont,PF max (f ) £ (1 ¢ ) £ ( )

veH (w?) [A2 Vol
= cont,PF”A%vra”w?’
where 72 € H} (w?) is given by

(AV7®,Vv)ue = (f,0)we — (AVUFS, Vo), Yo € Hy(wd). (5.14)

Step 4. From the above steps, we have
1 1 1
Hw?AEVUEX + A750?||w? S C's'c(;'co1r1t,l:’F‘||1A§vranza + Cst7]osc,a~
From here, condition (5.7) on 7esc,a yields

(1 + Cst)

1 _ 1 1
m”'l/)?A2 VUEX + A 20’?““? S Cvst:C’(:ont,PF”-A2 VTa”w?.
S

(]- + Cst)nosc,a S

Thus,

1 _1 1
||1/J?A§VU2X + A 2 O'?HW? + nosc,a < Cvstcvcont}l:‘FH-‘A2 VTanZ‘ + (1 + Cst)nosc,a

1
< 2cvstctccmt,PFH1A2 V'r'a”w‘;-

Step 5. Now, recall that the patch w? and the data f and uy* are fixed, whereas r® and &P are
prescribed therefrom by respectively (5.14) and (4.13). Moreover, the space V;’hp from (4.12) for computing
r&P (local to the patch w? and discrete) is created by applying h- and/or p-refinements in the patch w?.
Thus, there holds

JAZVr2hP | o — A2 V2|, (5.15)

and there exists a sufficiently fine patch space V2" such that || Az Vrah» [z > Az V72 |lwa /2, so that (5.8)
holds with the constant Cy, given by (5.9). O

5.2 Non p-robust stability for the “interior node, p + d — 1”7 strategy

We prove here condition of the form (4.10) for the “interior node, p + d — 1” strategy of Section 4.3.3, with
the constant Cy;, possibly dependent on the polynomial degree p:

13



Proposition 5.2 (Discrete local non p-robust stability of the flux equilibration). Let f € Py, (7o) fulfill
ps < po— 1. Let ug® € Vy satisfy the hat function orthogonality

(Ff)ws — (AVUZS, V)wa =0 Vae V™

and let the local equilibrated flurz o3 be constructed by (4.4). Finally, let the patch space Vea’hp from (4.12)
involve the interior nodes (4.14) or the polynomial degree increase (4.15), and let r®" be given by (4.13).
Then there exists a constant Cyy, > 1 only depending on the space dimension d, the mesh shape-reqularity KT,
the ratio of the largest and the smallest eigenvalue of the diffusion coefficient A, and the maximal polynomial
degree pmax such that

[V ATVU + A"20F s < Cib||AZVI®P| e Va e VY. (5.16)

To prove Proposition 5.2, we will rely on two auxiliary results employing the bubble function technique,
cf. [54]. We present the forthcoming developments with A being an identity matrix for simplicity; extension
to general A is immediate. From now on, we use the shorthand notation z; < zo when there exists a generic
positive constant C' that only depends on the space dimension d, the shape-regularity 7 of the underlying
hierarchy of meshes, and the polynomial degree of approximation employed locally such that z; < Czs.

Lemma 5.3 (Discrete stability of the element residuals). Let a vertex a € Vg and the corresponding r®"P

from (4.13) be given. Then
hicllf + Aus™||x S || Vra?|| . VK € T2 (5.17)

Proof. Fix an element K € 7,2 and set
Vi 1= (f—l—A’LL?X”K (518)

We note that vx € Prax(p, x—2,ps. 5} (K), using the assumption f € Pp (7o) Let us define ¢, a bubble
function on element K, depending on which refinement has been applied within the REFINE module in
Section 4.3.3 for the vertex a, to be a function

P, (T, NHYNK) ifaeVh,
zz;Ke{l(M'K) o e e = 1 (5.19)

Puoy (K)NHYK)  ifaeV?,

more precisely, in the first case, i is a piecewise affine function taking nonzero values in the(/all) interior
nodes in K, whereas in the second case, 1 is the usual element bubble function. We crucially remark that
YrvK extended by zero is contained in the local hp-refinement space Vea’hp due to (4.12) with either (4.14)
or (4.15). In particular, either h-refinement has been employed and then 7,41|x contains an interior node,
or p-refinement has been applied and then the polynomial degree has been increased to at least max{p, x +
d—1,psr+d+1}.

Now, the equivalence of norms on finite-dimensional spaces gives

(K, vk )k S (UK, YRVK) K- (5.20)
This in combination with (5.18) yields
okl = (vr, K )k S (Vi YrvR) K = (f, VrVK) K + (AU, PRUK) K-

Then, noting that (Vu$¥)|x € H(div, K) and Yxvgx € Hj(K), employing the Green theorem and us-
ing (4.13) with A =T and the Cauchy—Schwarz inequality, we obtain

lvll% S (f, vrve)k — (Vugs, V(gvk))k = (V" YV (rvk )k,

o (5.21)
<AV IV (r vkl k-
Then, using the inverse inequality (cf., e.g. [47, Proposition 6.3.2]), we have
IV (vl S hit lvrvr k- (5.22)

14



Moreover, from the definition of the bubble function ¥, there holds

lVrvlle < |YKllooxllviellx = vkl (5.23)

Finally, (5.21) with (5.22) and (5.23) lead to the assertion of the lemma.

For the relaxation mentioned in Section 4.3.3, where for h-refinement in the case d = 2 only the faces
from F;”mt have an interior node and either f = 0 or py x < pr.x — 2 for all K € T2, one rather uses
Vi € Po (Tog1|i) N HY(K) with ||[¢k|leo,xc = 1, the edge bubble function of a newly-added edge, in place
of the first choice in (5.19). O

Lemma 5.4 (Discrete stability of the face residuals). Let a vertex a € Vg and the corresponding "
of (4.13) be given. Let Tp denote the set of elements containing the two elements K € T2 that share a

face F € fza’int, and let wp be the corresponding open subdomain. Then
RNV nplle S [9r™ ), VF € Fo,
Proof. Fix an edge F € ]:;’mt. This time, we set
vp = [Vui“np]|r (5.24)

and note that vp € Pmax{pe,xfl,pg,wfl}a where K, K’ € T2 share the face F'; this is the motivation for the
local polynomial degree increase in the REFINE module from Section 4.3.3. Let ¢y be the bubble function
on Tr, depending on whether h- or p-refinement was applied within the REFINE module in Section 4.3.3;
namely, for the vertex a € Vg,

Py (Tet1|7%) N HY if a € Vy,
br { 1 (Tex1l72) olwr) ifacV, lrloowe = 1; (5.25)

Pq (Tr) N Hy (wr) ifa€Vy,

similarly to (5.19), ¥k is respectively a piecewise affine function taking nonzero values in the(/all) interior
nodes in F, or the usual face bubble function. Again, the face interior node property obtained from (4.14)
or the polynomial degree increase obtained from (4.15) ensure that ¢ pvp extended by zero lies in the local
hp-refinement space Vea’hp , which will be crucial below.

By equivalence of norms on finite-dimensional spaces, similarly to (5.20), there holds

(vr,vp)F S (VP YFVF)F. (5.26)

Let us keep the same notation for the extension of the function vp, with its original domain of definition
being only the face F', to a function defined on the two simplices of 7. The extension is done by constant
values in the direction of the barycenter of the face towards the vertex opposite to F'. Then, there holds

1
lorllur S REllor]e. (5.27)

Employing (5.26), (5.24), and expanding the jump term with 77 := {K, K’} and the convention that ng
points from K to K’, we have

lorl3 = (v, vp)F S (vr, Yrvr)r = (Vug*|k) |ror, vrve) p — (VUi k) |Fne, Yror) p

5.28
= ((Vug®| k) lox Mok, Vrvr) g + (VUi k) log Mox, YFUr) g - (5:28)

We have also used the fact that (¢ pvr) |9, = 0 due to the definition of the bubble function ¥ . Moreover,
for each simplex K € Tp, (Ypvr)|x € HY(K) and (Vu$¥)|x € H(div, K), so we are able to apply the
Green theorem for both terms on the right-hand side of (5.28). Adding and subtracting (f,¥rvp)y,, using
that Y pvp extended by zero lies in Vea’hp , and recalling the discrete problem (4.13) with A = I, we finally
obtain

||UF||%' S (vu?(v v(wFUF))wF - (f? '(/)FUF)wF + (f + Au?: wF’UF)wF

~ (Vi A (5.29)
= 7(V7’ ’ p,v(l/}F'UF))wp + (f+Au€ ,7/1FUF)wp-
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From the definition of the bubble function ¢z, there holds

[¥rvellwe < ¥Fllcowrlvrllor = lvEllwr (5.30)

while the inverse inequality and the shape-regularity of the mesh 7, give

IVrvp)llwe S he' 1VFvF[lop- (5.31)

Then, the following chain of inequalities holds true due to the Cauchy—Schwarz inequality, (5.29), (5.30),
(5.31), and (5.27):

lorlE S IVl IV (pve)llur + I1f + AU g [V rvplwr

SV Pl hE 0plor + 1 + AU lwor 07w

_1
S IVl + hpllf + Aufug) hp? [lvrllF-

Now, the assertion of the lemma follows from the above result combined with (5.17) and the shape-regularity
of the mesh 7. O

Proof of Proposition 5.2. Let a € Vg be fixed and recall we consider here A =T and f € Py, (7o) with
p; < po—1, so that II3 (42 f) = ¥ f. We will crucially employ two reformulations of the local minimization
problem (4.4). Let the patchwise discontinuous piecewise polynomial spaces Q3 be defined by

o {{Qg € Pt (T3) 5 (ae, g = 0} ifa € V™, (5:32)

T B (TR) if a € V.
Then the Euler-Lagrange conditions for (4.4), imposing the divergence constraint via a Lagrange multiplier,

amount to solving the local Neumann mixed finite element problem: seek the pair (o, d}) € V§ x Q7 such
that

(U?avl)w; — (67, V~Vg)w? = —(YFVug*, ve)ws Vv € V7, (5.33a)
(V-0 ) e = (GF — V-V, a0)e Ve € Q- (5.33b)

Next, imposing the normal trace continuity constraint on faces from F;' "t and the no-flux condition on all
faces from F;"" for a € Vi"* and only faces from F;"*" not sharing the vertex a € V§** via a Lagrange
multiplier leads to the hybridized formulation: seek o in the broken space RTN,e: (7,2), 07 € QF, and

A € Ppest (F) for all F e F2\ Fio%? such that

ST WEVUF +0f Vo) =D (Ve )+ > > (veng, Af) =0

KeTa KeTp KeTS FeF, x\Fo®
Vvy € RTN et (T77), (5.34a)
S Vol ) = Y (W — VUV, q) e Yoo € QF, (5.34b)
KeTp KeTp
= > (ofmk, &)p=0 VE, € Ppest (F),VF € F2\ Fp, (5.34c)
KeTr

where we used the notation

]__;739 — {@ ifae Vént,

5.35
{F € F»™"; F shares a} if a € V. (5.35)

We note that Y8 Vu§* 403 € RTN e (7,2), as (4.3) uses the maximal local polynomial degree pg™*. Thus,

a
we can use it as a test function vy in (5.34a). Afterwards, employing 63 as a test function ¢, in (5.34b)
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and A" as & in (5.34c), summing (5.34c) over all F' € F2\ ]-";’89, and finally summing (5.34a)—(5.34c), we
obtain

[9EVug + 082 = > (WS — VYF-Vud* + V-iVui), 08 — Y ([WEVufne], A )r
KeTs FeFa\F%¢
= > WU +Au), )k~ Y WRIVeFnp] A)r (5.36)
KeT/ FeFa\Fao%
< >R+ Au) k6l + Y IEIVuFnre]llr|AE | e
KeTf Fe]_—?,int

For the estimate on the right-hand side of (5.36), we have also used the fact that the hat function 3|z =0
VE € F™" for vertices a € Vi™| so that the boundary faces are excluded from the sum, and ¥2|r = 0

VE € F20\ F29% for a € VSR,
We now proceed by bounding the terms in the estimate of (5.36). Firstly, by the inf-sup stability of the
mixed discretization (5.33), see e.g. [14] or [55, Theorem 5.9], we have

102 |z S hop V2 VUG + o g (5.37)

L

Secondly, ||¥3 e,k < 1 together with Lemma 5.3 yield the estimate
103 (f + Aug)x < If + Augt|x S b [Vr"P |k VK € T (5.38)

Combining (5.36) with (5.38), the Cauchy—Schwarz inequality, the shape-regularity leading to hx =~ hea s
and (5.37), we obtain the estimate on the first term

Do IR+ Aug)lF Ik S Y b IVl rll6p ] x
KeTp KeTp
- h
< hoa IV s 167 [l

SV |lup [0 Vg + o [lwg

(5.39)

We continue by bounding the second term in the estimate of (5.36). By the characterization of the
degrees of freedom in the Raviart-Thomas-Nédélec spaces, if F' € F; "M s a face of an element K € T2,
we have »

Vi, Ay )R
Ml = sup (e, X )
veERTNpgst (K) HVE'HKHF

Vz-nK‘F;éO
vz-nK|F/:0VF/€.7:LK,F’;£F

d
(Vere) k=0Vre€ [Pest_ (K)|

(5.40)

Fix vy € RTN e (K) with the constraints as in (5.40). Using this v, as a test function in (5.34a) and the
Cauchy—Schwarz inequality, we obtain

(veng, A )r = (Vove, 03) k — (WEVug* + of, vi)k (5.41)
< |IVvell g |67 | + 197 Vug™ + o | x| vell x -

We now treat the two terms of (5.41) separately. For the first term, we start by employing the inverse
inequality
IVvellx S Pt velli-

Furthermore, by scaling arguments, under the constraints of (5.40), we have
1
Ivell S hElvenle. (5.42)

The first term of (5.41) can then be bounded as follows:

_1
IVvel ot < i Ivellxllof | < hp Ivenk|l pllo7 | x (5.43)

1
S hipllveng||p[[YfVur™ + o lws,
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where we have also used the bound (5.37) and the mesh shape-regularity yielding hya ~ hx ~ hp. On the
other hand, (5.42) leads to the following bound on the second term of (5.41)

|08V + o i Vel i S hE[EVU + 08 i l[venl s (5.44)
In order to bound the supremum in (5.40), we combine (5.43), (5.44), and (5.41), to get

INF Il S hE IRV + 0f e (5.45)
Afterwards, [|[¢2]r <1 and Lemma 5.4 yield

_1
[ [Vugnp]lr < [[VugInplr S hp? Vo o, (5.46)

Using (5.45), (5.46), the shape-regularity yielding hp ~ hp/, VF, F' € ]-"ea’im, and the Cauchy-Schwarz
inequality, we get

1
Yo Ve nrllle N Ir S Y IWEIVug nellle b |[vE Vg + of g

Fe]_-a,int Fe}-a,int 547
2 2
SVl 93 Vug + oflug.

Finally, combining the bounds (5.39) and (5.47) with (5.36) proves the estimate (5.16) for A = L. O

6 Proof of guaranteed contraction with an exact solver

Our first main result concerns the contraction of our hp adaptive algorithm with an exact algebraic solver:

Theorem 6.1 (Guaranteed contraction, “additional layer” strategy of Section 4.3.2). Let u be the weak solu-
tion of (1.1) and let u$* be the approzimate solution of (4.1) on hp iteration £ > 0. Let the pair (To+1, Pe+1)
be obtained by the module REFINE of Section 4.3 with the “additional layer” strategy of Section 4.3.2, and
let Vg1 = Py, (Teg1) N HG () be the finite element space to be used on iteration (€ + 1) of the adaptive
algorithm prescribed by Scheme 1. Let also nMﬁ be the computable discrete lower bound defined by (4.16).

Let finally the data oscillation do not dommate in that (5.7) holds. Then, two options arise. Either the
a posteriori error estimate n(u$*, Tp) from (4.5) is zero, in which case u$* = u, and the adaptive loop
terminates. Or the new numerical solution uyy, € Vi1 satisfies

JAFY (= )] < Coreal A3V (u— )] (6.1
with
77M 02
0< Creai= |1 = 02— < Crogi= 4 [1 = —— e < 1, 6.2
< Ctrea P, M) = O @7 17 (62)

50 that Cyred 5 a fully computable bound on the error reduction factor and the generic constant Creq only
depends on the marking parameter 0, the space dimension d, the mesh shape-regularity k7, and the ratio
of the largest and the smallest eigenvalue of the diffusion coefficient A ; here, Cy, is the constant from (5.8)
that can theoretically be chosen as (5.9).

Proof. Let us assume that n(u§*, MZ) # 0, the other case being trivial. The proof proceeds in two steps.
Step 1. We follow the proof of [24, Theorem 5.2], see also proofs of [41, Theorem 3.1] and [53, Theo-
rem 5.3]. To start with, from (1.1) and (4.1) on mesh level (£ + 1), the Pythagorean relation reads

1 X 1 X 1 X X
1A=V (u—ugy)|* = |A>V (u—uf)|* — A2V (ufly —ug)|*. (6.3)
By the computable lower bound on the incremental error (4.16) and the marking criterion (4.6), we have
A% V ex ex > A% v ex ex > T]Mn ’7' QM% ’T
[ (ugis —ug)l = | (ugty —ug )||wg Vi m n(ug*, Te) 2 W n(ug™, Te)-
(6.4)
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Hence, combining (6.3) with (6.4) and using the error estimate (4.5), we infer

2
ﬂ./\/lg

ArV(u—u= )< [1-2——0
H (u ué+1)‘| — 7’]2(U§X,M§)

1A=V (u—ug)[|*. (6.5)

:Cf,red

Step 2. We show that the reduction factor Cy ,eq is indeed bounded by the positive constant Cyeq strictly
smaller than one, again defined in (6.2). [-] We decompose the elementwise estimators from (4.5) using
the partition of unity ZaEVK Y2k = 1, the Cauchy—Schwarz inequality, and the fact that each simplex
has (d + 1) vertices, as

2
ex 1 ex _1 hK
P M) = Y [A2Vu + A 2oyl x+— 5 ||f—V'Uz||K]

Kem? L TCAK
- 2
anp L ex -1 _a hi a a
= > > (WAZVW +A 20@) T > Wpf-vVop) ]
KEMZ' L aGVg)K K TrCA,K aEVe_j( K
- 2
aqal ex -1 5 hk a a/a
< Z Z (HWAQVW +A 20@||K+1/21/)ef—ﬂe(7/)ef)||f(>] (6.6)
Kemd Laeve k TCAK
2
aAl ex . — hk a a/ ja
< Z (d+1) Z [HW 2Vug* + A 20’zK+1/2|Wf—He(¢ef)||K]
KeM? acVy k TCAK
<

2
1 1 h
d+1) > > [wZ‘AZVUEXJrA_?GZ’IIKﬂLlew?f—ﬂ?(w/?f)llK] :

acv? KETg TCA K

We note that in (6.6), we have crucially employed the extended set of marked vertices Vg of Section 4.2,
as well as the divergence constraint from (4.4) together with Eaev“( V- AVu$* = 0. Next, (5.8) from
Proposition 5.1 applied on each patchwise contribution of the sum in (6.6) and the localization (4.17) of n v

_ 4

given by (4.16) yield

1
PP (uf, M7) < (d+1) Y Cil|A2Vra" (2. < (d+ 1)°CRn, - (6.7)
i L
IS %

Finally, employing (6.7) to bound Cyyeq in (6.5) from above and defining the constant Cieq as in (6.2)
finishes the proof. O

Assuming the linear systems (4.2) being solved exactly and all the algebraic computations being per-
formed in exact arithmetic, Theorem 6.1, in particular, implies:

Corollary 6.2 (Convergence of the hp adaptive algorithm). Let the Assumptions of Theorem 6.1 be satisfied.
Then

lim || A2V (u— u$¥)|| = 0.
{— o0
We finish this section by several remarks.

Remark 6.3 (p-robust computable reduction factors Cyred). We remark that the computable reduction
factors Cp req from (6.2) are bounded by the constant Creq that is independent of the polynomial degrees py.
Moreover, in contrast to the available results, see, e.g., the reduction properties in [41, 53, 22, 19, 16, 17],
the reduction factor Cpreq in (6.1) remains fully computable as in [24].

Remark 6.4 (Guaranteed contraction for the “interior node, p + d — 1”7 hp refinement strategy). The
“additional layer” strategy of Section 4.3.2 that we put forward in Theorem 6.1 relies on a sufficiently fine
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h- and/or p-refinement of each marked patch wi, a € Vg, in order to satisfy condition (5.8). Unfortunately,
the proof of Proposition 5.1 does not give an idea of how fine they need to be, neither how to obtain them in
an optimal way. We thus do not know how many “one bisection/increase of p be one” iterations are possibly
needed in the strategqy of Section 4.3.2. In the numerical experiments in Section 10 below, though, only one
iteration in each marked patch was always enough. The “interior node, p + d — 1”7 refinement strategy of
Section 4.3.3 (at least when there are no data oscillations in that f is a piecewise polynomial), in turn,
gives an a priori quantification of how fine the patch h- and p-refinements need to be: the interior node
property (4.14) and a typical polynomial degree increase by d — 1, see (4.15), are sufficient for guaranteed
contraction. Upon relying on Proposition 5.2 in place of Proposition 5.1, it gives rise to a contraction
factor Cyreq as in (6.2), where, however, Cy, is now the constant from (5.16) that additionally possibly
depends on the polynomial degrees py. Thus, the strategy of Section 4.3.3 is not proven p-robust, and,
moreover, theoretically requests pg to be bounded by a mazximal polynomial degree pmax. We also remark that
Propositions 5.1 and 5.2 might be seen as two possible proofs of assumption (8) from Biirg and Dorfler [15]
in the current context.

Remark 6.5 (Patch p-refinement). A p-robust contraction is discussed in Canuto et al. [17], for a p-
refinement strategy under an assumption of a local saturation property on each marked patch. This assump-
tion is similar to (5.8); disregarding data oscillation, the right-hand side of property (iii) in [17, Section 4] is
actually equivalent to the left-hand side of (5.8), but the left-hand side of property (iii) is stronger (smaller)
than the right-hand side of (5.8), working with H}(w?) from (5.4) in place of H}(w?). It is shown in [17,
Theorem 6.3] that this local saturation property is a consequence of three elementwise saturation properties.
It is then conjectured and numerically illustrated in [17] on a reference triangle, and proven for one of these
properties in [18] on a reference square, that these three elementwise properties request a p-refinement of
a form pes1,x = pox + [Ape k| for a parameter X. This stands in contrast to the (usual) increment of
the local polynomial degree by a constant factor, as we for instance use in the “interior node, p +d — 1"
refinement strategy of Section 4.3.3. The “sufficient p-refinement” of each marked patch requested in theory
in our “additional layer” strateqy of Section 4.3.2 is, in turn, related to this. We, however, do not observe
a need for such an aggressive p-refinement in our experiments in Section 10 below, where pey1 x = pe + 1
is numerically sufficient to satisfy (5.8) and thus for a p-robust contraction factor Cp red-

Remark 6.6 (hp-decision). We confess that the hp-decision on line 8 of Algorithm 1, based on r®" and
&P from (4.9), is currently not exploited in the proof of the contraction property (6.1) of Theorem 6.1. On
the other hand, this heuristic choice does have a strong motivation in that the proof of Proposition 5.1 hinges
on the limit (5.15), where clearly the choice of the bigger of the two quantities ||A%V7"a’h||wea, |Az V2P |we
indicates the right direction. Currently, our hp-decision does not reflect the cost of h and p variants, which
might be included following the ideas in Biirg and Dorfler [15].

Remark 6.7 (Data oscillation). Whenever the datum f is piecewise smooth, the data oscillation terms
Nosc,a from (5.6) converge two orders of magnitude faster than the error and estimators, cf. [32, Remark 3.6].
Consequently, condition (5.7) is typically satisfied in practice, see also the discussion in Canuto et al. [17,
Remark 4.2]. For general less reqular datum f, we refer for the in-depth discussion and remedies presented
in Kreuzer and Veeser [38].

Remark 6.8 (Optimality). We do not study here any question of optimality, i.e., how fast the error
A2V (u— ugt )|l goes down in terms of the number of degrees of freedom or actual computational cost.
We would like to thank the anonymous referee for pointing to us that in particular a convergence rate
exponential in the number of degrees of freedom is incompatible with bulk-chasing (Dérfler) criterion of the
form (4.6) and a contraction property such as (6.1).

Remark 6.9 (A priori hAp-refinement strategies). If the location of (corner and/or edge) singularities is
known beforehand, than a priori hp-refinement strategies as in Babuska and Guo [4, 5] or Schitzau and
Schwab [50] will immediately lead to an exponential convergence with respect to the number of degrees of
freedom.
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7 The hp-adaptive algorithm with inexact solver

We now recall the building blocks of an inexact hp-adaptive algorithm of Scheme 2, by summing up the nec-
essary ingredients and notation of modules ONE_SOLVER_STEP and ESTIMATE from [25, Sections 4.1 and 4.2].
A new version of the adaptive stopping criterion controlling the adaptive sub-loop in Scheme 2 is defined
in Section 7.2. In the present inexact solver setting, we crucially employ slightly modified modules MARK
and REFINE, described in Section 7.3. Finally, Section 7.4 generalizes to the inexact solver setting the con-
tents of Section 4.3.4 and presents a quick error reduction estimate which highlights the issues to overcome.

7.1 Adaptive sub-loop of ONE_SOLVER_STEP and ESTIMATE

On the initial step ¢ = 0, let the exact algebraic solver and hp-refinement criteria from Section 4 be used.
Let henceforth £ > 1 be the current iteration number. We employ the module ONE_SOLVER_STEP exactly as
in [25], with its output being an approximation uy := Zgi 1(Ug)n7 € Vi of the unavailable exact Galerkin
approximation u$* given by (4.1). We recall the notation in (4.2) and let the algebraic residual vector Ry
associated with U, be given by

Rg = Fg - AgU@. (71)

Moreover, we employ its functional representation t, € Py, (7¢), t¢|oq = 0, satisfying
(tg,i/}?) = (Rg)n 1<n< Ny (7.2)

For details regarding the construction of such ty, we refer to Papez et al. [45, Section 5.1]. Note that
the property (7.2) together with the algebraic system (4.2) yield the functional equivalent of the algebraic
relation (7.1)

(tg,’l)g) = (f, ”Uz) — (AVU[, Vw) v €V (73)

that we solely use here, so that the forthcoming developments are independent of the choice of the basis ¢}
in (4.2). [

Definition 7.1 (Discretization flux reconstruction oy g5 by local minimization). Let ug be the current
inezact approximation. For each vertexr a € Vy, let the local Raviart—Thomas space V3§ be prescribed by (4.3)
with, however, p=* increased by one (this is related to p-robustness as discussed in [44, Remark 7.10]). Let
the local discretization fluz reconstruction o 4, € Vi be given by the following local minimization problem

1
O dis '= arg min |2 AT Vi, + A”2 vy (7.4)
) vieva ¢
Vov=Ig (Y7 f)—bgee— Vg -AVuy

Then, the discretization flux reconstruction is defined as ¢ gis = Zaew 07 qis» With each local contribu-
tion of 44 being extended by zero outside of wy. Note that the Neumann compatibility condition for the
problem (7.4) is a direct consequence of (7.3).

Moreover, using the multilevel construction described in [44, Section 4.1] and [25, Section 4.2.1], with,
again, the reconstruction polynomial degrees increased by one, we build the algebraic error flux reconstruc-
tion o s (2 piecewise in Raviart—-Thomas polynomial) in H(div, ), such that, thanks to this increase,

V-O'g,alg = Ty. (7.5)

Then, as established in [25], cf. also [31, 44], the following upper bounds on the total and algebraic error
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hold:

A2V (u—up)| < n(ue, Te) : { > ik (ug } . with  mx(ug) := |A2Vug + A" 20 ais ||
N———’
total error KeTe Ndis, k (Ue)
hi
+ A" 20y gk + 1/2 If = V-(orais + o)k, (7.6a)
Nalg, K (Ue)
Nosc, K (te)
2
1
A2V (ug™ —ue)|| < Narg(ue, Te) : { > Mg (ue) } : (7.6b)
KeT,

algebraic error

Next, for each vertex a € Vy, let V* be a suitable finite-dimensional subspace of H!(w?) from (5.4).
Following [45, Theorem 2], cf. also [25, Theorem 3.5 and Section 4.2.3], we construct the total residual
lifting pe tot == Y acy, V0P or € H}(£2), where each vertex contribution Plor € Vi solves the local primal
finite element problem

(AVPE cors V0e) o = (£, 0700 — (AVue, V(WF00)) e Vor €V

Then, besides the upper bounds (7.6a) and (7.6b), the following lower bound on the total error is at our
disposal, supposing py tot 7 0,

1 a
ZaewHAszg,totHi;? _. u(u ) (7 7)
1AT V0 o] R '

|AZY (u— ug)|| >

7.2 Adaptive stopping criterion for the algebraic solver

The above error estimators computed within module ESTIMATE enable us to stop the adaptive sub-loop
between the modules ONE_SOLVER_STEP and ESTIMATE once the current approximation wu, is such that

| A2V (0 — )| <Fe ATV (u — )|, (78)
—_———
algebraic error discretization error

i.e. when the algebraic error is 7,-times smaller than the discretization error. Recalling the Galerkin or-
thogonality of ug*

| A2V (0= ue)|* = A (= uf) > + [ A2V (0 — o),
requirement (7.8) is ensured via (7.6b) and (7.7) by the following criterion

Mg, To) <A \Ji2(u) — (e, Te) (7.9)
N—_——’

algebraic error upper bound

discretization error lower bound

under the condition 7aig(us, Te) < p(ue). As already used in [45, Section 6.3] and [25, Section 4.3], (7.9) is
equivalent to criterion

77a1g<u€a 72) < e //L(Ug) (710)
with 7, = 3,/(14732)2 < 1. The choice of the parameter ~; in (7.10) will follow from the theoretical analysis
to be carried out in Section 9 below.

7.3 Modules MARK and REFINE

For the sake of brevity, we keep the notation introduced in Section 4.2 unchanged. The module MARK in the
inexact solver setting takes as input an inexact approximation u, and the corresponding error indicators
computed within module ESTIMATE. It proceeds again in two phases. However, in the marking criterion (4.6)
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we employ in place of the total error estimator 7(ug, -) only its component corresponding to the discretization
error, so the modified bulk chasing criterion to select a subset of marked vertices Vg C Vy reads

Tldis+osc (uéy U 7za> >0 Tldis+osc (ue, 72)5 (711)

acVy

where Nqistosc(ue, S) := {ZKGS(ndis,K(W)—&—nosc,K(ug))2}%, for any subset S C Ty, and 6 € (0,1] is a fixed
threshold parameter. The rest of the module follows straightforwardly the steps described in Section 4.2
leading to the extended set of marked vertices Vg . In the module REFINE, the new pair (741, Pe+1) is
determined on the basis of the two local problems (4.9), with an approximate solution u, in place of the
exact Galerkin approximation u§* (recall that u§* is not at our disposal here), by one of the strategies of
Sections 4.3.2 or 4.3.3.

7.4 Discrete lower bound on the incremental error on marked simplices

Proceeding as in the exact solver setting, for each vertex from the extended set of marked vertices Vg, let
the residual lifting r®"? ¢ Véa’hp be defined as the solution of the local problem (4.13), with u§* replaced
by the inexact approximation wy:

(AVr*h? Gp>P) 0 = (f,02"P) 0 — (AVug, VO*P)ya Vo> e V2P, (7.12)

with the local space Vea’hp given by (4.12). Extending the residual liftings 72" by zero outside w2, let ugh, €
Ve41 be the (unavailable) exact Galerkin approximation on the next level. By [25, Lemma 5.1] used with
the extended set Vg in place of Vf, cf. (4.16), the following lower bound holds true

1 anpl|l?
ZBE"?HAQW Hw? if Y ey TP #£0
agy; ’
#

1 1
JAF (s = uellls = Mys My =1 [|A29(Scss o) .

0 otherwise.

(7.13)

We note that the localization in the spirit of (4.17) is again available here. [-]

Remark 7.2 (Estimate from [25] and issues to overcome). With the results available above, a computable
guaranteed bound on the error reduction factor between the errors in the inexact approximations ugy1 and
ug has been given in [25, Theorem 5.4]. In what follows, we design an analysis giving a contraction factor
uniformly smaller than one, and this under a realistic condition on the stopping parameter ~y; from (7.10).

8 Discrete stability of equilibrated fluxes in an inexact solver set-
ting

In this section, we extend the results of Section 5, namely the local stabilities (5.8) and (5.16), to the inexact
solver setting. We use the notation defined therein. We then also prove a global stability of the form (6.7).

8.1 Local stability
Recall that nosc,a is defined by (5.6). The counterpart of Proposition 5.1 is:

Proposition 8.1 (Discrete local p-robust stability of the flux equilibration, inexact solver). Let uy € Vj
satisfy the hat function orthogonality

(f —ve, ) — (AVUSE, VY)a =0 Vae V"

and let the local equilibrated flux 07 qis be constructed by (7.4). Let data oscillation do not dominate in that

1 anp+ -1 _a
nosc,agm”sz2V’U¢+A 20’47(115”‘,_,? Vaevg. (8.1)
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Let the algebraic error flur reconstruction oy, € H(div, Q) satisfy (7.5) and let 7" be given by (7.12).
Then, for all a € Vg, there holds

2\ 4
apl -1 _a hK a a(,a ’ i a,hp -1
Y 0FARVurt A2 0 i+ —5 5 IR -TIRWE ) x| ¢ <O (|A2 V™" [lup+|ATZ o arg]lug),
KeTp TCA K

(8.2)
where in particular Cp, can be chosen as (5.9).

Proof. The proof follows that of Proposition 5.1, upon replacing u3* by u, and f by f — t,, and while
working with the algebraic residual representation vy as in [44, proof of Theorem 7.7]. In particular, step 1
yielding (5.10) stays intact. On step 2, it is crucial that, thanks to the increase of p&* by one in (7.4),

I3 (Y3 (f —ve)) = I3 (Y2 f) — ¥2te. Then, on step 3, relying on (7.5), we can proceed as for [44, eq. (B.4)],
so that, on step 4, we obtain

aal 1, 1 1
14 0 {,disllwy) = Vs , 2 a w? £,alg ||w? stT]osc,a
Vi A2Vu, + A" 207 q||w£ <CgtCCODtPF(HA Ve : + ||A7 207 a1l k)+C’ n
from where the assertion follows by virtue of assumption (8.1). O
Similarly, the counterpart of Proposition 5.2 is:

Proposition 8.2 (Discrete local non p-robust stability of the flux equilibration, inexact solver). Let
[ € Pp,(To) fulfill pf < po — 1. Let the approvimate solution u, satisfy the hat function orthogonal-
ity

(f = v, ¥P)wp — (AVUy, VY )ue =0 Vae V™
Let the local discretization flux reconstruction 0 qis be constructed by (7.4), let the algebraic error fluz

reconstruction oy a1g, a piecewise Raviart-Thomas polynomial in H(div,Q), satisfy (7.5), and let r*"P be
given by (7.12). Then there exists a constant Cp, > 1 only depending on the space dimension d, the mesh
shape-regularity k7, the ratio of the largest and the smallest eigenvalue of the diffusion coefficient A, and
the maximal polynomial degree pmax Such that

1 —1 a 1 a _1
[U8A2 VU + A2 08 g llus < Cin(|AZVI*"P|| 0 + A" 20 aig]le)  Va € V). (8.3)

Proof. The proof again follows the proof of Proposition 5.2 and of [44, proof of Theorem 7.7]. In particular,
in place of (5.38), we estimate

197 (f + Bue = vo)llx < V7 lloo.ic [If + Aue —vell e <If + Auellie + el VK €T2, (8.4)

and to treat the term ||t¢||x, we use property (7.5) of the algebraic error flux reconstruction oy . and an
inverse inequality yielding
vellc < IV-oeaglx < hix' ok (8.5)

[-] O
Let

2
{ Yicers W;A%w + AR gl et B |07 f - Hz‘wz‘ﬁnK] }

i/
CA,
C? = max 1y Vael!
b |A2Vrahp|| a + | A~ 2 0 ag e ’ &
cf, = max Ch.
acy,
(8.6)

From (8.2) or (8.3), we see that Cfy < Cyp,.
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8.2 Global stability

We show here how the local stability (8.2) or (8.3) implies a corresponding global stability, as in the passage
from (5.8) to (6.7).

Lemma 8.3 (Discrete global stability of the flux equilibration, inexact solver). Let £ > 1, let Naistosc (Ue, M?)
be given by (7.11), let Qj\/t“ be the computable discrete lower bound defined by (7.13), and consider either

the setting of Proposition é.l, or that of Proposition 8.2. Then, there holds

2
* A0y
1 1 < (ﬂMg) + ot algl| L

2. =:&7. 8.7
S 1RCE S AT AOL) T B M) ®.7)

Remark 8.4 (Boundedness of & from above). Observe that unless n(ug, Tg) = 0, in which case up = u and
the adaptive loop terminates, (7.11) together with (9.7) below implies Nais+osc (e, MY) # 0 and thus & < oo;
actually the first two inequalities in (9.9) below give 02 < 2.

Proof of Lemma 8.3. We proceed similarly as in step 2 of the proof of Theorem 6.1. Remark from (7.4)
and (7.5) that on each element K € Ty,

Vioras= », Veorae= Y, {IFWH) —vfv— ViRAVu) = > L) — Vo

aeVy k acVy Kk acVy g

Thus, employing the notation from (7.6a) and that below (7.11), we obtain

2
1 _1 h
Misrosc (e ME) = D~ ||AZVug + A Zopaill i + —75-1f = V(oeas + amgm]
KeM? TCAK

, (838)
1 1 h
<[Hd+1) ) > [||¢?A2Vue+A-zazdiS||K+m§2||wz‘f—H?<wz‘f)||K] :
A K

acv! KETS

as in (6.6). Recall now that Cfj from (8.6) are bounded by Cy, by Propositions 8.1 or 8.2, which yields

the first inequality in the assertion (8.7). Then, relying on (8.6) [-] in (8.8) and using the inequality

(a+b)? < 24 + 2b? together with the localization of the lower bound M, in the spirit of (4.17) leads to
7 4

1 —1
s pose (ue, ME) < [=12(d+ 1)(CL)* | D INAZVIP|5e + ) |A” Zoa ]2

acV} acV}
Y acyt ATV 2, 1 8.9
< a(d+ 1%(Ch)? | T2 LA o, (59
d+1 wp
20 \2 2 L 2
S 2(d+ 1) (Clb) ((’I]jvlg) + AQU'Z,alg”wn) )
£ £
which yields the second inequality in the assertion (8.7) and concludes the proof. O

9 Proof of guaranteed contraction with an inexact solver
The second main result of this paper, completing Theorem 6.1 in the inexact solver setting, is summarized

in the following. Recall that 6 € (0,1] is the Dorfler marking parameter from (7.11) and the notation &
and ¢ from (8.7).
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Theorem 9.1 (Guaranteed contraction, “additional layer” strategy of Section 4.3.2, inexact solver). Let u
be the weak solution of (1.1) and let the current inexact approzimation ug, £ > 0, be obtained by the adaptive
sub-loop of Section 7.1 employing the stopping criterion (7.10) with the parameter ~; satisfying

0<7 < min __G (>1. (9.1)
C o= | 4(1+3022) [0 T

Ouwing to the exact initial solve, set vy = 0 and 0415 = 0 for £ = 0. Let the pair (Te+1,Pet+1) be obtained
by the module REFINE of Section 7.3 with the “additional layer” strategy of Section 4.3.2 and let njvlﬁ be
7 [

the computable discrete lower bound defined by (7.13). Moreover, let upr1 € Vip1 be the inexact finite
element approzximation on iteration £+ 1 of the adaptive loop prescribed by Scheme 2, satisfying the stopping
criterion (7.10) and conditions (9.1) with the iteration counter € 4+ 1 in place of €. Let finally the data
oscillation do not dominate in that (8.1) holds. Then, two options arise. Fither the total a posteriori
error estimate 1n(ug, T¢) from (7.6a) is zero, in which case ug = u, and the adaptive loop terminates. Or
Ug41 € Vg1 satisfies

|AZV (1~ ug)l| < Crreal A2V (u— )| (9-2)

with

2
1
n* +HIAT Zop a2
<*M2>

1- 2 +7 2
n?(ue,Te) ¢ 0
0 S Cﬁ,red = S Cid:: \/1 TS gL 22 < 1, (93)
/1 _ 7@24,_1 8(d+ 1) Clb

50 that Coreq 5 a fully computable bound on the error reduction factor and the generic constant C’ﬁd only
depends on the marking parameter 0, the space dimension d, the mesh shape-reqularity k7, and the ratio
of the largest and the smallest eigenvalue of the diffusion coefficient A ; here, Cy, is the constant from (8.2)
that can theoretically be chosen as (5.9).

Proof. Similarly the proof of [25, Theorem 5.4] but using the Galerkin orthogonality, we have
IAZY (0 —ugpn)|* = A2V (u— )| + | AV (ufy —ueen)| (94)

We proceed in five steps.
1
Step 1 (bound on ||A=V(u—ugi,)|). Let £ > 1 and consider only the non trivial case when 7(ug, 7¢) # 0.
Note first that the Galerkin orthogonality of ug}, gives

IAZV (u — ufiy)|* = |AZV (u —ug)|* = A2V (uffy —ue)]*. (9-5)

Employing the discrete lower bound (7.13), adding and subtracting ||A’%o'g7a1g||2, using the adaptive stop-
ping criterion (7.10), and relying on the total error bounds (7.7) and (7.6a), we obtain []

2 1
) Iaclona
n?(ug, Te)

2 1
() + 1A 2o

JAZV (u—ugsy)|? < [F]IAZV(u—up)|® — 1 (ug, Te) + [|A™ 2 0 aig |12

< |AZV (u — up)|? — 2(ug, To) + 42 1 (u
<] ( Il e T 0~ (e, Te) + 2 1 (ue) (9.6)
2 1
(1) + 1A 2ol 1
<|1- ‘ + 92 [IIAZV (u—up) .
2 (ug, To) v |l ( oll
=:(C{ 1ea)?

As we suppose an exact solve on the initial mesh, the claim (9.6) for £ = 0 immediately holds with v, =0
and o a1 = 0.
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Step 2 (bound on ||A%V(u§i1 — ug41)]]). The algebraic error estimate 7a14 (te+1, Te+1) from (7.6b), the
stopping criterion (7.10), and the total error lower bound (7.7), all on step ¢ + 1, lead to

ATV S, — upsn)|| < Natg (et Terr) < verr pltepr) < vera|| A2V (u — gy,

Step 3 (proof of the bound (9.2)). The error reduction property (9.2) follows from (9.4) and steps 1
and 2, yielding

1 " 1 1
A2V (1= wes1)]|? < (CFrea) ATV (u = ue) |2 + 7741 [[AZV (u = uggr) |

Step 4 (intermediate bound on CF .4 from (9.6)). The triangle inequality [-] together with the stopping
criterion (7.10) and the total error lower bound (7.7) and upper bound (7.6a), yield

n(u& 72) S nalg(u& 72) + ndierosc(ufa 72) S Ye M(uf) + ndierosc(uEa 72) S Ye 77('LL47 72) + Tldis+osc (’U,b 72)

Thus, since 7, < 1 from (9.1), we can bound the total error estimate n(ug, T¢) only by means of its component
corresponding to the discretization error only,

dis--osc (ue, Te)

n(ue, Te) < 9.7
e T < 7205 7
Employing (9.7) and the marking criterion (7.11) to bound (C7,.q)* from (9.6) leads to

() + 1A 2o () + 1A 2o

T aqt £,alg 7Mu) £,alg
Cirea)? < [F1 = (1 = 70)2 == +97 S 1= (1= 7)? 07 - + 7.
( “ d) [ ] ( ) T]c21i5+osc(ue’ 72) ‘ ( ) nc2iis+osc(u€’Mg) ‘

(9.8)

Now, using the notation from (8.7) and developing by the Young inequality 2y, < 47? +1/4, we see
3
(Cirea)® ST=(1=7)* 07 €7 + 17 < 1= 20767 +3470%¢7 + 7.

Thus, using the second condition in (9.1) and then the bound (8.7) from Lemma 8.3, we obtain

/ 1 R
<C* 1— Z0262<C* o=y 1= ——— 1. .
0 —Cé,red < 26 £ < Crea \/ A(d 1)2012b < (9.9)

Step 5 (bound (9.3) on Cpreq). The first condition in (9.1) gives

6262 62¢2

2
< .
0<72+1 = 4(1+392§?) = 4_62£g

Recalling that (9.9) gives 6267 < 2 < 4, we then have

, __0€ 11t
Vi1 = 4 —602¢; = 1_'Yeg+1 = 1-— 92253.
Thus, from (9.9), we infer
x 2 2,2 %€} 2¢2 2
e (1 i 92&)1:“ ~1= S L g g, (O <
where we have also employed the bound (8.7) from Lemma 8.3. O

In extension of Corollary 6.2, we observe that Theorem 9.1 implies:
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Corollary 9.2 (Convergence of the adaptive algorithm with inexact solvers). Let the assumptions of The-
orem 9.1 be satisfied. Then )

elim lAZV (u—ug)| = 0.

— 00

Remark 9.3 (Consistency with Theorem 6.1). Theorem 9.1 is a consistent extension of Theorem 6.1, in
that for an ewact solver, where vo = ve41 = 0 and oy a1, = 0, they give the same contraction factor Cy red
when the Dérfler criterion (4.6) is employed with equality, i.e., n(u*, M9) = 0 n(u$*, Ty).

Remark 9.4 (The “interior node, p + d — 1”7 hp refinement strategy). As in Remark 6.4, the result of
Theorem 9.1 holds true for the “interior node, p + d — 1”7 strategy of Section 4.3.3 when the polynomial

degrees are bounded by pmax, with the non p-robust constant Cyy, from (8.3) in place of the p-robust constant
Cp from (8.2).

Remark 9.5 (Stopping parameter vp). Our analysis shows that choosing the stopping parameter vy fol-
lowing (9.1) (practically, since both 0 and & from (8.7) are available) is sufficient to obtain the uniform
contraction (9.2). Criterion (9.1) does not seem to request excessively small values of ~y;, leading in partic-
ular to the reasonable choice of vy ~ 0.05 in the numerical experiments in Section 10 below, in contrast to
(to our knowledge) all results available in the literature so far. Moreover, from (8.7), there holds

0252 - 925?
(14 3602€2) — 4(1 + 302¢7)

0< 1 Ve > 1. (9.10)
This would give a valid (theoretical, since & from (8.7) is generally unknown) choice for -y, but we rather

stress that (9.10) shows that picking, e.g., ye as a fized fraction of the min in (9.1) is uniformly bounded
from below in all the iteration counter ¢, the mesh sizes, and the polynomial degrees.

Remark 9.6 (Contraction factors Cieq, CF4, and C’ﬁd). We remark that the contraction factors Cheq

red’
from (6.2), Ck 4 from (9.9), and C’ﬁd from (9.3) have all the same structure, upon the coefficients 1, 4, and
8; this was actually our intention beyond the design of condition (9.1). A crucial consequence is that we do
not loose (p-robust) contraction with inexact solvers.

10 Nwumerical illustration

We illustrate here the proposed exact and inexact hp-adaptive algorithms on a two-dimensional test case
with a singular weak solution. The setting is taken from [24, 25], where ample numerical illustrations were
supplied for the hp-adaptive strategies that we call henceforth “practical”. Our goal is to show that their
theory-prone modifications, namely the “additional layer” hp strategy of Section 4.3.2 and the “interior
node, p+d — 17 hp strategy of Section 4.3.3, lead to structurally the same behavior, though with typically
worse ratio price/outcome.

Consider the classical re-entrant corner problem, cf. [40, 24, 25], posed on the L-shape domain Q =
(=1,1) x (=1,1) \ [0,1] x [-1,0] with f = 0 and the weak solution, in polar coordinates,

2
u(r, ) = 75 sin (5) .

We start on a coarse criss-cross grid Tp with maxxe7, hx = 0.25 and all the polynomial degrees set to 1.
We first consider an exact algebraic solver and assess the overall quality of the “additional layer” hp
strategy of Section 4.3.2, as well as of the “interior node, p+ d — 1”7 hp strategy of Section 4.3.3. Figure 4,
left, traces the decrease of the relative energy error ||V (u—ug*)||/||Vul in function of the number of degrees
of freedom. Asymptotic exponential convergence rates are observed. In comparison with the “practical”
strategy in [24, Section 6.2], however, worse constants and a worse ratio price/outcome are observed. In

the “practical” strategy, there in particular holds ||V (u — ug*)|| < Cy exp (7CQDOF§> with C; = 4.73 and

Cy = 0.69, whereas in the “additional layer” and “interior node, p + d — 1”7 settings, the (second) constants
respectively worsen to C; = 0.51, Cy = 0.30 and C; = 0.64, Co = 0.31. This is explained by the present
additional assumptions on the h- and p-refinements, namely the extension of the marked region, the interior
node property, and the steeper polynomial degree increase. The last adaptively refined mesh 755 and the
corresponding distribution of the polynomial degrees for the “additional layer” strategy are then presented
in Figure 4, right. Unfortunately, an excessive p-refipgment close to the re-entrant corner is produced. On
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Figure 4: Relative energy error ||V (u — ug™)||/||Vul|| as a function of DoFe%, obtained with the present “additional
layer” hp strategy of Section 4.3.2, the “interior node, p+d — 1" hp strategy of Section 4.3.3, and the “practical” hp
strategy from [24]. Also plotted are the pure h-adaptive mesh refinement and hp-adaptation exploiting the a priori
knowledge of the weak solution (left). The last adaptively refined mesh 725 and the corresponding distribution of the
polynomial degrees (whole domain and [—1le — 2, 1e — 2] crop), the “additional layer” hp strategy of Section 4.3.2
(right). Exact algebraic solver.

the positive side, with Cy, = 10, criterion (4.10) for the “additional layer” strategy of Section 4.3.2 is always
satisfied, so that no iteration until (4.10) is satisfied is necessary.

As in [24], we next investigate the quality of Cy yeq, the guaranteed bound on the error reduction factor
from Theorem 6.1. We do so on all hp-refinement iterations in terms of the effectivity index defined as

C

eff . £,red

Ired T HV(“—uﬁ_l)H . (101)
IV (u—ug)|l

We also verify the sharpness of the underlying discrete lower bound 7 Mt given by (4.16) in terms of the
7 2

effectivity index defined as
IV — )

I = L

(10.2)
QMg

The results for both strategies of Sections 4.3.2 and 4.3.3 are reported in Figure 5, where we also plot the
corresponding “practical” effectivity indices taken from [24, Figure 15]. Very similar and close-to-optimal
results can be observed at all iterations. Moreover, in contrast to above, the two theory-prone strategies
lead to a slightly better overall performance.

We next investigate criterion (4.10) for the “additional layer” hp strategy of Section 4.3.2 in more details.
Similarly as in (8.6) in the inexact solver setting (and recalling that f = 0 here), let us define

cn o WAV + Adof ey

—/ .
F— Va € Vg, Cp,:=maxC2, and Cj, := min C2 (10.3)
|AzVra p”w? acV! acV}

after one newest-vertex bisection step or polynomial increase to p + 1 in each marked patch w?. In other
words, we just investigate the ratio of the left-hand side to the right-hand side in (4.10) or (5.8) after

the first h- or p-refinement iteration. We plot both 6& and Cf, in Figure 6, left (recall from Figure 4
that the maximal polynomial degree produced by the strategy on the last mesh Ta5 equals 8). We see

—¢ . . . .
that C}, < 2.2 < 10, which explains why no iteration on h- or p-refinements appears above for Cy, = 10.
Moreover, in Figure 6, right, we test the (artificial) case where we always increase the polynomial degrees
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Figure 5: Effectivity index for the error reduction factor estimate Cyreq of Theorem 6.1 given by (10.1) (left);

effectivity index for the discrete lower bound 7, . of (4.16) given by (10.2) (right). The “additional layer” hp
e

strategy of Section 4.3.2, the “interior node, p + d — 1”7 hp strategy of Section 4.3.3, and the “practical” hp strategy

from [24, Figure 15]. Exact algebraic solver.
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Figure 6: Maximal and minimal values over all marked vertices of the local stability constants Cj} given by éfb
and be from (10.3). The “additional layer” hp strategy of Section 4.3.2 corresponding to Figure 4 with maximal
polynomial degree 8 (left), maximal polynomial degree 15 (right). Exact algebraic solver.

to p + 2 in place of p + 1, which leads to the maximal polynomial degree 15 on the last mesh. We see
that the values of 6fb and be essentially do not change with respect to the left part of Figure 6, with
6fb < 2.25 < 10. Thus, though the p-robust guaranteed contraction of Theorem 6.1 a priori needs more h-

and/or p-refinements in each marked patch to satisfy criterion (4.10), one minimal h- and/or p-refinement
is sufficient in the present case with C), = 10. To support this numerical observation further, we plot in

. —t . . .
Figure 7, left, C};, and C}, from (10.3) also for the “sharp Gaussian” smooth solution from [24, Section 6.1],
which shows a similar behavior.
We finally quickly illustrate the inexact solver case. Similar results as above for the exact solver are
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observed in terms of exponential relative energy error decay, hp-meshes, the effectivity indices of Cy ;eq and
of n M and the values of C};, as well as of be. We thus only focus on the stopping parameter v, that we
7 £

choose following (9.1) in order to satisfy the theoretical assumption needed in the contraction Theorem 9.1.
In Figure 7, right, we plot the evolution of 7, during the hp adaptation iterations for the “interior node,
p+d—17 strategy of Section 4.3.3. The theoretical requirement (9.1) is more stringent than the “practical”
requirement of [25, equation (5.12)], also plotted in Figure 7, right (data taken from [25, Figure 20 (right)]).
Regardless, comparable results in both cases are observed. In particular, v, satisfying (9.1) still takes the
very reasonable (in practice) values around 0.05, which leads to requesting at most 5% algebraic error in
the total error, recalling (7.10).
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Figure 7: Maximal and minimal values over all marked vertices of the local stability constants Cj} given by éfb
and Qf’b from (10.3), the “additional layer” hp strategy of Section 4.3.2 for the “sharp Gaussian” smooth solution
from [24, Section 6.1]. Exact algebraic solver (left). Values of the parameter e, the “interior node, p +d — 17 hp
strategy of Section 7 compared to the parameter 7, as in [25, Theorem 5.4]. Inexact algebraic solver (right).

11 Conclusions and outlook

The contribution of this work is a theoretical study of the adaptive hp-refinement strategies for conforming
finite elements proposed in [24] for exact algebraic solvers and in [25] for inexact algebraic solvers. Under
some modifications of these two methods (extension of the marked patches by one layer, increase of the
equilibration polynomial degree by one for inexact solvers) and under the criterion (4.10) that the algorithm
possibly practically checks on each marked patch, we have in particular shown a strict error reduction on each
step of the adaptive loop, and consequently a convergence of the resulting adaptive algorithms. Abstracting
from data oscillations, we have theoretically proven that criterion (4.10) is satisfied 1) uniformly in the
iteration index ¢ but not uniformly in the polynomial degree p when interior nodes have been introduced
and the polynomial degree has been increased to p+d—1 (by the bubble function technique); 2) uniformly in
both ¢ and p when each marked patch is sufficiently h- and p-refined (via polynomial extension operators).
In the numerical experiments we have carried out, though, criterion (4.10) is p-robustly satisfied (and
thus p-robust error reduction appears) already for one newest-vertex bisection step and/or increase of the
polynomial degree by one, as in [24, 25]. In the case of an inexact algebraic solver, we have identified that
the stopping coefficients -y, have to theoretically verify condition (9.1). This turns out not to request an
excessively small tolerance and leads in our numerical experiments to values of 7, around 0.05, meaning
that the algebraic iterations can be stopped when the algebraic error is roughly 20-times smaller than the
total one.

31



Some important limitations of the proposed algorithms and analysis remain. We have not been able
to identify the best possible way to satisfy (4.10), neither were we able to prove any optimality result.
Moreover, even though we numerically observe exponential convergence rates with respect to the number
of degrees of freedom, our hp decision criterion is not performing to our entire satisfaction, leading to an
increased p-refinement.
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