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A TWO-ENERGIES PRINCIPLE FOR THE BIHARMONIC EQUATION
AND AN A POSTERIORI ERROR ESTIMATOR FOR AN INTERIOR PENALTY
DISCONTINUOUS GALERKIN APPROXIMATION*

DIETRICH BRAESs!, R.H.W. HorPE®>** AND CHRISTOPHER LINSENMANN?

Abstract. We consider an a posteriori error estimator for the Interior Penalty Discontinuous Galerkin-
(IPDG) approximation of the biharmonic equation based on the Hellan-Herrmann-Johnson (HHJ)

mixed formulation. The error estimator is derived from a two-energies principle for the HHJ formulation

and amounts to the construction of an equilibrated moment tensor which is done by local interpolation.

The reliability estimate is a direct consequence of the two-energies principle and does not involve generic

constants. The efficiency of the estimator follows by showing that it can be bounded from above by

a residual-type estimator known to be efficient. A documentation of numerical results illustrates the

performance of the estimator.
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1. INTRODUCTION

The biharmonic equation is more often solved by nonconforming or mixed methods than by conforming
elements in order to avoid the computationally expensive implementation of H? conforming elements such as
the Argyris plate elements of the TUBA family [4] or the generalizations of the Hsieh-Clough-Tocher elements
from [27]. As far as mixed methods are concerned, the fourth order equation is written as a system of two second
order equations, e.g.,

D2
v.-v.

=D,

£,
where D?u is the matrix of second partial derivatives of 4 and p stands for the moment tensor. The formu-
lation (1.1) leads to the mixed method of Hellan-Herrmann-Johnson (38,39, 42]. Another splitting is given

(1.1)

s =
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Au=w,
A:Z:i}, (1.2)

and leads to the mixed method of Ciarlet-Raviart [23]. Among nouconforming approaches, Discontinuous
Galerkin (DG) methods have been studied recently in [20, 21,25, 33-35, 37, 43, 44, 48]. The relationship be-
tween DG methods and mixed methods turns out to be useful for the biharmonic problem as it is for second
order elliptic boundary value problems due to the unified analysis in [6]. Fourth order problems have been
treated similarly in [34].

The biharmonic equation is often discussed in the framework of plate models. In particular, C° finite element
approximations for Kirchhoff plates have been studied in [11] with regard to an a priort error analysis (for a
documentation of numerical results see [12]). An a posteriori error analysis for the Morley plate element has
been provided in [10,13]. Local C° Discontinuous Galerkin methods for Kirchhoff plates have been suggested
in [41]. For other fourth order problems such as the Cahn-Hilliard equation we refer to [28,53].

The Interior Penalty DG (IPDG) methods considered in [34, 35] are fully discontinuous in the sense that
globally discontinuous, piecewise polynomials of degree & > 2 are used for the approximation of the primal
variable u. On the other hand, those in [20,21,33] are based on the Hellan-Herrmann-Johnson splitting as given
by (1.1). The IPDG schemes in [20,21,33] feature C° elements of Lagrangian type. Residual-type a posteriori
error estimators have been considered and analyzed in [20,33,35].

We will consider a posteriori error bounds by the two-energies principle, also known as the hypercircle method.
It was originally developed by Prager and Synge [47,49,50] and more recently considered in connection with sec-
ond order elliptic problems in [1,7,14-18,52]. The considerations of DG methods in this direction (2, 3,24, 29-32]
were also done for equations of second order.

In this paper, we focus on the biharmonic equation in the formulation of Hellan-Herrmann-Johnson and the
application of the hypercircle method to its IPDG approximation. The advantage of a posteriori error bounds
based on the two-energies principle compared to standard residual-type error estimators is that the reliability
estimate does not contain generic constants (see the papers mentioned above and (5.9) below). As we shall
see, the implementation amounts to the construction of an equilibrated moment tensor which can be done by
means of a discrete three-field mixed formulation of the IPDG approximation. The construction only requires
local interpolations in a postprocessing and has not yet been considered for problems of fourth order in the
literature. In fact, the analysis is much more involved than the analogous one for equations of second order. We
note that a four-field mixed formulation of the biharmonic equation has been considered in [9]. We think that
the a posieriori error analysis presented in this paper can be extended to this four-ficld formulation. However,
it does not directly carry over to the COIPDG method considered in [20,21]. Instead, an approach similar to
that in [17] for second order elliptic boundary value problems should be followed. This will be worked out in
forthcoming research.

The paper is organized as follows: Section 2 lists some notation. In Section 3, we introduce the two-energies
principle for the variational formulation of the Hellan~Herrmann-Johnson mixed approach. Section 4 is devoted
to the IPDG approximation and associated discrete two-field and three-field formulations. Section 5 describes
how the error bounds obtained from the two-energies principle can be built into a reliable a posteriori error
estimator. The construction of the equilibrated moment tensor is dealt with in Section 6. In Section 7, we prove
the efficiency of the estimator by showing that it can be bounded from above by a residual-type estimator which
is known to be efficient. Finally, in Section 8 we provide a documentation of numerical results illustrating the
quasi-optimality of the IPDG approximation and the performance of the estimator.

2. NOTATION

We will use standard notation from Lebesgue and Sobolev space theory [14,19,51}. In particular, for a bounded
domain 2 C R? and D C §2 we denote the L2-inner product and the associated Z2-norm by (-,-)o.p and ||+ [lo,0,
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respectively. We further refer to H*(12), k € N, as the Sobolev spaces with inner product (-, -)x,o, norm || - ||x,0,
and seminorm | - |, and to H¥~12(I"), I'" C I' = 812, as the associated trace spaces. H%(f2) stands for the
closure of C§°(£2) in the H*-norm. Further, H~*({2) refers to the dual space of H§(£2) with (-, -)x,» denoting the
dual product. Sobolev spaces H*({2) with broken index s € Ry are defined by interpolation. Moreover, H(div, £2)
is the Hilbert space of vector fields q € L2(f2)? such that V - g € L*(£2). Matrix-valued functions in L(£2)?*?
will be denoted by q = (i;)? ' j=1 and the inner-product is (p, 9)o,n := Jop:qdz, wherep: q:= Z? j=1PiiGij-
Further, we introduce the Hilbert space - - -

H(div%, 2) := {g € H(div, 2) | V- q € H(div, :z)} )

Finally, given a function u € H?(f2), we refer to D%u := (a%/a:iax,-)?,j:] as the matrix of second partial
derivatives.

Let 75,(12) be a geometrically conforming, locally quasi-uniform simplicial triangulation of the computational
domain. For D C 2, we denote by £,(D) the set of edges of 7;,(£2) in D. We further denote by hx, K € Tp{§2),
the diameter of K, by hg, E € £,(12), the length of E, and we set h := max{hx | K € Tn({2)}. Moreover, for
D C K we refer to P,,(D), m € N, as the set of polynomials of degree < m on D. For two quantities 4 and B
we will use the notation A < B, if there exists a constant C > 0, independent of A, such that A < CB.

Due to the local quasi-uniformity of the triangulation, there exist constants 0 < ¢ < C such that

chg <hg < Chg, E € E(0K). (2.1)

For a function w € L2(f2) with w|x € C(K), K € T5(£2), and an interior edge E = Ky NK_, Ky € T,(2), we
set wt := w|gnk, and define the average and jump across E as usual according to

1
— s (wt+w™), E€&(N) 9.
twke: { 2 wls, E € E(T), (2.22)

e { W=y Beal (2.2b)

wlg, E € 8;,(1“).
The average and jump across E € £,(f2) are defined analogously for vector fields w € L?(2)? with wig €
C(K)%, K € Tp(2), and tensors p € L2(2)**? with plx € C(K)**?,K € Tn(f2). Moreover, we refer to
ng, E € &(7),E = K; N K_, as the unit normal vector pointing from K, to K_ and to ng, E € Ex(T"), as
the exterior unit normal vector nr on ENI. Products like
[wleng = wngx, +w ngx_
and other products under consideration are independent of the choice of K and K_ and the resulting orientation

of the edge.

3. A TWO-ENERGIES PRINCIPLE FOR THE BIHARMONIC EQUATION
Given a bounded polygonal domain 2 C R? with boundary I' := 82 and a function f € H~2%(£2), we consider

the biharmonic equation with homogeneous Dirichlet boundary conditions
Au=f in £, (3.1a)
u=np-Vu=0 on I (3.1b)

We note that in the framework of IPDG approximations other boundary conditions such as Neumann or mixed
Dirichlet/Neumann boundary conditions can be dealt with as well (cf, e.g. [39]).
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A primal variational formulation of (3.1) amounts to the computation of u € HZ(f2) such that for all
v € HE(R2) it holds

(D*u, D*v)o,0 = (f,v)2.0- (3.2)

It is well-known that (3.2) represents the optimality condition for the following unconstrained minimization
problem: find u € H3(£2) such that

J, = inf Jp(v),

) = int (),

where the primal energy functional J, : H2(2) — R is given by

1
Jp(v) 1= 5(020, D*v)o.0 — (f,v)2.0- (3.3)
In order to specify the associated dual problem, the divergence of a matrix-valued function q = (Qi:i)?, j=1 With
row vectors g(i) = (qi1,qi2) 7,1 < i < 2, is defined as usual
V.q:=(V-qV,v.qT. (3.4)
The dual or complementary energy Jg : L2(2)2*2 — R, given by

1
Ja (g) = —5(a,Qo.a;
will be maximized subject to the constraint

(g, D%)o L ={fiv)yy forallve HY®). (3.5)

The relation (3.5) may be understood as
V.-V.q=f in H%(2)
or in the distributional sense.

Theorem 3.1. Let J, and Jy be defined as above. Then

BBy ) = 1o 00194 (2) 19V =1} )

where the constraint on the right-hand side of (3.6) is understood as in (3.5).

Proof. By definition we have for v and q as in (3.6)

Jo(v) — Jy4 (g) = —;—(Dzv, D*0)o.2 — Yoo+ % L_’ _9_)0,9

- % (D2v 9,8 —g)o‘n = (g’ D2")0 o~ (Hoha

L]

1
= §||D2U = gﬂo,n >0,

since the relation (3.5) holds by assumption. It follows that inf J,(v) > sup Ju(q) where the infimum and the

supremum are understood in the spirit of (3.6). Since we have equality for v := v and gq := D?y, the proof is
- D

complete.
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We may split the solution p of the dual problem into its symmetric and antisymmetric part p = p™™ + ;_)"““.
Obviously we have V -V - p‘""i =0, if p*"“ti is a smooth tensor-valued function. A density arngment shows this
relation is true also here, and e satisfies the constraint (3.5). Moreover ”pl]o 0= llps‘"“][o a+ 1P o
Therefore, the solution is a symmetrical tensor although the optimization problem was stated in the Targer set
L ( Q)2x2‘

We are now in a position to state an abstract version of the two-energies principle for the biharmonic equation;
(¢f. [45], Thm. 3.1).

Theorem 3.2 (Two-energies principle for the biharmonic equation).
Let u € H3(12) be the solution of (3.2), and let p € L*(2)**? satisfy the equilibrium condition
V.V.p=f in H"%(%). (3.7

Then, for v € H3(£2) it holds
1D~ pli§ 2 = 1D?*(v ~ w)l§ o + 1D = pIi§.0- (3.8)

Proof. We provide a short proof for completeness. If u € HZ(£2) is the solution of (3.2), then (D?u, D*(v —
u)o,2 = {f,v —u), o for all v € HF(£2). Next we conclude from (3.5) that the equilibrium assumption (3.7)

implies (p, D*(v — u))o,2 = (f,v — u), . Hence,
(D*u-p.D2w~v)) = (f~fru—vha=0.
An application of the binomial formula to [[(D%x — D?u) + (D?u — p)|i2 ; vields (3.8). -

The relationship (3.8) is called the two-energies principle, because it can be stated in terms of the primal
energy J»(v) and the complementary energy Ja(p) as

1020 ~ w3 0 + D% — Bl o = 2 (Jp(e) — Ju(p)) -

We conclude this section with a formulation of the two-energies principle that is better manageable in finite
element computations. In particular, it translates the equilibrium condition (3.7) for f € L*(£2) from H~%(R2)
to an element-wise property. We consider moment tensors p € L?(§2)2*? that satisfy

plx € P(K)¥?, k>2, K€ Th(f), (3.92)
[g]s ng =0, E € &(12), (3.9b)
ng- [v . E]E =0, Ee€é&). (3.9¢)

The properties (3.9) imply p € g(div2, 12) (but are not necessary for functions in this space). This is obvious
from (3.11) in the proof of the announced version of the two-energies principle.

Theorem 3.3 (Variant of the two-energies principle). Let u € HZ(£2) be the solution of (3.2) for f € L*(02).
Moreover, for a geometrically conforming simplicial triangulation Tp(2) of 2 let p € H(dnv 2) sat-

isfy (3.9a)—(3.9¢) as well as the equilibrium condition
V-V-p=f ineach K€ Th(f2). (3.10)

Then, for v € HE($2) it holds

[o%e- o, , = 12?0 wita+ [2%u-g],

1
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Proof. Using (3.2) and applying integration by parts, we obtain

/(D21z—g):D2(u—v)dz=ff(u—v)dx— Z /E:Dz(u—-v)dx (3.11)
2 - 2 KeTu(D i ~
= Z /(f~V.V.P_) (u—-v)dr— z /BnaK.V(uwv)ds
KeTu( ¢ - KeTu(Q)3r
+ Z npx -V -p (u—v)ds,
KeT(2)gx -

where ngx is the outward unit normal on K. The first term in the second line of (3.11) vanishes due to (3.10),
whereas the boundary integrals vanish due to (3.9b), (3.9c) and u —v = ngg - V(u —v) =0 on 3K N I". Hence,
it follows that

/ (Dzu _E) : D*(u —v)dz = 0.

J =
The assertion is again an immediate consequence of this orthogonality relation. O

Remark 3.4. We note that for other type of boundary conditions the function space settings have to be
modified accordingly. For instance, Neumann boundary conditions have to be incorporated into the functions
spaces for the dual variable p. In particular, the boundary conditions u = 0 and D?unp = 0on I are associated

with the minimization of J; over H(2) N Hy(12) and the maximization of Jy over {q € g(divz, 2)|gnr=

0 on I'}. This has to be observed as well for the [IPDG approximation and in the construction of the equilibrated
moment tensor. The corresponding change of the a posteriori error estimator is obvious and is left to the reader.

4. AN IPDG APPROXIMATION OF THE BIHARMONIC EQUATION

We consider the interior penalty discontinuous Galerkin (IPDG) approximation of the biharmonic prob-
lem (3.2) with f € L2(2) on a geometrically conforming, locally quasi-uniform simplicial triangulation 7,(§2)
of the computational domain. It involves element-wise polynomial approximations of u. For k > 2 we introduce
the IPDG space

Va = {vn € L(92) | valx € Pu(K), K € Th()} (41)
as well as the space of element-wise polynomial moment tensors
M, ={g, € (" | q Ix € B KeT(@)}. (42)

We define a bilinear form alP(:,-) : V4 x Vi — R for the variational IPDG approximation

aiF (un,vn) == z / D%y, : D*v dz
KeTu()' K

+ Z (ng . {V . Dzuh}g [v;,]E + [u-h]g ng- {V . Dzvh}E) ds
Eetn()

= Y [ ((Vulp - {D*}e np + [Vonls - {D?un}e ng)ds
EeEn() g

lo% (24
+ E /h—l ng - [Vugle ng - [Vopleds + Z /‘;;52‘ [urle [vi]eds, (4.3)
Ecen( Dy E Ecen()g E
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where o; > 0, i = 1,2, are suitable penalty parameters. The IPDG approximation of (3.2) reads: Find up € Vp
such that

atf (un,vn) = (f,vn)o 2 vh € Vi (4.4)
Remark 4.1. The Hellan-Herrmann-Johnson based symmetric IPDG approximation (4.4) is the counterpart
of the Ciarlet-Raviart based symmetric IPDG approximation in 34, 35). If we choose the finite element space

Vi = Vi N Co(2), then it reduces to the symmetric CPIPDG approximation considered in [20,21], and [33]. In
the C? case we have [un]g = [vn]g =0, E € £,(12), and hence, the corresponding terms in (4.3) vanish.

For completeness, we note that alF(-,-) is not well defined for functions in HZ2(£2). This can be cured by
means of a lifting operator

L:Va+HY2)—M,
/L(v) ‘q, dz = Z / ([v]p; ng-{V -gh}g — V] - {gh}gng) ds. (4.5)
2

Ecen() g

The lifting operator L is stable in the sense that it satisfies (cf. [34])

IE@Bes Y (k5 Ins - [Velsld e + 47 Nolslie), ve Va+HY(A).
E€&, ()

Now we define aiF : (Vi + HE(2)) x (Vi + HE(2)) — R as follows:

atP(uv)= / (DQ“ : D% + (L(u) : D*v+ D%u: L(v))) dz

KeTh(M g
Q «
+ ¥ [PueViene(Vieds+ Y [ ellsds  (48)
Eeen( e E Eeen (g T

It is easy to verify that aLF (un,va) = aiF (un, vs) holds for up, v, € Vi.
We introduce the mesh-dependent IPDG norm on Vi, + H3(52)

4 o
o= > ID%Ix+ X 2= lnp-Velelde+ > 57 lelsliz (47
KeTh(2) E€En(D) Eegn(?) E

1t is not difficult to show that for sufficiently large penalty parameters oy, i = 1,2, i.e., oy = O((k + 1)?),a; =
O((k + 1)8), the bilinear form @} ”(-,) is coercive, i.e., there exists a positive constant -y such that

@ w,v) 27 lol3na vE Vet HID). (4.8)

On the other hand, it is continuous on Vj + HZ(2), i.e., there exists a constant I' > 1 such that for any
@ >0,1<i<?2,

alP(v,w) < T |ollannlwlonn, vwe Va+ Hi(0). (4.9)
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In particular, it follows from (4.8) and (4.9) that the IPDG approximation (4.4) admits a unique solution
uy, € Vy for sufficiently large penalty parameters.

A mixed formulation in the spirit of [6] was given in [34] for the Ciarlet-Raviart method. We provide now two
mixed Hellan-Herrmann—Johnson type formulations of (4.4). The first one is motivated by the weak formulation
of the two field approach (1.1). Multiplying the first equation in (1.1) by q € g(div"’, §2), the second one by

v € H($2), and integrating over K € 75(12) yields

/E:de—/uv-v-(_ld:r—‘/Vu-'_(_lnaxd3+/un3K'V-gds=0, (4.10a)
K K 8K 8K
fg:Dzvdx—/gneK-Vvds+/naK-V-gvds=/fvdx. (4.10Db)
K 8K aK K

We specify appropriate numerical flux functions on the edges E € &(2)

~) _ J{Vul}lEe, E€&(R)
¢ "{ O E e | (4.11a)
~2)._ [ {un}e , E € En(R2) .
IACES { i g,Eeeﬁ(F) , (4.11b)
B := {Dup}e — % ng(Vun)5, (4.11c)
- E
_‘!ZJ_ ={V- Dzuh}g + _}‘:TZ lun]e ne. (4.114d)
E

We keep the notion numerical fluzes from [6] although not all the variables in (4.11) are fluxes in the strict
sense.

The two-field-formulation of (4.4) reads as follows: Find (un,p ) € Vo x M, and numerical fluxes such
that (4.11a)-(4.11d) holds and simultaneously for all (v,q) € V4 X—M_ ,and K € Th(£2)

/p :qda:-/ up V-V-qd:c—/ g“>-qna,<ds+/ @@ ngg - V- qds =0, (4.12a)
=k = K = 8K = oK =

/Bh:D2vdx—/ ﬁnaK-Vuds+/ nak--févds= /fvdx. (4.12b)
K= K= 8K K

All the equatious are coupled, since they contain equations on elements as well as on edges.

Often another implementation is considered as more convenient. First the solution up, of the primal method
is determined by solving linear equations with a positive definite matrix. The numerical fluxes are determined
immediately by their definition (4.11). The moment tensor p, can be evaluated by solving the small linear

system (4.12a) for each K € T,

Lemma 4.2. Let the numerical flur functions g(‘), @, p and z_z_ , be given by (4.11) and suppose that the
penalty parameters a;, 1 < i < 2, are sufficiently large. -

(1) If up € Vi is the unique solution of (4.4), then there exists B, €M, such that the pair (uh,Eh) satis-

fies (4.12).
(i) If (un,p h) € Vo x M, is a solution of (4.12), then uy, is the solution of the IPDG approzimation (4.4).
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Proof. Let up, € Vi be the unique solution of (4.4). The associated numerical fluxes are known from (4.11).
We define B, € M, by means of (4.12a). Next, let K € T5({2) and v € V. We apply (4.12a) with q( z) =

D*v(z), z € K and msert the expressions (4.11a), (4.11b) for the numerical fluxes to obtain

/p :D%dm:/uh V.V.D%dx
=h K

+ {V‘uh}ax . D% ngx ds — / {uh}ax npg - V- D%y ds, (4.13)
SK\(dKAT) K\(OKNT)

where {-}ar!;

= {}g, E € £(8K). Note that boundary terms are present only on interior edges, since the
numerical fluxes 1 )

(M) and 4 vanish on I'. Using Green’s formula

/ up V-V -D¥dz = / Dy, : D*vdz — Vup - D?v npi ds + / usngk - V- D¥uds  (4.14)
K K 8K

8K

for eliminating the first integral on the right-hand side of (4.13) we get

[p ngdx~/D2uh Dz'vdz—/Vuh D%y nade+/uhn3K .V -D%vds

K T 9K
+ / {Vur}ox - D%y ngg ds — / {urn}ax nox - V- D*vds. (4.15)
BK\(DKNT) AK\(BKNT)

We evaluate the sums over the boundary terms in (4.15) and recall that on interior edges {w}ax — wlokne =
Filw]ax holds true whence

Z —/Vuh-D21.' ngrds + / {Vuh}aK-D% ngg ds

KeTu(?) \ ok BK\(8KNI)
= Z ({Vuh}aK t= Vuh) L Dzv NoK ds — / Vuh - Dzv ¥ ¢ ds
KeTu(2) \gx\(3KNr) 8KNI
= - Z [Vuh]E . {DQU}EnE ds. (4.16)
EeEn() )
Similarly,
Z upngg - V - D*vds — / {up}oxnox V-D%ds | = Z /[uh}EnE -{V-D%}gds

Summation over all terms in (4.15) yields
Z /Bh Dwdz= ) /Dzuh D,zlt, dx
KeTu(®)y KeTu(Mx

+ Z /[Vuhlg {D*v}gnpds — Z /[uh]E ng-{V-D%}pds. (4.17)

Ecé), (Q) E E€E) (9) E
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Next, we use the variational equality (4.4) to eliminate the first integral on the right-hand side of (4.17),

[
/ (ng AV D*up}k Vle ds+/[uh]g ng-{V -Dzv}[.;) ds

E

~ >l

\ -7 1

> /gh:Dzvd_’c:- Z

KeTu( i E€Ea(2)

+ Z /(Vuh IR {DQv}EnE ds+/{D"uh}EnE [VUIE)
E

EG.E;.(.Q)

s

Vv

= I,

Z /— Ng - [Vuh]g ng: {Vv]Eds— Z /:—32 iuh]E [v]p;ds

Eetn( g Ecen(DE E

+(f,v)o,2

- Z [Vup)e - {D*v}enpds + Z /[uh]g ng-{V-D%}gds . (4.18)
Ecén() E Ecén (Q)E

/ /
N v

=1

= 42
Note that the sums of the integrals I; and I in (4.18) cancel. Observing (4.11¢), (4.11d) we obtain (4.12b).

Conversely, if (uh,p ) € Va x M, solves (4.12a), (4.12b), we choose q := D?y in (4.12a). Applying Green’s
formula (4.14) again, we can ehmmate P, from the system. It follows that up is a solution of the primal
problem (4.4) which proves (ii). O

As opposed to second order elliptic boundary value problems [15], an equilibrated a posteriori error estimator

for the IPDG approximation of the biharmonic equation cannot be based on the two-field formulation (4.12).
Instead, we have to resort to a three-field approach which can be motivated by introducing ¢ = V - p in (1.1)

which implies ¥ - ¢ = f. Multiplying the first equation by ¢ € H'(£2)?, the second one by v € H, 2(12), and
integrating over K € 7,(£2), (4.10b) can be replaced by

/p Vg do— [ prox- ¢ds—/¢ ¢ ds,

K

/¢ Vvda:—/naK Yuds= — /fvd:z

K

For the three-field formulation of (4.4) we introduce the finite element space
W,:= {d> € L*(2)*| ¢,lk € P1(K) K € T,.(Q)} (4.19)

Then, the three-field formulation reads as follows: Find (u;,,p Y,) € Vi xM, x W, together with the
numerical flux functions G, 4(?, ﬁ and 1,() in (4.11) such that for all (v, a )] e VaxM, x W, and all



A TWO-ENERGIES PRINCIPLE FOR THE BIHARMONIC EQUATION 2489

K € Tp(f2) it holds

/P_ :gd:c—/ up V-V-qdz (4.20a)
£p°2 K =

= fx_u)'gnoxds+/ @@ npk - V-qds =0,

8K = 8K =

/ V¢dzr f Prox - ¢ds =~ /ﬂhgdx (4.20b)
K“h oK = K

/¢h-Vvdz—/ naK~17;vds=—/ fudz. (4.20c)
K~ oK - K

Lemma 4.3. Under the assumptions of Lemma 4.2 it holds:

(i) If up € Vi is the unique solution of (4.4), then there exists a unique pair (gh, P, )EM, x W, such that
the triple (up, p ,1[) ,) satisfies (4.20).

(i) If (un,p ,da ) e Vi x M, x W, is a solution of (4.20), then the pair (uh,p ) solves (4.12), and u), 18
the salutzon of the IPDG appronmatzon (4.4).

Proof. If uy, € Vj is the unigue solution of (4.4), we already know from Lemma 4.2(i) that there exists B, € M,

such that (4.12a) and (4.12b) are satisfied. Next, we define 3, € W, by means of (4.20b). Chooemv ¢ Vu

we may replace the first two terms in (4.12b) by Xk [, ¥, Vvd:r It follows that (4.20c) holds true which

proves (i).
Conversely, if (u;., ,1,() )€V xM, x W, is a solution of (4.20a)-(4.20c), obviously (4.12a) and (4.20a)

coincide. Next, for ob*ammg (4. 12b) we set ¢ = Vv in (4.20b) and evaluate the term in the second line
via (4.20c),

z fgh D*vdx - Z /pnaK Vods = — Z /Qh'vvdﬂi,

KeT(Dyk KeTa()gx KeTu(MN g
= - Z /nax-l‘/;_vds+ Z /fvdx.
KETu(M5x KeTu() i
Hence, we obtain (4.12b). Now Lemma 4.2, part (ii) shows that uy solves (4.4) which proves (ii). (]

5. AN A POSTERIORI ERROR ESTIMATOR FOR THE IPDG APPROXIMATION
OF THE BIHARMONIC EQUATION

The construction of an equilibrated moment tensor in the finite element framework will be affected by data
oscillations, and the case k = 2 requires special care. This will be clear from Remark 6.5 below. Specifically, set

M7= {a, € LA™ | q,lx € P{K)™?, K € Tu(D)}, (5:1)
k ifk>3,
where £:= {3 k=2,

Given K € Ti(f2), let fx be the L2-projection of f onto Pp—a(K), and let f» € L*(f2) be given by fulx =
fr, K € To(£2). A moment tensor p"'q € M is called equilibrated in this framework, if it satisfies (3.9b), (3.9¢)

which implies gjf € rI'I(de ), aud also the equilibrium equation
V¥ 'P_’: = fr in each K € To(0). (5.2)



2490 D. BRAESS ET AL.

The two-energies principle (Thm. 3.3) can be applied to the IPDG approximation (4.4) involving an equilibrated
moment tensor g‘:’. It gives rise to an a posteriori error bound in terms of element-related terms r];{"'i, 1<i<?,

and edge-related terms Mg 1 <4 <2, as given by

M1 = | D%un = plok, K €Ta(92), (5.3a)
1 = | D?un — D*u™ o, K € Th(2), (5.3b)
75, = hz"? [ng - [Vunlellos E € &(2), (5.3¢)
s i=hp"" ualelo, B € &), (5.3d)

where uf°™ € HZ(£2) in (5.3b) will be constructed by postprocessing from the finite element solution us € Vj.
The following auxiliary result deals with the data oscillations due to the approximation of f by fn. Its
application is not restricted to a posteriori error estimates.

Lemma 5.1. Let z € HZ(12) be the weak solution of the biharmonic problem

A%z=f—f, inf, (5.4a)
z=np-Vz=0 on I' =080 (5.4b)

If the L*-projection of f — fy to Pi(K) vanishes in each K € T,(12), then

; 1
ID%23 0 < =i > kN - Al (5.5)
KeT,(2)

Proof. For v € HE(12) and p; € Py(K), K € T,(2), we have by assumption

> (D2, D%ok= Y. (f—fav—pok-

KeTh(82) KeTh(R)

Choosing v = z, it follows that

>R D If - fallox lz - pallox- (5.6)

KeTy(2) KeTh(R2)

We fix py € Pi(K) by the interpolation conditions [ pidz = [, 2dz and [, Vpidz = [, Vzda. Since the
choice of py implies [ (z — p1)dz = 0, the Poincaré~Friedrichs inequality for convex domains with the optimal
factor by Payne and Weinberger [46], verified by Bebendorf [8], yields

1
|z = pillo,x < ;hK]]V(z — p1)lo,x-

The choice of p; also implies zero mean values for the derivatives f « 0(z — p1)/0xzidz,1 < i < 2. Another
application of the Poincaré—Friedrichs inequality gives

9z

18(z —p1)
i 6:2:,‘

<i<9.
5z, , 1<i<?2

0,K

ciufe
™

0K

We combine the estimates to obtain

1
lz = pillo,x < Fh?(”DZZ”o,K'
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Inserting this estimate into (5.6) yields

1
Yo DRk D0 ID%lo kIS — fullok -
KeTu(n) KeTn(2)

By applying the Cauchy inequality to the right-hand side and dividing by the square root of the left-hand side
we obtain the assertion. O

The data oscillations will be denoted by

osd(f)=Y osck(f), osck(f):=hk If - fulld k- (5.7)

KeTu(92)
The crror bound in the following theorem refers to the norm (4.7).

Theorem 5.2. Let u € HZ(£2) be the solution of the biharmonic problem (3.1a), (3.1b), let up € Vi be the
unigue solution of the IPDG approrimation (4.4), and let 2‘:1 € M’;’ ﬂg(div2,f2) be an equilibrated moment

tensor. Moreover, let uf®™ € HZ(R2), let n3;,n5s1 < i < 2, be given by (5.3a)(5.3d), and let oscy(f) be the
data oscillation (5.7). We set

KeTu($2) KeTn(02) EcEn(f2)

1/2 1/2 1/2
7 1= ( > (n;?,oz) +2( by (n;z,z)z) +( > (al(ng‘{,)’+a2(ni;{2)2>> . (59

Then it holds
y 1 .
flu — unllzpn <05 + = osex(f). (5.9)

Proof. Let @ € HZ(£2) be the weak solution of the biharmonic problem

A2ﬂ=fh in £2,
G=np -Vi=0 onl =9n.

By recalling (4.7) and applying the triangle inequality twice we obtain

1/2 1/2
flu —unllzne < ( > ID%- D2uhll§,x) + ( Y () + ea(ni, 2))

KeTn(2) EcEn()

1/2 1/2
S( > noﬁu—D“’auax) +( > llvza—D’u?"‘n%_K)

KeTw(f2) KeTh(2)
1/2 1/2
+( > DM - DPun)lig x|+ Y (aa(nF )+ c2(nis 2)) . (5.10)
KeTn(R2) Ee&n()

Since z := u — & solves (5.4a), (5.4b), the first term in the third line of (5.10) can be estimated from above
by Lemma 5.1 and thus gives rise to the data oscillations in (5.9). The two-energies principle (Thm. 3.3) with
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u=g,v=uP"andp= pe,q yields
S =h

1/2
D@~ u°°"')uon<( > Dt - g’;lsé,x)

KETu($2)

ETH(N) €Tw(N2)

1/2 172
< ( Z | D2up — Dzﬂm"f"o ) e ( Z ”Peq DQ"h!Ig,I\’) . (5.11)
% K

Using these estimates in (5.10) allows to conclude. O

In practice, a modified equilibrated error estimator avoids the computationally expensive evaluation of uf;"“f.
It is of interest, although the reliability estimate (5.12) below contains a generic constant.

Corollary 5.3. Assume that the assumptions of Theorem 5.2 are satisfied. Specifically, let V°°“f be the gener-
alized version of the classical Hsieh-Clough-Tocher C' conforming finite element space as constmcted in [27],
and let u§®" = Ey(up) be the extension of up to V™ as defined in [35]. Then there exists a constant Cy > 0,
dependmg only on the local geometry of the triangulation and on the penalty parameters a;,1 <1 < 2, such that

it holds
le-valine € 3 GF)PHC Y ()P + 0D + 55 osh(h) (512)
KeTn(?) E€En(D)
Proof. In [35] it has been shown that
Y WS Y () +0E)7). (5.13)
KeTn(2) EcEn(D)
Using (5.13) in (5.9) yields (5.12). 0

6. CONSTRUCTION OF AN EQUILIBRATED MOMENT TENSOR

We construct an equilibrated moment tensor peq € M’q N H((hv 2) which allows to apply the two-energies

principle and Theorem 5.2. The construction will be donc by an interpolation on each element. Thus it is a local
procedure. In particular, denoting by BDM,,(K),m € N, the Brezzi-Douglas-Marini element of polynomial
degree m (cf., e.g., [22]), we first construct an auxiliary vector field P € H(div, 2),¥{|x € BDM1(K),K €
Tr(12), satisfying

V.yl=fi inL}(0), (6.1)
and then an equilibrated moment tensor g‘: € Mi" n__Ii(dh% £2) satisfying
V-p? =35 in L2 (6.2)
For the construction of the auxiliary vector field we recall the following result:

Lemma 6.1. Let m > 1. Any vector field ¢ € Pp(K) is uniquely defined by the following degrees of freedom
/ np-$qds, g€ Pn(E), E € E4(0K), (6.32)
/ 6-Vqdz, g€ Pay(K), (6:3b)

/ & -curl(bgq)dz, g€ Pu_a(K). (6.30)
K
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where by in (6.3c) is the element bubble function on K given by bx = H MK and )\K 1 <i <3, are the

barycentric coordinates of K. Moreover, there ezists a positive constant C; (m) depending only on the polynomial
degree m and the local geometry of the triangulation 75 (12) such that

/@Fdzgc,(m) ( > ke /lng $2ds + k% /lv -¢Pdz
K E

E€E4(8K)
+ h% max {‘/@'cm-l(b;r(q)l2 dz; g € Pp—ao(K), xznea’%clq(:z:)l < 1}) . (6.4)
K

Proof. For the uniqueness result we refer to (3.41) in ([22], p. 125) since BDM,,(K) = Pn(K). The esti-
mate (6.4) can be derived by standard scaling arguments (cf. Lem. 3.1 and Rem. 3.3 in [15]). O

The auxiliary vector field g‘: is constructed in each element K € 7}, such that Q‘Z’I x € BDM,_1(K) satisfies
the interpolation conditions

/ng Py gds = /ng -i[}qu, g € Pp_1(E), E € &(OK), (6.5a)
E E
/Kl,';_‘: Vgdr = ‘/;,ﬂ,, ‘Vqdz, q€ Pra(K), (6.5b)
f W5 - curl(brg) dz = / V- D?u - curl(bkq)dz, g€ Pe_s(K). (6.5¢)
K K

Lemma 6.2. The vector field 9§ that is defined by (6.5) is contained in H(div, £2) and satisfies (6.1).

Proof. The solvability of (6.5a)-{(6.5¢) is guaranteed by Lemma 6.1 with rn = £—1. The continuity of the normal
components follows from (6.5a) on adjacent triangles and yields 1/1“7 € H(div, 2).

Let K € T(£2). Given a polynomial q € Pp—2 C Py, we can use (4.20c) with v|x = ¢ and vplxr =0, K #
K' € T,,(£2). Moreover we make use of Green’s formula, as well as of (6.5a) and (6.5b) to obtain

/ V~¢‘:qdz= -/ 1[)‘?-qu:5+/ nax-tl";’qu
K = K 8K -
= —/ _ggh~qua:+/ ngx-il;_qu
K oK

/fqdz=/ frgdz.

Since both V-9%7 and fj, live in Pr—2(K), (6.1) follows from the preceding equation. Now, the assertion follows
from ${ € H(dlv, ). O

I

The construction (6.5) by local interpolation and Lemma 6.2 take into account that there is a compatibility
condition due to Gauss’ theorem. The divergence of ¥ in K cannot be fixed independently of the normal
components of 1,be,:' on JK, but the latter are required in order to achieve the continuity of the normal components
and yfh" € H(div, 2).

The compatibility conditions are satisfied here due to the finite element equation (4.20c) for the discontinuous
Galerkin (IPDG) method. They enable us to proceed on elements like e.g., in [15,24,29], and we need not operate
on patches like in the applications of the two-energies principle and H'-conforming elements as, e.g., in {16,18]
or ([14], Sect. II1.9).
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For the construction of the equilibrated moment tensor 2‘:1 we begin with the specification of the degrees of
freedom for tensors p € Py(K)?*2.

Lemma 6.3. We have dim P(K)**? = 2(£ + 1)(C+2). Any p € Po(K)**?%, p = (pij)} o, with p{¥) :=
(Po1,pi2)T, 1 < i < 2, is uniquely determined by the following degrees of freedom (50F)

/ (p 1) - qds, q € P(E), E € £,(0K), (6.62)

@

[ p:vaus, q € Pey(K)\Po(K)?, (6.6b)
B g

/ p® -curl(bxq)dz, g€ Pra(K), 1<i<2. (6.6c)
K

The numbers of degrees of freedom (DOF) associated with (6.6a)—(6.6c) are as follows

DOF (6.6a) = 6(¢ + 1),
DOF (6.6b) = £(¢ +1) — 2,
DOF (6.6¢) = £(€ — 1)

and sum up to 2(£ + 1)(€£ + 2).

Proof. The interpolation conditions for p(*) and p(? are separated. The vector field p® (for 1 < i < 2) is
determined by the degrees of freedom

/ ng .B(i)qu, g€ _P£(E)’ Eec Sh(BK),
E

[ 2 vaaz, g€ Py(E)\Po(K),
/Kg(i) -curl(bgq)dz, g€ Pra(K).

By applying Lemma 6.1 with m = £ we conclude that there is a unique solution. O

Lemma 6.4. Let q = (q),q%) € P,(K)**2. Then there exists a positive constant Ca(¢) depending only on
the polynomial degree € and the local geometry of the triangulation T,(52) such that

/lg!gdf <C(9) ( > ke /(lnE'gnslzﬂts'(__mEI?)ds'*'h?( /lV'gl2d$
K K

Ec&L{OK)
2 o
+ hk D max / la® - curl(bxge—2)|* dz; qr—2 € Pz max|g-2(z)| <10 ). (6.7)
=1 " xE€
Proof. As in the proof of Lemma 6.1, the estimate (6.7) follows by standard scaling arguments. O

Now, for the construction of the equilibrated moment tensor we set Z, = D%y, with

z(1) = (aﬂuh 32uh )T @) .=( a2uh 62uh)T

——————— z —_—_— R
= 0z2 ’ 8z10 =h 01,0z’ O}
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We construct p*? = (pf;*%)?,_;, with pJll )= (o, pls)T,1 <1 <2, in each element K by fixing the degrees
of freedom (6.6a)—{(6.6¢c) according to

f Ry ne-gds = f Bnp-gds, g€ R(E), E e £u(dK), (6.82)
E E
f-iﬁfzvﬁdf=*f‘/’pf gdr + fgnax-gds, q.€ Pra(K)?, (6.8b)
i k 8K
/Egi{zq -curl(bgq)dz = /ZS) -eurl(bgg)dz, g€ Pia(K), 1<i<2. (6.8¢)
K K

Remark 6.5. Obviously, the equations {6.8b) require the compatibility conditions
~ [ w-pas+ [ Pnox-pds=0, pe (K (69)
K% = oK = - =

with constant polynomials p € Py(K )2. Indeed, we had to care for £ > 3 in (5.1) in order to verify (6.9) now.
From the finite element equation (4.20b) we conclude that

‘/ﬂh'Bd«T'*'f pngk -pds =0, PE Po(K)z.
K oK =

Given p = (p1,p2) € Po(K)?, there exists ¢ € Pi(K) with p = Vg, specifically (p1,p2) = V(p121 + pa2). Since
£ > 3, we conclude from (6.5b) that

R R R Ry s

Combining the last two equations we obtain (6.9).

The following theorem is the main result and shows that E:; is an equilibrated moment tensor and thus
fulfills all requirements of the two-energies principle. -

Theorem 6.6. Let k > 2. If the moment tensor p"“ and the auziliary vector field 'z/:'“’ are constructed by (6.8)
and (6.5), respectively, then p‘q € H(d1v2 2) is equzhbmted ie.,
v.v -Ee: =fn inL%(0).

Proof. Let K € T,.(£2). From Remark 6.5 we know that the compatibility condition (6.9) is satisfied. We apply
partial integration and insert the rules (6.8a), (6.8b) for the construction of E“: to obtain

/V *1.qdr = / e . quw+/peqnax qds
8K

( fa,b qdz+fpnaK-gds) -l-/gna,zp(_qu

8K
= /ﬂ? qdz, g€ Pk~ (6.10)
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Since both V- p*? and 57 live in Py (K )2, it follows from (6.10) that

V.p =% incach K € Ta(2). (6.11)

=h
The left-hand side is contained in H(dlv {2), since it holds for the right-hand side due to Lemma 6.2. Together
with (6.8a) it follows that p"" € H(dl\r ,12). In view of (6.1), (6.11) implies

V.V.gehqz V-ie::fh

and the proof is complete. 0O

Usually mixed methods for the treatment of the Hellan-Herrmann—Johnson formulation use finite elements
for the moment tensors that are H(dxv §2) nonconforming. This is due to the fact that no simple conformmg
elements are known. The reader will have observed that the equilibrated moment tensors are constructed in
M, N H(dw §2). Thus we bave implicitly an H(dlv £2)-conforming finite element space. We conclude from
the efficienicy considerations in the next section that this finite element (sub)space is sufficiently large.

Remark 6.7. We note that the divergence of a tensor was defined row-wise in (3.4). If we had chosen a column-
wise definition, then we would have obtained the transposed tensor pe"' of the result (6.8). It follows that also

e" Te H(dxv 2)and V-V - peq* = fi. Therefore, we may use a.lso the symmetrical part

g:q,aym - % pcq 4 peq 'I‘)

for computing the term (5.3a) of the error bound, i.e.,
mied = [Dun - proem| . K e T, (6.12)

Since the symmetrical part and the antisymmetrical part of a tensor are L?-orthogonal, it follows that
181 <0y K e Th(). (6.13)

Indeed, numerical results below show that the error bound can be reduced by about 20% in this way.

7. EFFICIENCY OF THE EQUILIBRATED ERROR ESTIMATOR

A residual-type a posteriori error estimator has been derived and analyzed in [35] for the IPDG approximation
of the biharmonic problem. It is based on the Ciarlet-Raviart mixed formulation, and its adaptation to the
Hellan-Hermann-Johnson based IPDG approximation (4.4) reads as follows:

= T @R+ Y (R HeED)+ Y (EDP+eED?), ()
KeTu(R2) EcEn(R) E€&n(92)
where the element residual 73¢* and the edge residuals 93,1 < i < 4, are given by
(n&*)? = hi |If — &%} e, K € Th(02),
(ME3)? = b [np - [VAu]sld 5, E € Ea(R2),
(ME3)* = hg (”ﬂE - [D*up)g nelf g+ Ite - [D?unle nEH(Z),E)’ E € &(92),
(nE3)? = kg |np - [Vurleld g, E € (D),
(nE53)* = hz" |funleldes E € E(). (7.2)



A TWO-ENERGIES PRINCIPLE FOR THE BIHARMONIC EQUATION 2497

A slight generalization of the efficiency estimate from [35] shows
(1) < llu~ unlif 5.0 + 0sci(f). (7.3)
The efficiency of the equilibrated a posteriors error estimator 7,7 follows from (7.3) and the following result.

Lemma 7.1. Let 0y |, K € To(R2), and osci(f) be given by (5.3a) and (5.7), and let nj** be the residual-type
a posteriori error estimator (7.1). Then there holds

3 03807 S (52 + oscR (). (7.4)
KeTu(2)
Proof. Let K € To(2) and E € E,(OK). Due to (6.8a) and (4.11c) we have E‘:lg = ple = {D?up}e -

B onp [Vun)E. Hence,

ng- (__I_)—e: = D2u;,)n5 =ng- ({Dzuh}g - D2uh)n[.; — % ng- [Vuh]s,

tg - (pe’:’ - D21zh)ng =tg - ({Dz’uh}E - Dzuh)nE.

It follows that

1 a
5 lng . [Dz‘uh]g tlEl + h_:; InE . [Vuhlgl, Ee 8},(0)
Ing - (- D*up)ng| < (7.52)
-:—; InE . [V’uh]gl, Ee Sh(l‘),

1
§ ltE . {Dzuh]g nE], Ee gh(f))

|te - (p°? — D*un)ng| < (7.5b)
0, E€ & ().
Moreover, in view of (6.11) and (6.8¢) we have
v. (g‘: — D) = P -V - D?uy, (7.62)
/ (2, - 2{) - curl(bxg)dz =0, g€ P s(K), 1<i<2. (7.6b)
K
Observing (7.5) and (7.6) we apply Lemma 6.4 to g‘: ~ D%y, € sz"z, recall (7.2) and obtain
2
«
Ip*? — D*unllf x S bk 11857~ V- DPunlf e+ D 72 Inz- [Vunlelfe
. E€&n(9K)
& > he (Ing - [D*usls neld 5+ it - [DPusls nEi!%,E)
E€&(0K\(BKNI))
Sh N =V -Dulg e+ Y D+ > 0EYE (7.7)
E€£,(2K) E€E,(OK\(9KNI)

Now we turn to the estimation of ﬁ" — V- D%uy,. In view of (6.5a) and (4.11d), for E € &,(OK) we have
¥, = Q1% = {D*um}e + 53 Q7 1 ([unle) and

ng- (ﬁq -V Dﬁuh) =ng- ({V . DZUh}E -V Dzuh) + :—:Qf_l([uh}g),
E
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where QF | stands for the L?-projection onto P;—;(E}. Noting that V¥ - D?%u;, = V. Auy, we obtain

3 e [V dulel + 21O, (uala)l, £ € 65(0)
g (@) - V- DPus)i < o (7.8)
h—giQf_lauh}E)l, E € Eu(D).

Moreover, taking (6.1) and (6.5¢) into account, it holds
V(4] - V- D?up) = fr — A%y in K, (7.9a)
/ (%~ V - D?uy) - curl(beq)dz =0, g € Po_s(K). (7.9b)
e

Due to (7.8) and (7.9a), (7.9b), an application of Lemma 6.1 to 9;¢ — V - D?uy, € Pe—1(K)? yields

2
. ; ) « )
457 — V- Dunl§ < ik Ifn—A%unld x + > he Ing- [VAmlElf e+ > h—;ll [unl= 3,5
E€&,(8K\(8KNT)) Ecg,(8Ky E
(7.10)

Using the local quasi-uniformity once more, we have hg ~ hy for E € £,(OK) and estimate the bounds above
in terms of the residual estimators (7.2)

Rl = V- DPunld i SO +RNF = falld + > (gD + > (ED*
EcEn(OK) EeEa(8K\(BKNY))
We insert this bound into (7.7), sum over all K € 7,(f2), and the proof is complete. O

Theorem 7.2. Let u € HZ(12) be the solution of the biharmonic problem (3.1), and let up € Vi be the IPDG
approzimation. Moreover, let n;'(‘{i,nfg?_i,} <1 <2, and oscp(f) be given by (5.3a)—(5.3c) and (5.7). Then there
exists a constant C > 0 depending on the polynomial degree k, the local geometry of the triangulation, and on
the penalty parameters ¢;,1 <1 < 2, such that

> (R DY) + Y (8P4 0E) <€ (lu—valdag +osi(). (1)
KeTh{2) BeEn(fY)
Proof. The asscrtion follows directly from (5.13), (7.3), and (7.4). &

Since the residual a posteriori error estimator is known to be efficient [35], the error bounds from the two-
energies principle are also efficient.

8. NUMERICAL RESULTS

We provide a detailed documentation of the performance of the adaptive IPDG method for an illustrative
example taken from [36] which has also been used in [20].

Example 8.1. We choose £2 as the L-shaped domain £2 := (—1,+1)2\ ([0,1) % (—1,0]) and choose f in (3.1a)
such that

u(r, @) = (1"2 cos? p — 1) : (1‘2 sin® p — 1) : ri*z g(p) (8.1)
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is the exact solution of the biharmonic boundary-value problem (3.1), where

9(p) == (z i 7 sin 3(z —2- Dr - i 7 sin 3(z -iz- 1)71’) (cos((z ~ 1)) — cos((z + 1)¢))
- (z i 7 sin{(z —1)o) — - i 7 sin((z+ 1)99)) (cos 3(*’; DT _ s 3G ;— 1)7r> ,

and z ~ 0.54448 is a non-characteristic root of sin®(32%) = 2%sin?(3z).

The penalty parameters have been chosen as oy := 12.5 (k + 1)? and oy := 2.5 (k + 1)8.
We make use of the notation

1/2
Tena ==( > (eanF )+ e ] (8.2a)
E€&y ()
1/2
mi= Y %) +18. (8.2b)
KeT,(02)
1/2
= 3 )] A0 (8.2¢)
KET ()

where 7{} has been defined in (6.12). Note that the re-definition of 1’ in (8.2b) differs from (5.8) in so far as
we have omitted the second term of the right-hand side in (5.8) because according to (5.13) it can be estimated
from above by the third term.

The realization of the adaptive refinement is taken care of by the well-known Déorfler marking {26]: a bulk
parameter 8 € (0, 1] is fixed and we choose a set M; C T5(£2) of elements and a set Mz C £,(f2) such that it
holds

172 1/2 1/2
9 (Z (3, 2) +nfa| < ( > (R, "’) +( > (al(nzf{l)%az(nz‘{z)?)) . (83)

KEeT\ (1) KeM; KeM,
If we use (8.2¢) instead of (8.2b), i, in (8.3) is replaced by njly. The actual refinement is done by newest
vertex bisection.
For polynomial degree 2 < k < 5 and bulk parameters § = 1.0 (uniform refinement), § = 0.7, and 6 = 0.3
Figures 1-4 display

o the global discretization error u — uy, in the mesh-dependent IPDG-norm | - [|2,5,2 (top left) and the error
estimator 7,7 (top right) as a function of the total number of degrees of freedom (dofs) on a logarithmic
scale,

e the associated effectivity index n;7/||u — up|l2,n,2 (bottom left),

e the adaptively generated mesh (6 = 0.7) at refinement level 7 for k = 2, level 9 for k = 3, level 11 for k = 4,
and level 13 for k = 5 (bottom right).

The exact solution u has a singularity at the origin and satisfies u € H3(2)NH3/3-¢(2) for any £ > 0 (cf. [36]).
Hence, in case of uniform refinement (6 = 1.0) the optimal convergence rate is |ju — unfl2.n.0 = O(h?/3~%) =
O(N—1/3+€/2) N = card(Nyn(f2)), which is what we basically observe for 2 < k < 5. If the exact solution were
smooth, e.g., u € H3(2) N H*(2),s > k + 1, we would have [|u — up]la,n,0 = O(h*¥1) = O(N-(-1/2) e
O(N~12) for k = 2, O(N~!) for k = 3, O(N~%2) for k = 4, and O(N~2) for k = 5. In case of adaptive
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TABLE 1. Results for £k = 3 and 6 = 0.3.

level # dofs |lu—usflznn U n? N5 o effectivity

0 240 6.78 x 10° 250 x 10 2.04x 10'  3.06 x 10° 3.69
2 640 4.23 x 10° 1.16 x 101 9.85»10°  1.77 x 10° 2.74
4 940 2.13 x 10° 7.75x10°  6.41x10° 1.19x10° 3.64
6
8

1520 160 x 10°  5.56 x 10°  4.61 x 10° 7.93 x 10~} 3.48

2380 1.06 x 10° 371 x10° 3.06x10° 4.77x 107} 3.51
10 4360 | 6.39x107' 22T x10° 1.86x10° 2.84x 107! 3.55
12 7340 | 349x107'  1.17x10° 967x 107! 147x 107! 3.35
14 12210 | 214x107'  7.16x 107! 5.89x 10! 8.83 x 10~2 3.35
16 19380 | 1.35x 107! 434x107' 357x107! 543x 1072 3.20
18 31190 | 837x1072 264x107' 218x 107! 3.23 x 1072 3.16
20 54040 | 531x1072 162x10"' 1.33x107! 1.96x 1072 3.04

refinement, we see such rates asymptotically for k = 2 and k = 5, but slightly lower rates for k = 3. For k = 4
the numerically observed rates are lower due to the occurrence of roundoff errors for # DOFs > 10%.

As far as the adaptive refinement is concerned, we observe a significant refinement in a vicinity of the reentrant
corner where the solution has a singularity and some refinement in regions near the upper and left boundary
segments of the computational domain where second derivatives of the solution have local peaks. As expected,
the refinement is less pronounced for higher polynomial degree k. Moreover, for k = 2 the beneficial effect of
adaptive refinement sets in for a total number of DOFs (# DOFs) exceeding 10%, whereas for 3 < k < 5 it
occurs for # DOFs ~ 10® and is much more pronounced than for k& = 2. The effectivity index is between 2.0
and 4.5 for all polynomial degrees 2 < k < 5.

We note that the computation of the equilibrated moment tensor is ill-conditioned. The condition number
deteriorates significantly with decreasing mesh size and increasing polynomial degree k. For k = 4 and k = 5,
Figures 3 and 4 only display the results up to refinement levels before roundoff errors have an influence on the
numerical results.

Table 1 lists results of the computation for £ = 3 and @ = 0.3 and addresses certain components of the error
estimator 7;?. By using the symmetrical part nj”° (cf. (8.2c)) as suggested in Remark 6.7, the error bounds and
therefore also the associated effectivity indices 7;"*/||u — up||2,5,52 can be reduced by 15 to 20 %. The weighted
edge-related terms as given by 7z, , contribute only about 12 — 15% to the overall error estimator.
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