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Abstract

In this paper we present the a priori and a posteriori error analyses of a non-standard mixed
finite element method for the linear elasticity problem with non-homogeneous Dirichlet boundary
conditions. More precisely, the approach introduced here is based on a simplified interpretation of
the pseudostress-displacement formulation originally proposed in ARNOLD, D.N. AND FALK, R.S.,
A new mized formulation for elasticity. Numer. Math. 53 (1988), no. 1-2, 13-30, which does not
require symmetric tensor spaces in the finite element discretization. In addition, physical quantities
such as the stress, the strain tensor of small deformations, and the rotation , are computed through a
simple postprocessing in terms of the pseudostress variable. Furthermore, we also introduce a second
element-by-element postprocessing formula for the stress, which yields an optimally convergent
approximation of this unknown with respect to the broken H(div)-norm. We apply the classical
Babuska-Brezzi theory to prove that the corresponding continuous and discrete schemes are well-
posed. In particular, Raviart-Thomas spaces of order k& > 0 for the pseudostress and piecewise
polynomials of degree < k for the displacement can be utilized. Moreover, we remark that in
the 3D case the number of unknowns behaves approximately as 9 times the number of elements
(tetrahedra) of the triangulation when k& = 0. This factor increases to 12.5 when one uses the
classical PEERS. Next, we derive a reliable and efficient residual-based a posteriori error estimator
for the mixed finite element scheme in the case of convex polyhedral domains. Finally, several
numerical results illustrating the performance of the method, confirming the theoretical properties
of the estimator, and showing the expected behaviour of the associated adaptive algorithm, even
for some examples not fully covered by the theory, are provided.
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3D high-order approximations
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1 Introduction

The introduction of further unknowns of physical interest, such as stresses, rotations, and tractions,
and the need of locking-free numerical schemes when the corresponding Poisson ratio approaches 1/2,
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have historically been the main reasons for the utilization of dual-mixed variational formulations and
their associated mixed finite element methods to solve elasticity problems. The incompressible case can
also be easily handled with this kind of formulations since the constants appearing in the stability and a
priori error estimates do not depend on the unbounded Lamé parameter. Consequently, the derivation
of appropriate finite element subspaces yielding corresponding well-posed Galerkin schemes has been
extensively studied in the last three decades at least, and important early contributions with weakly
imposed symmetry for the stress, which include the classical PEERS element and related approaches,
were provided in [5], [44], and [45], to name a few. However, since the appearing of those first works,
the main challenge in this direction has been the development of mixed finite element methods that
incorporate the symmetry of the stress into the definition of the respective continuous and discrete
spaces. Indeed, it was only until one decade ago that new stable mixed finite element methods for
linear elasticity in 2D and 3D, including both strong symmetry and weakly imposed symmetry for the
stresses, were derived using the finite element exterior calculus, a quite abstract framework involving
several sophisticated mathematical tools (see, e.g. [8], [9], [10], [11]). In fact, the first elements
using polynomial shape-functions that are known to be stable for the symmetric stress-displacement
formulation in 2D are the ones provided in [11]. The corresponding lowest order element consists
of piecewise cubic polynomials for the stress, with 24 degrees of freedom per triangle, and piecewise
linear functions for the displacement. The 3D analogue of this element, which considers piecewise
quartic stresses with 162 degrees of freedom per tetrahedron, and piecewise linear displacements, was
proposed in [1]. In turn, the stable elements with a weak symmetry condition for the stresses have been
constructed in [8] and [10], and simpler proofs of some of the main results obtained there, which are
based on the use of stable Stokes elements and interpolation operators that keep the reduced symmetry,
were provided in [13]. The resulting element with the lowest polynomial degrees consists of piecewise
linear approximations for the stress and piecewise constants functions for both the displacement and
rotation unknowns.

On the other hand, an alternative way of dealing with dual-mixed variational formulations in
continuum mechanics, without the need of imposing neither strong nor weak symmetry of the stresses,
is given by the utilization of pseudostress-based approaches. In fact, this technique, which has become
very popular, specially in fluid mechanics, has gained considerable attention in recent years due to its
applicability to diverse linear as well as nonlinear problems. In particular, the velocity-pseudostress
formulation of the Stokes equations was first studied in [15], and then reconsidered in [36], where further
results, including the eventual incorporation of the pressure unknown and an associated a posteriori
error analysis, were provided. In turn, augmented mixed finite element methods for pseudostress-based
formulations of the stationary Stokes equations, which extend analogue results for linear elasticity
problems (see [29], [30], [34]), were introduced and analyzed in [27]. Furthermore, the velocity-
pressure-pseudostress formulation has also been applied to nonlinear Stokes problems. In particular, a
new mixed finite element method for a class of models arising in quasi-Newtonian fluids, was introduced
in [33]. The results in [33] were extended in [25] to a setting in reflexive Banach spaces, thus allowing
other nonlinear models such as the Carreau law for viscoplastic flows. Moreover, the dual-mixed
approach from [33] and [25] was reformulated in [39] by restricting the space for the velocity gradient
to that of trace-free tensors. For related contributions dealing with pseudostress-based formulations
in incompressible flows, we refer to [26], [35], and the references therein. In turn, the corresponding
extension to the Navier-Stokes equations has been developed in [16] and [17]. More recently, a new
dual-mixed method for the aforementioned problem, in which the main unknowns are given by the
velocity, its gradient, and a modified nonlinear pseudostress tensor linking the usual stress and the
convective term, has been proposed in [40]. The idea from [40] has been modified in [19] through the
introduction of a nonlinear pseudostress tensor linking now the pseudostress (instead of the stress)
and the convective term, which, together with the velocity, constitute the only unknowns. Lately, the



approach from [19] has been further extended in [24] and [18], where new augmented mixed-primal
formulations for the stationary Boussinesq problem and the Navier-Stokes equations with variable
viscosity, respectively, have been proposed and analyzed.

In spite of the many aforedescribed works, it is quite surprising to realize that almost no contri-
bution is available in the literature on the use of pseudostress-based formulations for the elasticity
problem. Indeed, the search in MathScinet under the title words “pseudostress” and “elasticity” yields
no results at all. Actually, up to the authors’ knowledge, the only paper referring to this issue is [7],
where a modified Hellinger-Reissner principle is employed to derive a new mixed variational formu-
lation for the equations of linear elasticity. The resulting approach yields a pseudostress unknown
defined in terms of the gradient of the displacement field, but depending also on a parameter to be
chosen conveniently.

In the present paper we modify the approach from [7] by realizing that, under a suitable rewriting of
the equilibrium equation, one can define a simpler pseudostress unknown in terms again of the gradient
of the displacement field, but independent of any additional parameter. In addition, we introduce
an element-by-element postprocessing formula for the symmetric stress, which yields an optimally
convergent approximation of this unknown with respect to the broken H(div)-norm. Moreover, a
reliable and efficient residual-based a posteriori error estimator for the mixed finite element scheme is
also derived in the case of convex polyhedral domains. The rest of this paper is organized as follows.
In Section 2 we describe the linear elasticity problem with non-homogeneous Dirichlet boundary
conditions, derive its pseudostress-based dual-mixed formulation, and then show that it is well-posed.
In Section 3 we introduce and analyze the associated mixed finite element method. In particular, we
show that Raviart-Thomas spaces of order k& > 0 for the pseudostress and piecewise polynomials of
degree < k for the displacement can be employed, which, in the 3D case, yields a global number of
unknowns behaving approximately as only 9 times the number of tetrahedra of the triangulation when
k = 0. Next, a reliable and efficient residual-based a posteriori error estimator is developed in Section 4
for convex polyhedral domains in 3D. Finally, several numerical results showing the good performance
of the mixed finite element method, confirming the reliability and efficiency of the estimator, and
illustrating the expected behaviour of the associated adaptive algorithm, even for some examples in
non-convex domains, are reported in Section 5.

We end this section with some notations to be used below. Given n € {2,3}, we denote R™*™ the
space of square matrices of order n with real entries, I := (d;;) is the identity matrix of R"*", and for
any T := (755), ¢ := () € R™", we write as usual

n

n
1
T = (70), tr(r) := Zm, 74 = 7~ ﬁtr(r) I, and T:( = Z 7i5Gijs
=1 i,0=1
which corresponds, respectively, to the transpose, the trace, the deviator tensor of a tensor 7, and the
tensorial product between 7 and ¢. In turn, in what follows we utilize standard simplified terminology
for Sobolev spaces and norms. In particular, if O C R” is a domain, S C R" is an open or closed

Lipschitz curve if n = 2 (resp. surface if n = 3), and r € R, we set
H"(0) := [H"(O)]", H(0) := [H"(O)]"™", and H'(S) := [H"(S)]".

However, when r = 0 we usually write L2(0), L?(0), and L?(S) instead of H(O), H°(O), and H%(S),
respectively. The corresponding norms are denoted by || - ||.,0 (for H"(O), H"(O), and H"(0O)) and
|- |lrs (for H"(S) and H"(S)). In general, given any Hilbert space H, we use H and H to denote H"
and H™*"™, respectively. In addition, (-, -)s stands for the usual duality pairing between H -1/ 2(8S) and
H'Y2(S), and H~/2(8S) and H/?(S). Furthermore, with div denoting the usual divergence operator,
the Hilbert space

H(div; 0) := {w € L*(0) : div(w) € L*(O)},



is standard in the realm of mixed problems (see [14], [37]). The space of matrix valued functions whose
rows belong to H(div; O) will be denoted H(div; O), where div stands for the action of div along each
row of a tensor. The Hilbert norms of H(div; O) and H(div; O) are denoted by || - [|aiv:0 and || - ||aiv:0;
respectively. Note that if 7 € H(div; O), then div(r) € L?(0) and also 7n € H~Y/2(90O), where n
denotes the outward unit vector normal to the boundary 0. Finally, we employ 0 to denote a generic
null vector (including the null functional and operator), and use C' and ¢, with or without subscripts,
bars, tildes or hats, to denote generic constants independent of the discretization parameters, which
may take different values at different places.

2 The pseudostress-displacement formulation

2.1 The elasticity problem

Let © be a bounded and simply connected polyhedral domain in R", n € {2,3}, and T" := 99 the
boundary of 2. Our goal is to determine the displacement u and stress tensor o of a linear elastic
material occupying the region Q. In other words, given a volume force f € L?(Q2) and a Dirichlet
datum g € H'/2(T"), we seek a symmetric tensor field o and a vector field u such that

o = 2ue(u) + Atr(e(u))I in Q,
(2.1)
divi(e) = —f in Q, and u =g on T,

where e(u) := 3(Vu+ (Vu)*) is the strain tensor of small deformations, and A, u > 0 denote the
corresponding Lamé constants. Next, from

div(e) = 2udiv(e(u)) + AVdiv(u), and div(e(u)) = %Au + % Vdiv(u),

we deduce that
div(e) = pAu+ (A + p) Vdiv(ua).

Consequently, the formulation in displacement of (2.1) reduces to: Find u such that
pwAu + A+ p)Vdiv(u) = —f in Q,
u=g on [.
Now, we define the non-symmetric pseudostress as the tensor
p = pVu + (A4 p)div(u)l
or (since div(u) = tr(Vu)), equivalently
p = pVu + (A4 p)tr(Vu)l.

In this way, using that div(p) = div(o), we can rewrite (2.1) as: Find the pseudostress p and the
displacement u such that

p=nuvVu + A+p)tr(Va)l in Q,
(2.2)
div(p) = —f in Q, and u =g on T.



Furthermore, we find from the first equation of (2.2) that

tr(Vu) = Mtr(p), (2.3)

which implies that the constitutive equation of (2.2) can also be established as
1 A+
-+ Iy = .
{p nA+(n+1)p t(p) } Vu

Hence, the new formulation of the problem (2.1) is given by: Find (p,u) such that

1{ A

7

trp]I} = Vu in Q,
I )1 (o)

P AT (n+1
div(jp) = —f in Q, and uw =g on I.

2.2 The dual-mixed variational formulation

Multiplying the first equation in (2.4) by 7 € H(div;(2), integrating by parts in €2, and using the
Dirichlet boundary condition, we obtain

1 T anal r r(T u-div(t) = (™Tn
u/szp' u(nA+(n+1)u)/Qt(”)t( ) +/Q div(r) = (rn,g)r,

which together with the equilibrium equation (second equation in (2.4)) tested against v € L2(Q),
yields the variational formulation of (2.4) given by: Find (p,u) € H x Q such that

a(p,7) + b(r,u) = F(1) VreH,
(2.5)
blp,v) = G(v) VveQq,

where H := H(div; ), Q := L?(2), the bilinear forms a : Hx H — R and b: H x Q — R are defined
by

-1 LT — At p r(€) tr(r T
aler) = - [gr— ot [ g u(r) Ve e B (2.6
b(t,v) = /V'diV(T) VreH, VveQ, (2.7)
Q

and the functionals F' € H' and G € Q' are given by

F(r):=(rn,g)r and G(v):= —/ﬂf V.

We noted from (2.6) that

1

BT = T e W

/ tr(r) Ve, (2.8)
Q

and from (2.7) that



1

Moreover, replacing € = €% + — tr(&) I in (2.6), and using that £ : 7 = € : 79, and that tr(¢%) = 0,
n

for all £ € L?(2), we arrive at the following equivalent expression for the bilinear form a

1
nA+(n+1)u)

1 d'Td T r\7T T
a(g,T):M/Qg. o /Qt(g)t() VETEH. (2.10)

The convenience of writing a in the form (2.10) will become clear later on when we analyze the
solvability of (2.5).

We now define Hy := {7 € H(div;Q) : [, tr(7) =0} and note that H = Hy & RI, that is for any

7 € H there exist unique 79 € Hp and d := o) tr(7) € R, where || denotes the measure of €2,
n Q

such that 7 = 79 + dI. In particular, taking 7 = I in the first equation of (2.5), we deduce that

[ to) = A+ 1) [ g,

T

which yields p = py + cI, with p, € Hy and the constant ¢ given explicitly by

[
¢ = ] /Fg : (2.11)

In this way, replacing p by the expression py + ¢l in (2.5), with the bilinear form a given by (2.10),
applying the identities (2.8) and (2.9), using that p® = pd and div(p) = div(p,), and denoting
from now on the remaining unknown p, € Hjy simply by p, we find that the dual-mixed variational
formulation (2.5) is equivalent to the following saddle point problem: Find (p,u) € Hy x Q such that

a(p,7) + b(r,u) = F(1) vV 1T e Hp,
(2.12)
bp,v) = G(v) VveQ.

Lemma 2.1 Problems (2.5) and (2.12) are equivalent in the following sense:

i) If (p,u) € H x Q is a solution of (2.5), and p = py + cl, with p, € Hy and ¢ € R, then
(pg,u) € Hy x Q is a solution of (2.12).

ii) If (pg,u) € Hy x Q is a solution of (2.12), and p = py + cl, with ¢ given by (2.11), then
(p,u) € H x Q is a solution of (2.5).

Proof. Let (p,u) € H x Q a solution of (2.5), such that p = p, + ¢, with p, € Hp and ¢ € R. Then
from the first equation of (2.5) we have

a(pg, ) + b(r,u) = F(r) — ca(l,7) VTeH,
which using (2.8), yields
a(pg, ) + b(T,u) = F(1) VreH.
In turn, from the second equation of (2.5) we can write
b(pg,v) + cb(,v) = G(v) Vv eQ,
which according to (2.9), gives
b(pg,v) = G(v) Vv eQ,



and hence (pg,u) € Hy x Q is a solution of (2.12). Conversely, let (py,u) € Hy x Q be a solution of
(2.12), and set p := py + cI, with ¢ given by (2.11). Then, given 7 = 79 + dI € H, with 7 € Hy and
d € R, we deduce

alp, ) + b(r,u) = a(py,T0) + b(70,u) + da(l,cl) = F(ro) + d /Fg-n
= F(r9) + dF() = F(1).
On the other hand, using (2.9) we deduce
b(p,v) = b(py,v) + cb(l,v) = G(v) VveQ,

which shows that (p,u) € H x Q is a solution of (2.5). O

Furthermore, according to the new meaning of p, we deduce from (2.4) and (2.11) that the con-
stitutive equation in (2.4) now becomes

1 A+ p 1 / .
“Ap——2TE  gp)I — [gnll = Q
u{” Wt () } * {nm L8 “} vu in £,

whereas the equilibrium equation remains the same, that is
div(p) = —f in Q. (2.13)

At this point we remark that the stress o can be expressed in terms of the pseudostress p and
displacement u as

o=p+p° — (A+2p)tr(Vu)l,
whence using the identity (2.3) we can calculate the symmetric stress tensor field in terms of the
pseudostress p by
A+2u
o = + p* - ——— 1 tr(p)l.
prp {n)\+(n+1)u} (p)

In addition, other physical quantities of interest such as the strain tensor of small deformations e(u)
and the rotation 7 := 3(Vu — (Vu)*), can be computed in terms of the pseudostress p by

1

e(u) = {p + o -

2N+ p) 1 .
o )Mtr(p)ﬂ}, and v = @(p—p),

nA+ (n+1
respectively. On the other hand, in terms of the Hy-component of pseudostress, the stress is given by

A+ 2p n)\+2u/
= o —Tt - . I. 2.14
7 ptp <n)\+(n+1)u (p) n|Q| Fg " (2.14)

2.3 Analysis of the dual-mixed formulation

In this section we show the well-posedness of (2.12) by using the classical Babuska-Brezzi theory (see,
e.g., [14, 31]). The following lemma will be required.

Lemma 2.2 There exists c1 > 0, depending only on Q, such that

alrllie < IT5e + Idiv(T)llie V7 € Ho. (2.15)



Proof. It is analogous to the corresponding proof for the two-dimensional case (see [6, Lemma 3.1]
or [14, Proposition 3.1 of Chapter IV]). O

We note that, the inequality (2.15), being valid only in Hy, explains the need of replacing (2.5) by
the variational formulation (2.12). Thus, the following theorem provides the well-posedness of (2.12).

Theorem 2.1 Assume that f € L2(Q) and g € H/2(T'). Then, there exists a unique solution (p,u) €
Hy x Q to (2.12). In addition, there exists co > 0, independent of A, such that

Ipllave + Talloe < e {Ifloo + lelyzr}-

Proof. It suffices to chek that the bilinear forms a and b satisfy the hypotheses of the Babuska-Brezzi
theory. The proof is similar to that of [36, Theorem 2.1]. For sake of completeness we now provide
the details. We first observe from (2.6) and (2.7) that a and b are bounded with |ja| = % and ||b]| =1,

A

respectively. In fact, applying the Cauchy-Schwarz inequality and using that - —i(—nlin < 1 for all
SA+ "
2 2

n > 2, we find, from definition of bilinear form a (cf. (2.6)), that

1 A+
aenl = |5 [ e —— o [ a@uin
o T (a5 o

IN

1 1
—l€llo.allTllo.o + =—Itr(&)lo.alltr(T) 0.0
MH lo.all7]| 2#” Elloalltr(m)]l

9 9
< EHEIIO,QHTHO,Q < ;HﬁHdiv;QHTlldiv;ﬁ V&, 7 e Hy.

Analogously, applying the Cauchy-Schwarz inequality, we obtain from definition of bilinear form b (cf.
(2.7)) that

b(T,v)| = < |div(r)

loalvlioe < llaivialvioe V7 cHy, VveQ.

/Q v - div(r)

On the other hand, we deduce that V := {7 € Hp : div(7) = 0} is the null space of b, whence (2.10)
and Lemma 2.2 imply

1 C1
a(t,7) > —|r° — |

C1
3,9 > \7'||3,Q = m HTH%HV;Q VT eV. (2.16)

This shows that a is V-elliptic, with constant « := % independent of the Lamé constant A. Finally,
given v € Q, v # 0, we let z € H}(Q) be the unique weak solution of the auxiliary problem
Az = v in Q, v=0 on I.

Then, we let T be the Hy-component of Vz, which implies div(7) = div(Vz) = v in 2. This shows
that the bounded linear operator div : Hy — Q is surjective, which completes the proof. O

3 The mixed finite element method

In this section, we define explicit finite element subspaces Hp j, of Hy(div;(2), and Qy, of L() such
that the corresponding mixed finite element scheme associated with the continuous formulation (2.12)
is well-posed and stable.



3.1 Preliminaries

Let {77 }1>0 be a regular family of triangulations of the region @ C R” by tetrahedrons T of diameter
hr such that Q = U{T : T € T}, and define h := max{hy : T € T,}. The faces of the tetrahedrons
of T, are denoted by e and their corresponding diameters by h.. Certainly, we are assuming here that
n = 3. In the case n = 2 we just need to replace tetrahedrons by triangles and faces by edges in
what follows. Now, given an integer ¢ > 0 and a subset U of R", we denote by P,(U) the space of
polynomials defined in U of total degree at most £. According to the notation convention given in the
introduction, we denote Py(U) := [Py(U)|™ and Py(U) := [Py(U)]"*"™. Then, for each integer k > 0
and for each T' € T, we define the local Raviart-Thomas space of order k (see, e.g. [14], [42])

RTk(T) = Pk(T) ® Pk(T)X

where x = < :

Tn

) is a generic vector of R™, and let RTy(7;) be the corresponding global space, that
is,
RT,(T;,) = {T € H(div;Q) : (ti1,...,7)5|r € RTR(T) Vie{l,....n}, VT ¢ n}.

We also let Py (7y) be the global space of piecewise polynomials of degree < k, that is

Pu(Th) = {v € LXQ) : vlr € P(T) VT e Th} . (3.1)
We now introduce the following finite element subspaces of Hy, and Q, respectively,
HO,h = RTk('ﬁl) ﬂH()(diV;Q) = {Th S RTk(E) : /tI‘(Th) = 0} s
@ (3.2)
Qn = Pi(Th).

Then, the mixed finite element scheme associated with (2.12) reads : Find (py,,up) € Hyj, x Qp, such
that
a(pp,Th) + b(Th,wp) = (Tpn,g)r VYV 7p €Hop,
(3.3)
b(ph,Vh) = —/f'Vh Vvp€Qp.
Q

We remark at this point that when & = 0 and n = 3 the number of unknowns N involved in (3.3)
behaves approximately as 9 times the number of tetrahedra of the triangulation. In fact, having in
mind that: each row of 75, € RTy(7},) is locally defined by 4 degrees of freedom, most of the sides
of the triangulation belong to 2 tetrahedra each, and each vj, € Py(7y) is locally determined by 3
degrees of freedom, we find that N is asymptotically given by

<4>2<3

In turn, it is easy to show (see, e.g. formulae given in [31, Section 3.3]) that the factor 9 changes
to 39 and 102 when k = 1 and k = 2, respectively. On the other hand, it is important to notice
that the identity (2.14) certainly suggests to approximate the symmetric stress tensor field o by the
postprocessing formula

+ 3) x number of tetrahedra = 9 x number of tetrahedra. (3.4)

A+ 2u n)\+2u/
= (2T g -~ [ g.n) L. 3.5
op Py + Py, (n/\+(n+1)u r(pp,) Q)] Fg n (3.5)

Moreover, in Section 3.3 below we propose a second-step postprocessed approximation of o and
provide the corresponding error estimate.



3.2 Solvability analysis

In order to provide the unique solvability of the Galerkin scheme (3.3), we need to introduce the
Raviart-Thomas interpolation operator (see [14], [42]), &F : HY(Q) — RTy(7x), which, given 7 €
H!(€2), is characterized by the following identities:

/éa,f(T)n~p = /Tn~p V face/edge e € T, Vp € Pile), whenk >0, (3.6)
and
/@“’h :/T:£ VT eT,, VE€P,1(T), when k>1. (3.7)
Then, using (3.6) and (3.7), it is easy to show that
div(&f(r)) = 2}(div(r)), (3.8)

where L@}’f : L2(Q) — Qp is the L2(Q) - orthogonal projector. The interpolation operator éa/f can also
be defined as a bounded linear operator from the larger space H*(2) NH(div; ) into RTy(7},) for all
s € (0,1] (see, e.g. Theorem 3.16 in [38]), and in this case there holds the following interpolation
error estimate

I = &l < Chi{Ilor + ldiv(r)lor} VT € T (3.9)

Furthermore, we need the following approximation properties of the operators e@}j and f,f . It is well
known (see, e.g. [22]) that for each v € H™ (), with 0 < m < k + 1, there holds

v — 2¥V)lor < ChE|Vlmr YT € Th. (3.10)

In addition, the operator &7 satisfies the following approximation properties (see, e.g. [14], [42]): For
each 7 € H™(Q), with 1 <m <k +1,

I7 =&l < ChE|Tlmr VT ET. (3.11)
For each T € H!'(Q2) such that div(7) € H™(Q) , with 0 <m < k + 1,
Idiv(r — & () o < ChY |div(r)lmr YT €T (3.12)
For each 7 € H(Q), where T, is any tetrahedron/triangle of 7;, having e as a face/edge,
lTv — &F(T)vloe < ChY?|Tlir, ¥ face/edge e € Tp. (3.13)

In particular, note that (3.12) follows easily from the property (3.8) and (3.10).

Then, as a consequence of (3.9), (3.10), (3.11), (3.12), (3.13), and the usual interpolation estimates,
we find that Hy; and Qy, satisfy the following approximation properties:

(APY) For each s € (0,k + 1] and for each 7 € H*(2) N Ho(div; Q) with div(7) € H*(Q) there exists
T, € Hp,p, such that

v(r)s0}-

|7 —Thllaive < Ch® {!
(), there exists vj, € Qy, such that

(AP}) For each s € [0,k + 1] and for each v € H?
v =villoe < Cr*|visa-

Next, we establish the unique solvability, stability, and convergence of the Galerkin scheme (3.3) with
the finite element subspaces given by (3.2). We begin with the proof of the discrete inf-sup condition
for the bilinear form b.
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Lemma 3.1 Let Hyj and Qp be given by (3.2). Then, there exists § > 0, independent of h and A,
such that

b(Th, Vi
sup Th, vi) > Blvalloe ¥V vh € Q.
Trefion | Thllaivio
7,70
Proof. See [36, Lemma 3.2]. O

The following theorem establishes the well-posedness of (3.3) and the associated Céa estimate.

Theorem 3.1 The Galerkin scheme (3.3) has a unique solution (py,,up) € Ho p, x Qp,, which satisfies
the corresponding stability and Céa estimates, i.e. there exist positive constants C, C, independent of

h and A, such that
Ion s wllzmaxa < C {lEloe + lgllijar -

and

(o, w) = (pn, wn)lmxq < C inf e, w) = (T4, Vi) loxq - (3.14)
(Thsvh) € Hop X Qp

Proof. Since div(Hp ;) € Qp, we find that the discrete kernel of b is given by
Vi = {Th € Hyp, : b(Th,vi) =0 Vv, € Qh} = {Th € Hyp, : div(7y) =0 in Q} cV,

which, thanks to (2.16), shows that a is strongly coercive in Vj. This fact, Lemma 3.1, and a direct
application of the discrete Babuska-Brezzi theory (see, e.g. [37, Theorem 1.1, Chapter II] or [14,
Theorem I1.1.1]) complete the proof. O

The following theorem provides the theoretical rate of convergence of the Galerkin scheme (3.3),
under suitable regularity assumptions on the exact solution.

Theorem 3.2 Let (p,u) € Hyx Q and (py,, up) € Hy j x Qp, be the unique solutions of the continuous
and discrete formulations (2.12) and (3.3), respectively. Assume that p € H*($2), div(p) € H*(Q2) and
u € H*(2), for some s € (0,k + 1]. Then, there exists C > 0, independent of h, such that

1o w) = (o w)lsgx@ < Ch*{llpllso + divip)lso + fullal-

Proof. It is a straightforward consequence of the Céa estimate (3.14) and the approximation properties
(AP?) and (AP}). O

3.3 A fully postprocessed stress

We end this section by proposing a second-step postprocessed stress and deriving the corresponding
a priori error estimate. To do that, we first observe from (2.14) and (3.5) that there holds

lo—onloe < 2+vn)llp—pullos, (3.15)

which shows that the rate of convergence of ||o — o,]|o.o is the same of ||p — py,|lo,o. Unfortunately,

numerical experiments (cf. Section 5) confirm that the rate of convergence of > |o — opl|%iv.7
TET, ’

is of lower order than Y |lp — ppl|%iv.p- This fact has motivated the construction of a second
TET, ’
approximation for the stress variable o, which has a better rate of convergence in the broken H(div)-

norm. Indeed, we first note that o, gives us a good approximation for o in the L2-norm (cf. (3.15)).
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Hence, the problem lies on the approximation that div (o) implies for div(o). Furthermore, we know
from (2.1) that div(e) = —f, and then we try to approximate div(o},) by —f in each T' € T;,. The
above discussion suggests to define the following postprocessed approximation for o: Given T € Tp,
we find o7, |7 := o}, 7 € RTy(T) such that

* *
(Ohr Th)diviT = /crh;p:Th + /
T

Tdiv(a}:j) ~div(Ty) = /

on:TH — /f-diV(Th), (3.16)
T T

for all T4, € RT(T) := {7 € L*(T) : (Ti1,-..,Tin)*|r € RTR(T) Vi€ {l,...,n}}. It is important

to note that o7, » can be explicitly (and efficiently) calculated for each T' € T}, independently. Moreover,
the following result establishes an estimate for the local error |0 — o7 ;| div:7-

Lemma 3.2 Assume that o|p € HY(T) for each T € Ty,. Then there holds
lo —ohrllawe < llo—oulor + 2lo — &0 lawir. (3.17)
where é”}f:T is the local Raviart-Thomas interpolation operator on T.

Proof. We first notice, using that div(e) = —f in 0, that there holds
(o, Th)divir = /TO' CTE — /Tf'diV(Th) V 1), € RTy(T),
which, using (3.16), implies the error equation:
(o —ohr, Thidivr = /T(O' —oy) T V1R € RTY(T),
and then, adding @@,ﬁT(a) to both sides and rearranging, we find that
(EFp(0) — o r, Th)aivir = /T (0—on):Th + (EFp(0) — 0, Th)aivir ¥ T € RTR(T).

Next, taking 7 := éa,fT(a) — o}, p € RT(T) in the above identity, and applying the Cauchy-Schwarz
inequality, we deduce that

16F () — ok pllavir < llo—owllor + llo—&rp(o)|laivir- (3.18)

Finally, from the triangular inequality we note that
lo = ot rlavir < llo—&ir(@)llavr + [65r(0) = o rllaivrs
which, together with (3.18), yields (3.17) and complete the proof. O
A straightforward consequence of the previous lemma is given by the following global rate of

convergence for oy .

Theorem 3.3 Let (p,u) € Hy x Q and (py,up) € Hyp x Qp, be the unique solutions of the continuous
and discrete formulations (2.12) and (3.3), respectively. In addition, let o be the stress tensor given by
(2.14), and let oy, and o7}, be its discrete approzimations introduced in (3.5) and (3.16), respectively.
Assume that p € H*(Q2), div(p) € H*(Q2), and u € H*(Q), for some s € (0,k + 1]. Then, there exists
C > 0, independent of h, such that

1/2

S llo-oilwr < Ch{lplso + Idivip)lue + fulol}.
TeT),
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Proof. We first observe from (2.14) that the regularity of o depends on the regularity of p. Indeed,
given p € H*(Q), this establish that p* € H*(Q) and tr(p) € H*(Q2), which imply that o € H*(Q).
In addition, from the fact that div(e) = div(p), we deduce that div(e) € H*(Q2). Then, the proof
follows straightforwardly from the estimate (3.17), after summing up over 7' € Ty, using (3.11), (3.12)
and (3.15) together with Theorem 3.2. O

4 A residual-based a posteriori error estimator

In this section we develop a residual-based a posteriori error analysis for the mixed finite element
scheme (3.3) with the subspaces Hyj and Qj defined by (3.2) for n = 3, in the case of convex
polyhedral domains. First we introduce several notations. Given T' € Ty, we let £(T') be the set of its
faces, and let &, be the set of all faces of the triangulation 7. Then, we write &, = E,(Q2) U Ex (D),
where ,(Q) == {e €&, :e CQ} and &y(T) := {e € &, : e CT'}. Also, for each face e € &, we fix a
unit normal to e. In addition, given e € &, (Q) and 7 € L2(Q) such that 7|7 € C(T) on each T' € Ty,
we let [T X n.] be the corresponding jump across e, that is, [T X n.] := (7|7 — 7|77)|e X n, where T
and T” are the elements of 7;, having e as a common face. From now on, when no confusion arises, we
simple write n instead of n.. On the other hand, we recall that the curl of a 3D vector v := (vy, va, v3)
is the 3D vector

Qus vy Qv Ovg Ovy  Ouy
6952 8ac3’ 8353 6951 ’ 81'1 8952 '

curl(v) = Vxv := <_

Then, given a tensor function 7 := (7;;)3x3, the operator curl denotes the operator curl acting along
each row of 7, that is, curl(7) is the 3 x 3 tensor whose rows are given by

curl(ﬁl, 712, 7’13)
curl(t) = curl(7a1, 722, 723)
Curl(Tgl, 732, 7'33)

Also, we denote by 7 x n, the 3 x 3 tensor whose rows are given by the tangential components of each
row of T, that is
(711,712, T13) X N
T Xn = (7’21,7‘22,7’23) X n
(731,732, T33) X N

4.1 The a posteriori error estimator

Given (p,u) € Hyp x Q and (pp,up) € Hpp x Qp be the unique solutions of the continuous and
discrete formulations (2.12) and (3.3), respectively, we define for each T' € T, a local error indicator
O as follows:

A+ p 2

62 = | +div(p,)|is + hZ 3N+ 4p

1
Vllh—{P -
L

1 A+
curl ( — < p, — ——tr(p ]I})
(2 {en- gyt o) .

Bl 2 )]

e€E(T)NER(Q)
13

(o)1 | - g1

0,7

2
+ h%

2

0,e



2

1 A
he {|[Vgxn— (=3 — o F tr(p,)1 I
> {H g <u {ph a4 P }Hg > o

e€E(T)NER(T)

+ IIgUhH%,e} ,

(4.1)

1
@ T 3] /pg " (4.2)

The residual character of each term on the right hand side of (4.1) is quite clear from the continuous
identities provided in Section 2. As usual the expression

0,e

where

1/2

0 =< > 07 (4.3)

T€eTh
is employed as the global residual error estimator.
The following theorem constitutes the main result of this section.

Theorem 4.1 Assume that Q is a convex polyhedral domain and that g € HY(T). In addition, let
(p,u) € Hy x Q and (py,up) € Hyp x Qp, be the unique solutions of (2.12) and (3.3), respectively.
Then, there exist positive constants Cess and Cre1, independent of h and X, such that

Cets 0 + hot. < [[(p,u) = (pp, wn)lloxQ < Crea 0, (4.4)

where h.o.t. stands for one or several terms of higher order.

The proof of Theorem 4.1 is separated into the parts given by the next subsections. Firstly, we
prove the reliability (upper bound in (4.4)) of the global error estimator, and then in Subsection 4.3
we show the efficiency of the global error estimator (lower bound in (4.4)). We remark in advance
that the convexity assumption on €2 is required only for the reliability of 6.

4.2 Reliability
We begin with the following preliminary estimate.

Lemma 4.1 Let (p,u) € HyxQ and (py,,uy) € Hy p x Qp, be the unique solutions of (2.12) and (3.3),
respectively. Then there exists C' > 0, independent of h, such that

E(r .
Cll(p— prru—wllixa < sup 2 4 e 1 divipy)loa. (45)
rety ||7(H,
T#0
where
E(t) = alp—py,7) + b(T,u—uy) VT eH. (4.6)

Proof. We first observe from Theorem 2.1 that the bounded linear operator A : Hyx Q — (Hox Q) =
Hj, x Q’, which is induced by the left-hand side of the equations in (2.12), is an isomorphism. Then
there exists C' > 0 such that

A W)llmy xq = CllEwW)lExq V(W) € HoxQ.

Equivalently

Cll(€,W)|lmxq <  sup a(€, ) + b(T, w) + b(€, V)

(T v) €y xQ (75 v) [l xQ
(T,v)#0

V(&,W) € Hop x Q.
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In particular, for the error (§,w) := (p — pj,,u — uy,), and using the notation introduced by (4.6) we
have

a’(p — Ph> T) + b(T’ u-— uh) + b(p — phvv)

Cli(p—pp.u—up)|lmxq < sup

(T,v)EHo X Q (7 V)|l xQ
(‘I',v);éo
FE blp — E b(p —
§ sup { (T) + (p ph7v>} § sup (T) + sup (p phvv) )
(rwetoxq | [|7]H, Ivilq reiy |Tllm,  vea [Vl
(T,v)#0 7#0 v#0

In turn, according to the definition of the bilinear operator b (cf. (2.7)), and using Cauchy-Schwarz
inequality, and the second equation of (2.5), we get

b(p— pp.v) —/Qv- {f—i— div(ph)}

sup = sup < Hf + diV(ph)Ho,Q )
vea  |[vllq veQ Ivilq
v#0 v#0
which, completes the proof of (4.5). O

Our next goal is to estimate the supremum in (4.5). For this purpose, we now deduce from the
first equations of (2.12) and (3.3) that

E(t) = F(t)—a(pp,7) —b(t,uy) V7T € Hy, and E(rp) =0 V7, € Hyp,

whence, given a particular 7, € Hy p, and denoting 7 := 7 — 75, we can write

~ ~ 1 d . ~d 1 ~ .~
E(r) = E(T) = <Tn,g>p—lu/gph.7' —3(3)\+4ﬂ)/Qtr(ph)tr(T)—/Quh-dlv(T). (4.7)

In this way, estimating the supremum in (4.5) reduces now to bound |E(7)| for a suitable choice of
Ty € Hop (cf. (3.2)). To this end, we will need the Clément interpolation operator I, : H'(Q) — X},
(cf. [23]), where

X, = {UEC(Q) vl € Py(T) VTeTh}.

A vectorial version of I, say I : HY(Q) — X}, := [X},]3, which is defined componentwise by I, is
also required. The following lemma establishes the local approximation properties of Ij.

Lemma 4.2 There exist constants c1,co > 0, independent of h, such that for all v € HY(Q) there
holds

[o = In(v)]

or < ahr|vliam YT €T,

and
v =Th()lloe < c2h?|vl1ae) Y eE&n,

where A(T) :=U{T" €Ty, : T'NT # @} and Ne) :=U{T" €T}, : T'Ne# }.

Proof. See [23]. O

Now we are in conditions to estimate E(T) (cf. (4.7)). To do that, we let 7 € Hy and bound |E(T)|
for a specific T, € Hy 5. More precisely, a Helmholtz decomposition of T suggests to define 7, through

what we call a discrete Helmholtz decomposition. Indeed, let 2y be a convex domain containing 2,
define the function fy € L?(€g) by

£ div(t) in Q
0= 0 in Qq\Q,
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and let z € Hé(QO) be the unique weak solution of the boundary value problem:
Az = f; in Qg, z = 0 on 09.
The corresponding regularity result for elliptic problems implies that z € H?()y) and
|1zll2.0, < Cllfollog, = Clldiv(r)llog-
It follows that Vz|g € H'(Q2), div(Vz) = div(7) in €, and

Vzllo <zl < Cldiv(T)]oq- (4.8)

In addition, since div(T —Vz) = 0 in 2, and  is connected, there exist x; := (xi1, Xi2, Xi3)® € H}(Q),
X

i € {1,2,3}, such that 7 — Vz = curl(x) in , where x := <X;> € H'(£2). Moreover, the potentials
X

3
X; can be chosen so that, thanks to the convexity of  and the estimate provided in [48, Proposition

4.52] (see also [3, Theorems 2.17 and 3.12] for the original reference), there holds
Ixlie < Clitllave, (4.9)

with a positive constant C' independent of 7 and x. Note here that (4.8) and (4.9) constitute the
stability estimates of the continuous Helmholtz decomposition given by the identity 7 = Vz+ curl(x)
in Q. We also remark that inequality (4.9) is the only place of the present a posteriori error analysis
where the convexity of €2 is employed. Nevertheless, we provide below in Section 5 extensive numerical
evidences allowing to conjecture that this might very well be just a technical assumption for the proof
of (4.9) and the consequent reliability of 6.

X
Next, we let x;, := (X;Z), where x5, = In(x;), ¢ € {1,2,3}, and define
X

3h
Th = EF(Vz) + curl(x,) — ¢, (4.10)

where & is the Raviart-Thomas interpolation operator introduced before (cf. (3.6) and (3.7)), and
the constant ¢ is chosen so that 74, which is already in RTy(7), belongs to Hy . Equivalently, 7,
is the Ho-component of £¥(Vz) + curl(x;) € RT (7). According to the aforementioned Helmholtz
decomposition of 7, we refer to (4.10) as a discrete Helmholtz decomposition of 7.

Therefore, we can write
7 = Vz — &F(Vz) + curl(x —x;) + ¢I, (4.11)
which, using the property (3.8), yields
div(7) = div(Vz — &F(Vz)) = (I—- 28 (div(Vz)) = (I - 2F)(div(r)). (4.12)

Hence, replacing (4.11) and (4.12) into (4.7), and noting, according to (3.1) and (3.8), that

/uh-div(Vz—éa,f(Vz)) _ /uh-(1—95)<div(r)) _ 0,
Q Q

we find that E(T) (cf. (4.7)) can be decomposed as

E(T) = Ei(z) + Ex(x), (4.13)
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where
Ei(z) == (Vz—&F(Vz)n, g)r — cg/ﬂtr(Vz — &F(V2)
1

— [ phs(Va-h(Va) — g | e (Ve - 6l (va).

and

Ea(x) = {eurl(x — x)m g)r — ¢ /Q tr(eurl(x — X))

1/ 4 I( ) 1
- — :curl(x — - e

with cg givens by (4.2).

/ tr(py,) tr(curl(x — xx)) ;
Q

Furthermore, we note from the definition of p$ and the equality tr(7) = 7 : I, that

Ei(z) = (Vz—&(V2)n,g)r — /

[ <1 {ph _ Mtr(ph)ﬂ} + ch> (Vz—685(Vaz)), (4.14)

I

and

Pabx) = feurttx—xmgr — [ (3o gy T o) T el ) scurlie ). (45

The following two lemmas provide upper bounds for |E;(z)| and |E2(x)|-

Lemma 4.3 There exists C' > 0, independent of X and h, such that

1/2
B@ < 04 Bt Irlave. (4.10
T€Th
where
1 A+ 2
Br = 1 [T (Lo p 0ot rat)| ¢ e wli

0T eccg(T)nEL(T)
Proof. Since Vz € H'(Q), it follows that (Vz — &% (Vz))n|r belongs to L*(I'), whence E1(z) (cf.
(4.14)) can be redefined as:

Ei(z) = Z (Vz — éf(Vz))n g
ec&p(T) €

[ (3o 3 o0t} 1) £ (Va - v,

On the other hand, since up|e € Py(e) for each face e € &, (in particular for each face e € &,(I")), and
Vuy|r € Pi_1(T) for each T' € Ty, the identities (3.6) and (3.7) characterizing &7, yield, respectively,

(4.17)

/(Vz—éﬁ(Vz))n~uh =0 Vee&(I),

e

and

/(Vz—f;’f(Vz)):Vuh—O VT eT.
T
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Hence, introducing the above expressions into (4.17), we can write E}(z) as

-y /VZ—éz 2)n - (g - w)

eégh

£ Gl g o

TeT

Finally, applying the Cauchy-Schwarz inequality, the approximation properties (3.11) (with m = 1)
and (3.13), and then the fact that |Vz||1 o < C|/div(z)|/on, we obtain the upper bound (4.16). O

Lemma 4.4 Assume that g € HY(T'). Then, there exists C > 0, independent of A\ and h, such that
1/2

B:(x)| < C{ Y 63p 7 llaiv:a, (4.18)
TET,

1 At p
1(=p — i
curt ({5 oo 1) )|
1 A
2l = 2R e i
[[(u {ph It dp ) }+cg )Xnﬂ 0

1 A+
Vg xn— (M{ph—3>\+4utr(ph)ﬂ}+cgﬂ> X n

Proof. Using the fact that curl(x — x;,)n = div ((x — xj) X n), and then integrating by parts on
I", we find that

where

2
2 . 12
Oor = hr

2

2

+ > he

e€E(T)NER(T)

0,e

(curl(x — xp)m,g)r = (X —xp VExn)p = Y /x xn) : (Vg xn).

eGEh

Next, integrating by parts on each T € T}, we obtain that

/QG{ph 3114 (ph)ll}+cgﬂ):curl(x—xh)
-x et (3 - o0} ) e
IS .
- [t (2 {o - 3 w0t} e )
i{ph_Mtr(ph)H}Jrch) xnﬂ L (x = Xn)
{ph—Mtr(ph)ﬂ}—i—ch) xn:(x —x)-
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Hence, replacing the above expressions into (4.15), we can write

= _Z/curl< {ph Biiiutr(ph)ﬂ}> (x — xn)

TeTy
At p
- > /[[( { Ph = 33 g tf(Ph)H} +CgH> X nﬂ t (X — xn)
e€&L () H
1 A+
+ Y / Vexn—(=4p,— 3 ()T p +cgl) xn|: (x —xn)-
3A+4u
ec&y(T)
In addition, since x;, := I (x), the approximation properties of I, (cf. Lemma 4.2) yields
Ix = xullor < chrlxlliam VT € T, (4.19)
and
Ix — xulloe < c2h?lxliae  Yee & (4.20)
Thus, applying the Cauchy-Schwarz inequality to each term in the above expression for F3(x), and

making use of the estimate (4.19), (4.20) and (4.9), together with the fact that A(T") and A(e) are
bounded (since {7}~ is shape-regular), we derive the upper bound (4.18). O

Finally, it follows from the decomposition (4.13) of E' and Lemmas 4.3 and 4.4 that
1/2

E(T) < €3 > (6ir+637) ITllaive ¥ 7 € Ho,
TeT;

which, gives an upper bound for the supremum on the right hand side of (4.5) (cf. Lemma 4.1).
In this way, and noting that

If + div(p)le = Y If + div(p,)l5s
TeTh

we conclude from Lemma 4.1 the reliability of 6 (upper bound in (4.4)).

4.3 Efficiency

In this section we prove the efficiency of our a posteriori error estimator 8 (lower bound in (4.4)). In
other words, we derive suitable upper bounds for the six terms defining the local error indicator 9%
(cf. (4.1)). We first notice, using that f = —div(p) in Q, that there holds

If + div(pp)llsr = lIdivie —pp)lisr < o~ Pulldivr - (4.21)

Next, in order to bound the terms involving the mesh parameters hy and h., we proceed similarly as
in [20] and [21] (see also [28]), and apply results ultimately based on inverse inequalities (see [22]) and
the localization technique introduced in [47], which is based on tetrahedron-bubble and face-bubble
functions. To this end, we now introduce further notations and preliminary results. Given T € T}, and
e € E(T), we let pp and 1. be the usual tetrahedron-bubble and face-bubble functions, respectively
(see (1.5) and (1.6) in [47]), which satisfy:

i) Yp € Py(T), supp(¢r) CT, vy =00n 9T, and 0 < ¢pp < 1in T.
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i1) el € P3(T), supp(ve) Cwe :=U{T" € T, : e € E(T")}, Ye =00n IT \ e, and 0 < b < 1 in
We.

We also recall from [46] that, given k& € N U {0}, there exists a linear operator L : C'(e) — C(T) that
satisfies L(p) € Pi(T) and L(p)le = p V p € Pr(e). A corresponding vectorial version of L, that
is the componentwise application of L, is denoted by L. Additional properties of ¥7, ¥, and L are
collected in the following lemma.

Lemma 4.5 Given k € N U {0}, there exist positive constants c1, ca, and c3, depending only on k
and the shape regularity of the triangulations (minimum angle condition), such that for each T € Ty,
and e € E(T), there hold

lal3r < elli’dl3r ¥V aqePy(T), (4.22)
Pl2. < e |0X?pl3. ¥ pePye), (4.23)
and
12 L) < eshellplZ. ¥ p € Pile). (4.24)
Proof. See [46, Lemma 4.1]. O

The following inverse estimate will also be used.

Lemma 4.6 Let ¢{,m € NU{0} such that £ < m. Then, there exists c4 > 0, depending only on k,{,m
and the shape reqularity of the triangulations, such that for each T € Ty there holds

T \ qc Pk(T) . (4.25)

qlmr < cahfT™ g
Proof. See [22, Theorem 3.2.6]. O

In order to bound the boundary term of the local error estimator 0y given by he ||g — uhH%’e,
e € &(I), we will need the following discrete trace inequality.

Lemma 4.7 There exists cs > 0, depending only on the shape regularity of the triangulations, such
that for each T € Ty, and e € E(T'), there holds

lolfe < e {ht 0lBr + helofir} ¥oe HNT). (4.26)
Proof. See [2, Theorem 3.10] or [4, equation (2.4)]. O

Lemma 4.8 Let ¢, € L2(Q) be a piecewise polynomial of degree k > 0 on each T € Tp,. In addition,
let ¢ € L?(Q) be such that curl(¢) = 0 on each T € Tj,. Then, there exists cg > 0, independent of h,
such that

leurl(¢p)llor < eshz 1€ = Cullor VT €Th (4.27)

Proof. We adapt the proof of [12, Lemma 4.3]. Indeed, applying (4.22), integrating by parts, recalling
that ¢ = 0 on 9T, and using the Cauchy-Schwarz inequality, we obtain

leurl(¢)Br < alleicunl¢)Er = @ /T curl(¢), — ¢) - rcurl(¢y)

o,r|[curl(yr curl(¢y,)) o7 -

= o [ (€= ¢) s curltvreul(@y) < el ¢
From the inverse estimate (4.25) and the fact that 0 < ¢ <1, it follows

leurl(yr curl(Cy))llor < Guhyt[Yr curl(Cy)llor < @ hy! [leurl(Cy)lor

where ¢4 depends only on ¢4 (see (4.25)). This proves the lemma with cg := ¢1¢4. O

20



Lemma 4.9 Let ¢, € L2(Q) be a piecewise polynomial of degree k > 0 on each T € Ty, and let
¢ € L%(Q) be such that curl(¢) = 0 in Q. Then, there exists c; > 0, independent of h, such that

I0¢h x n]loe < erh? ¢ = Cullow. Ve €& (4.28)

Proof. We adapt the proof of [12, Lemma 4.4]. Given a face e € &, we denote rj, := [, X n]
the corresponding tangential jump of ;. Then, employing (4.23) and integrating by parts on each
tetrahedron of w,, we obtain

¢ rnlde < lleralde = v L)l = /%L(rh) 2 [¢n x 0]
e

= - weL(rh) M(Ch) + / @(%L(rh)) :Cp -
Next, since [{ x n] = 0, we deduce that
0=~ [ vl sewle) + [ curllvLiz) ¢,

and therefore
GUrl2, < / eL(ry) : curl(¢ — Cp) — / curl($.L(ra)) : (¢ — Cp)
S / GeL(rn) : curl(¢,) — / curl (Y L(ry)) : (¢ — Cp).

We

which, using the Cauchy-Schwarz inequality, yields

ey rnllge < 9eL(en)low.lleurl(¢,)llow, + leurl(@eL(ra))low.lI¢ — ¢n

0,we -

Now, applying Lemma 4.8 to each element of w., and using the fact that hil < h;1, it follows the
existence of a constant ¢g > 0 that depends only on ¢ (see (4.27)) such that

leurl(C)low. < @ hz" 1€ — Callow. - (4.29)

On the other hand, from inverse estimate (4.25) applied to each element of we, there exists a constant
¢4 > 0 that depends only on ¢4 (see (4.25)) such that

leurl(eL(ei)low, < g eL(rn) o, - (4.30)

whereas employing (4.24) and the fact that 0 < ¢, < 1, we deduce that
leL(en)low. < e e/ enflo. (4.31)

Finally (4.28) follows easily from (4.29), (4.30) and (4.31), with ¢y := CQC§/2 max{cy, g} O

We now apply Lemmas 4.8 and 4.9 to bound the other two terms defining 9%. For this purpose,
we define for each T € 7T, the tensors

1 A+

1 .
¢y = M{ph—g)\+4ﬂtr(ph)ﬂ} +cl in T (4.32)

and

1 A+

¢ = u{p_3)\+4u

tr(p)]I} +cl in T, (4.33)
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A+
3A+4u

then, using the triangular inequality, the fact that < 1, and the continuity of 7 — tr(7), we

readily deduce that
4
1€ = Callor < ;Hp—tho,T VT eTh. (4.34)

Lemma 4.10 There exist C1,Co > 0, independent of h and A, such that

1 A+
curl <u {ph — m tr(ph) ]I})

1 A p

— ——t I I
[[(u {ph e }+Cg ) Xnﬂ
Proof. We begin by applying Lemma 4.8 to the tensors (4.32) and (4.33), and then using (4.34), we
obtain (4.35) with C; := %c(;. Analogously, applying Lemma 4.9 to the tensors (4.32) and (4.33), and

then using (4.34), we obtain (4.36) with C := %07. O

2
h < Cillp=pillor YTET (4.35)
0,7

and

2
he < Collo—pala. Veesn(@). (4.36)

0,e

The remaining three terms are bounded next. For this purpose, we will apply Lemmas 4.5, 4.6
and 4.7.

Lemma 4.11 There exists C'5 > 0, independent of h and A, such that for each T € Ty,

1 A+
(=, = 2TE (e T i
Vuy, <M {Ph SN+ 4 r(pp,) }+Cg )

2
2
h

< Oy {lu—wil3r+ 13— prlr}
(4.37)

0,7

Proof. We adapt the proof of [32, Lemma 4.13]. In fact, given T" € Ty, we denote xp := Vuy — ¢},
in T, where ¢}, is given by (4.32). Then, applying (4.22), using that Vu = ¢ in €2, where ¢ is given by
(4.33), and integrating by parts, we find that

rlie < el xalir = @ /T brxr © (Vug — C)
= ¢ /T¢TXT : {V(uh—u)+(C—Ch)}
= {/Tdiv(wTXT)'(u_uh)""/TwTXT: (C—Ch)}-

Then, applying the Cauchy-Schwarz inequality, the inverse estimate (4.25), the fact that 0 < ¢ <1,
and the estimate (4.34), we get

_ _ 4
Ixrlldr < a {(364)1/2 ht lu— o + ;llp - phllo,T} Ixrllor

where ¢4 is a constant that depends only on ¢4 (see (4.25)). Hence,

2
0,7 ( >

where C3 := c? (@ + max {354, g}) is independent of h and A, which completes the proof. O

Whlxrlor < Cs {lln—wilBz+hdlp - oy
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Lemma 4.12 Assume that g is piecewise polynomial. Then, there exists Cy > 0, independent of h
and X, such that for each e € E(T") there holds

1 A+
(VgM{PhMtT(Ph)H}Cgﬂ) Xn

2

he < Cillp—prllar, - (4.38)

0,e

where T, is the tetrahedron of T, having e as a face.

Proof. Given e € &,(T") we denote x, := (Vg—_;) xn on e. Then, applying (4.23) and the extension
operator L : C(e) — C(T'), we obtain that

A

(2),6 = CQHUJ;/QXe

lIXe 376 = c /%Z)e X : {(Vg—¢,) xn}

= Ye L(x.) : {(Vu—¢;) xn}.
oT.

Now, integrating by parts, and using that Vu = ¢ in T, we find that

veL(x.) : {(Vu—¢p) xn} = /T (€ = Cn) s curl(¢e L(x,)) + | curl(Cy) : ¢e Lixe) -

OTe Te

Then, applying the Cauchy-Schwarz inequality, the inverse estimate (4.25) and Lemma 4.8, we deduce
that

IXcllg.e < ealea+co) by 1€ = Callo,r. [¥eL(xe)llor. -
In turn, recalling that 0 < 1, < 1 and using (4.24), we can write

1/2
[Yelxlor. < [0 *Lixollor. < & hlxclor.

which, combined with the foregoing inequality, the fact that h. < hr,, and the estimate (4.34), yield
h || ”2 < E 2 2 . 2
ellXello,e = M262C3(C4 +¢c6)° [l — )l 7, -

This completes the proof of (4.38) with Cy := %0303(04 +c6)?. O

We remark here that if g were not piecewise polynomial but sufficiently smooth, then higher order
terms given by the errors arising from suitable polynomial approximations would appear in (4.4). This
explains the eventual expression h.o.t. in (4.4).

Lemma 4.13 There exists C5 > 0, independent of h and A, such that for each e € E,(I") there holds

hellg = wille < Cs {lu—wilds, + 13 o - pulds} (4.39)
where T, is the tetrahedron of Ty, having e as a face.

Proof. We adapt the proof of [36, Lemma 4.14]. Indeed, applying the discrete trace inequality given
by (4.26) of Lemma 4.7, together with the fact that u = g on I" and Vu = ¢ in 2, we easily obtain
that for each e € &,(T") there holds

lg—wilde = lu-wld, < es {nt = wnlz, +helu—unlis, }
= o {n =il + hellVa = Vil §
< o5 {htlu—wnlldz, +hellS = G+ G — Vunli sz, |

= o5 {hMu =l + 2k {11 = Clr, + IVun — Callir }
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which, using that h. < hr,, gives

hellg = wille < es {lu—wilz, +20% {1~ Calir + IV = Culidr } } -

This estimate, the upper bound given by (4.34), and Lemma 4.11 yield (4.39) with the constant
Cs :=cs5 (203+max{1,?;72 ). O

Finally, the efficiency of 8 follows straightforwardly from the estimate (4.21), together with Lemmas
4.10 throughout 4.13, after summing up over T' € Tp and using that the number of tetrahedra on
each domain w, is bounded by two.

5 Numerical results

In this section, we present some numerical results in R3 illustrating the performance of the mixed
finite element scheme (3.3), confirming the reliability and efficiency of the a posteriori error estimator
0 (cf. (4.3)) analyzed in Section 4, and showing the behaviour of the associated adaptive algorithm. In
all the computations we consider the specific finite element subspaces Hy ;, and Qy, given by (3.2) with
k € {0,1,2}. In addition, similarly as in [27] and [29], the zero integral mean condition for tensors in
the space Hy j, is imposed via a real Lagrange multiplier.

We begin by introducing additional notations. In what follows N stands for the total number of
degrees of freedom (unknowns) of (3.3), which, as proved by (3.4) for £k = 0 (see also [34, Section 4]),
behaves asymptotically as 9 times the number of tetrahedra of each triangulation. This factor increases
to 12.5 when we use the three-dimensional PEERS (see, e.g. [41, Definition 3.1]). In order to confirm
the above factor and those indicated for k£ = 1 and k = 2 right after (3.4), in all the numerical tables
to be displayed below we include a column with the ratio N/m, where m is the number of tetrahedra
of each triangulation. In turn, the individual and total errors of the unknowns pseudostress p and
displacement u are given by

1/2

e(p) == o~ pullaive, o) = [u-wlog, and e(p,u) = {le(p)+[e(w]*}

whereas the effectivity index with respect to 0 is defined by
eff(0) := e(p,u) /0.

Then, we define the experimental rates of convergence

_loslelp)/elp) o losle(w/elw) o los(e(pu)/el(p,u)
A T B e o 7 B I T/

where e and e’ denote the corresponding errors at two consecutive triangulations with mesh sizes h and
B, respectively. However, when the adaptive algorithm is applied (see details below), the expression
log(h/h') appearing in the computation of the above rates is replaced by —% log(N/N'"), where N and
N’, denote the corresponding degrees of freedom of each triangulation. In addition, we also define

1/2
eo(0) = llo —onlon, ea(d) = ¢ Y llo—onldr ;
TET,
1/2
ef(0) = [lo—ohlon, and e (o) = D llo—ohldvr,
TET,
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the corresponding errors of stress o. Hence, similarly as before, we also denote by ro(o), rgiv(o),
ri(o) and rj;, (o), the experimental rates of convergence. Here, o, is the approximation given by
the postprocesing formula (3.5), whereas o7 is introduced in (3.16).

Next, we recall that given the Young modulus F and the Poisson ratio v of an isotropic linear
elastic solid, the corresponding Lamé parameters are defined as
E Ev

o= m and A\ := EDREE R

In the examples we fix £ = 1 and take v € {0.3000, 0.4900,0.4999}, which gives the following values
of i and A:

v 7 A
0.3000 | 0.3846 0.5769
0.4900 | 0.3356 16.4430
0.4999 | 0.3333 | 1666.4444

The cases v = 0.4900 and v = 0.4999 correspond to materials showing nearly incompressible behaviour.

The numerical results presented below were obtained using a C++ code. In turn, the linear sys-
tems were solved using the Conjugate Gradient method as main solver, and the individual errors are
computed on each tetrahedron using a Gaussian quadrature rule. For the adaptive mesh generation,
we use the software TetGen developed in [43]. The three examples to be considered in this section
are described next. Example 1 is employed to illustrate the performance of the mixed finite element
scheme and to confirm the reliability and efficiency of the a posteriori error estimator. Then, Example
2 and 3 are utilized to show the behaviour of the adaptive algorithm associated with 6, which apply
the following procedure from [47]:

1) Start with a coarse mesh Tj,.

2) Solve the discrete problem (3.3) for the actual mesh 7p,.

(1)

(2)

(3) Compute O for each tetrahedron T € Tp,.

(4) Evaluate stopping criterion (6 < given tolerance) and decide to finish or go to next step.
()

5) Use blue-green procedure to refine each T’ € T, whose indicator 67+ satisfies
1
Op > 5 max {6r : T € Tpn}.
(6) Define resulting mesh as actual mesh 7; and go to step 2.

We take the domain  either as the unit cube ]0, 1[?, the L-shaped domain

1-1/2,1/2[ x 0,1[ x ]-1/2,1/2 \ (]0, 1/2] % 10,1[ % ]0,1/2[) ,
or the T-shaped domain
J=1,1] x ]=1,1[ x ]0,1] \ (]—1,—1/3[><]—1,1/2[><]O,1[U]1/3,1[><]—1,1/2[><](),1[>,

and choose f and g so that the Poisson ratio v and the exact solution u are given as follows:
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Example Q v u(zy, 2, x3)

1 Unit cube | 0.4900 (22 + 1) (23 + 1) (23 + 1)emrto2tes [ ]

e”? (3 —0.1) (z1 + 1)% /7
2 L-shaped | 0.3000 e® (z1 +1)%r
—e®2 (21 + 1) (15023 + 25x1 + 10023 — 2025 — 3) / (507)

(xl + 0.38)/7‘1 + (acl — 0.38)/7"2
3 T-shaped | 0.4999 (o —0.45)(1/r1 + 1/79)
(1'3 — 1.05)(1/T1 + 1/7’2)

where r:=+/(z1 — 0.1)2 + (23 — 0.1)2 in Example 2, whereas

r1 = /(21 +0.38)2 + (22 — 0.45)2 + (3 — 1.05)2

and

ry = \/({L‘l — 0.38)2 + (Ig — 0.45)2 + (xg — 1.05)2

in Example 3. Note that the solution of Example 2 is singular at (0.1, x2,0.1), and then we should
expect regions of high gradients around that line, which is the line in the middle corner of the L along
x9-axis. Similarly, the solution of Example 3 is singular at (—0.38,0.45,1.05) and (0.38,0.45, 1.05),
which are the middle corners of the T" with respect the plane x3 = 1.

In Tables 5.1 and 5.2, we summarize the convergence history of the mixed finite element scheme
(3.3) as applied to Example 1, for a sequence of quasi-uniform triangulations (generated as in [34]) of
the domain. We notice there that the rate of convergence O(h**+1) predicted by Theorems 3.2 and 3.3
(when s = k4 1) is attained by all the unknowns. In particular, these results confirm that our new
postprocessed stress o clearly improves in one power the non-satisfactory order provided by the first
approximation o with respect to the broken H(div)-norm. In addition, as observed in the eighth
column of Table 5.1, the convergence of e(u) is a bit faster than expected, which is a special behaviour
of this particular solution u, as it is also mentioned in [34]. We also remark the good behaviour of
the a posteriori error estimator @ in this case. More precisely, in Table 5.1, we see that the effectivity
indices eff(0) remain always bounded above and below, which illustrates the reliability and efficiency
result provided by Theorem 4.1.

Next, in Tables 5.3 - 5.10, we provide the convergence history of the quasi-uniform and adaptive
schemes as applied to Examples 2 and 3. We emphasize here, as announced right before the discrete
Helmbholtz decomposition (4.10), that these two examples consider non-convex domains, which are not
fully covered by the a posteriori error analysis developed in Section 4. In other words, the reliability of
0 is not guaranteed in these cases, at least theoretically. However, the numerical results shown below
are far of being affected by the lack of convexity of the domain, and, on the contrary, they support the
conjecture identifying that requirement as a simple technical assumption. Now, the stopping criterion
in the adaptive refinements is @ < 1.8 (k =0), 8 < 0.6 (k = 1), and 8 < 0.4 (k = 2) for Example 2,
whereas 8 < 4000 (k = 0), 8 < 1200 (k = 1), and 8 < 900 (k = 2) for Example 3. We observe here
that the errors of the adaptive methods decrease faster than those obtained by the quasi-uniform ones.
This fact is better illustrated in Figures 5.1 and 5.4 where we display the errors e(p,u) and ej;, (o) vs.
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R h N N/m [ e(p) ()| ew r(w | elpu) x(p.u) | e£(6)
0.4330 3745 9.753 8.89e+2 —— 3.76e+1 - 8.90e+2 —— 0.2035
0.3464 7201 9.601 7.09e+2 1.01 | 2.6le+1 1.63 | 7.10e+2 1.01 0.1944
0.2887 12313 9.501 5.89e+2 1.02 | 1.92e+1 1.69 | 5.89e+2 1.02 0.1878
0.2474 19405 9.429 5.02e4+2 1.03 | 1.47e+1 1.74 | 5.03e+2 1.03 0.1828
0 | 0.2165 28801 9.375 4.38¢+2 1.03 | 1.16e+1 1.77 | 4.38e+2 1.03 0.1790
0.1925 40825 9.334 3.88e+2 1.03 9.39e-0 1.79 | 3.88e+2 1.03 0.1759
0.1732 55801 9.300 3.48e+2 1.03 7.76e-0 1.81 | 3.48e+2 1.03 0.1735
0.1575 74053 9.273 3.15e+2 1.03 6.52e-0 1.82 | 3.15e+2 1.03 0.1714
0.1443 95905 9.250 2.88e+2 1.03 5.56e-0 1.83 | 2.88e+2 1.03 0.1697
0.1332 121681 9.231 2.65e+2 1.03 4.80e-0 1.84 | 2.65e+2 1.03 0.1683
0.4330 15841 41.253 4.83e+1 —— 1.12e-0 —— 4.84e+1 —— 0.0536
0.3464 30601 40.801 3.09e+1  2.00 6.00e-1 2.80 | 3.09e+1 2.00 0.0523
0.2887 52489 40.501 2.15e+1  2.00 3.59e-1 2.81 | 2.15e+1 2.00 0.0516
1 | 0.2165 123265 40.125 1.21e+1  2.00 1.60e-1 2.81 1.21e+1 2.00 0.0506
0.1925 174961 40.000 9.56e-0 2.00 1.15e-1 2.80 9.56e-0 2.00 0.0503
0.1732 239401 39.900 7.74e-0 2.00 8.59e-2 2.78 7.74e-0 2.00 0.0501
0.1575 317989 39.818 6.40e-0 2.00 6.60e-2 2.76 6.40e-0 2.00 0.0499
0.1443 412129 39.750 5.38e-0 2.00 5.20e-2 2.74 5.38e-0 2.00 0.0497
0.1332 523225 39.692 4.58e-0 2.00 4.19e-2 2.72 4.59e-0 2.00 0.0496
0.4330 40897 106.503 1.89e-0 —— 3.17e-2 —— 1.89e-0 —— 0.0310
0.3464 79201 105.601 9.68e-1 3.00 1.35e-2 3.81 9.68e-1 3.00 0.0304
0.2887 136081 105.001 5.60e-1 3.00 6.77e-3 3.79 5.60e-1 3.00 0.0300
2 | 0.2165 320257 104.250 2.36e-1 2.99 2.31e-3 3.72 2.37e-1 2.99 0.0296
0.1925 454897 104.000 1.67e-1 2.98 1.49e-3 3.69 1.67e-1 2.98 0.0296
0.1732 622801 103.800 1.22e-1 2.95 1.02e-3 3.64 1.22e-1 2.95 0.0296
0.1575 827641 103.636 9.19e-2 2.98 7.20e-4 3.64 9.19e-2 2.98 0.0296
0.1443 1073089 103.500 7.09e-2 2.98 5.25e-4 3.63 7.09e-2 2.98 0.0293
0.1332 1362817 103.385 5.57e-2 3.01 3.93e-4 3.61 5.57e-2 3.01 0.0293

Table 5.1: Example 1, quasi-uniform scheme.

the degrees of freedom N for both refinements. In addition, the effectivity indices remain also bounded
from above and below, which confirms the reliability and efficiency of @ for the associated adaptive
algorithm as well. Some intermediate meshes obtained with this procedure are displayed in Figures
5.2 and 5.5. Notice here that the adapted meshes concentrate the refinements around the line (0, z2,0)
in Example 2, and around the points (—1/3,1/2,1) and (1/3,1/2,1) in Example 3, which means that
the method is able to recognize the regions with high gradients of the solutions. Finally, in Figures
5.3 and 5.6, we display iso-surfaces for some components of the pseudostress p;,, the displacement uy,
and the stress tensor o, (or 7)), for both examples.
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log( e(p,u) )

0.5

25 3

k h N eo(o) ro(o) | ediv(o) raiv(e) | ef(o)  r5(o) | eawlo) riiv(o)
0.4330 3745 6.44e+2 —— 1.80e+3 —— 6.08e+2 —— 9.34e+2 —_
0.3464 7201 5.22e+2 0.94 1.71e+3 0.23 4.93e+2 0.94 7.52e+2 0.97
0.2887 12313 4.37e+2 0.97 1.66e+3 0.17 4.13e+2 0.97 6.28¢e+2 0.99

0 | 0.2165 28801 3.29e+2 1.00 1.60e+3 0.10 3.11e+2 1.00 4.72e+2 1.00
0.1732 55801 2.62e+2 1.01 1.58e+3 0.06 2.48e+2 1.01 3.77e+2 1.00
0.1575 74053 2.38e+2 1.01 1.57e+3 0.05 2.25e+2 1.02 3.43e+2 1.01
0.1443 95905 2.18e+2 1.02 1.56e+3 0.05 2.06e+2 1.02 3.14e+2 1.01
0.1332 121681 2.0le+2 1.02 1.56e+3 0.04 1.90e+2 1.02 2.90e+2 1.01
0.4330 15841 3.47e+1 —— 6.91e+2 —— 3.04e+1 —— 5.09e+1 —_
0.3464 30601 2.26e+1 1.92 5.63e+2 0.92 1.98e+1 1.93 3.27e+1 1.97
0.2887 52489 1.59e+1 1.94 4.75e+2 0.93 1.39e+1 1.94 2.28e+1 1.98

1 | 0.2165 123265 9.05e-0 1.95 3.62e+2 0.95 7.94e-0 1.95 1.29e+1 1.98
0.1925 174961 7.19¢-0 1.96 3.23e+2 0.95 6.31e-0 1.96 1.02e+1 1.98
0.1575 317989 4.85e-0 1.96 2.67e+2 0.96 4.26e-0 1.96 6.86e-0 1.99
0.1443 412129 4.09e-0 1.97 2.45e+2 0.97 3.59e-0 1.96 5.77e-0 1.99
0.1332 523225 3.49e-0 1.97 2.27e+2 0.97 3.06e-0 1.97 4.93e-0 1.99
0.4330 40897 1.41e-0 —— 4.87e+1 —— 1.21e-0 —— 1.99e-0 ——
0.3464 79201 7.31e-1 2.94 3.16e+1 1.93 6.28e-1 2.94 1.02e-0 2.98
0.2887 136081 4.27e-1 2.95 2.22e+1 1.94 3.66e-1 2.95 5.93e-1 2.98
0.2474 215209 2.71e-1 2.96 1.64e+1 1.95 2.32e-1 2.96 3.74e-1 2.99

2 | 0.2165 320257 1.82e-1 2.96 1.27e+1 1.96 1.56e-1 2.96 2.51e-1 2.99
0.1732 622801 9.40e-2 2.97 8.16e-0 1.97 8.06e-2 2.97 1.29e-1 2.99
0.1575 827641 7.07e-2 2.98 6.76e-0 1.97 6.07e-2 2.98 9.69e-2 2.99
0.1443 1073089 5.46e-2 2.98 5.69e-0 1.97 4.68e-2 2.99 7.47e-2 3.00
0.1332 1362817 4.29e-2 2.99 4.85e-0 2.00 3.68e-2 2.99 5.88e-2 3.00

Table 5.2: Example 1, quasi-uniform scheme for the postprocessed unknowns: o, and o7 .

—w— quasi-uniform (k = 0)
coox o adaptive (k= 0)
—©— quasi-uniform (k =1)
~© - adaptive (k =1)
—+— quasi-uniform (k = 2)
4 adaptive (k=2
I I

log( ey () )

35 4

4.5

5 55
log( V)

6.5

~

0.5

—#— quasi-uniform (k = 0)
% adaptive (K =0)
—O— quasi-uniform (k = 1)
O adaptive (k =1)
—+— quasi-uniform (k = 2)
4 adaptive (kK =2)

I I

i
3 35 4 4.5 5

log( V)

Figure 5.1: Example 2, e(p,u) vs. N (left) and e};, (o) vs. N (right).
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h N N/m e(p) r(p) | e(m) r(u)|elpu) r(pu) | eff()
0.7500 757 10.514 | 6.58¢-0 —— | 6.65e-1 —— | 6.62¢0 —— | 0.3313
0.3750 5617 9.752 | 4.32¢-0 0.61 | 3.34e-1 1.00 | 4.34e-0  0.61 | 0.3322
0.2500 18469  9.501 | 3.20e-0 0.74 | 2.2le-1 1.0l | 3.21e-0  0.74 | 0.3304
0.1875 43201  9.375 | 2.59¢-0 0.75 | 1.66e-1 1.00 | 2.59¢-0  0.75 | 0.3342
0.1500 83701  9.300 | 2.17e-0 0.78 | 1.33e-1  1.00 | 2.17e-0  0.78 | 0.3386
01250 143857  9.250 | 1.83¢-0 0.94 | 1.1le-1 099 | 1.83e¢-0  0.94 | 0.3335
0.1071 227557  9.214 | 1.59¢-0 0.91 | 9.49¢-2 1.00 | 1.59¢-0  0.91 | 0.3326
0.0938 338689  9.188 | 1.40e-0 0.92 | 8.30e-2 1.00 | 1.41e-0  0.92 | 0.3321
0.0833 481141  9.167 | 1.26e-0 0.93 | 7.38¢-2 1.00 | 1.26e-0  0.93 | 0.3316
0.0750 658801  9.150 | 1.14e-0 0.90 | 6.64e-2 1.01 | 1.15e-0  0.90 | 0.3342
0.0682 875557  9.136 | 1.04e-0 0.96 | 6.03e-2 1.00 | 1.05e-0  0.96 | 0.3337
0.0625 1135297  9.125 | 9.57e-1 1.01 | 5.54e-2 0.99 | 9.58¢-1  1.01 | 0.3304
0.0577 1441909  9.115 | 8.89e-1 0.92 | 5.11e-2 1.01 | 8.9le-1  0.92 | 0.3326
0.0536 1799281  9.107 | 8.24e-1 1.02 | 4.74e-2 099 | 8.26e-1  1.02 | 0.3298
0.0500 2211301  9.100 | 7.73e-1  0.93 | 4.43¢-2 101 | 7.75e-1  0.93 | 0.3318
0.0469 2681857  9.094 | 7.2de-1 1.02 | 4.15¢-2 099 | 7.25e-1  1.02 | 0.3293
0.0441 3214837  9.088 | 6.82c-1 0.98 | 3.91e-2 1.00 | 6.83e-1  0.98 | 0.3291
0.0417 3814129  9.083 | 6.45¢-1 0.98 | 3.69¢-2 1.00 | 6.46e-1  0.98 | 0.3289
0.0395 4483621  9.079 | 6.1le-1 1.00 | 3.50e-2 1.00 | 6.12e-1  1.00 | 0.3280
0.0375 5227201  9.075 | 5.8le-1  0.99 | 3.32e-2 1.00 | 5.82-1  0.99 | 0.3272
0.7500 3133 43514 | 3.46e-0 —— | 1.08e-l —— | 3.46e-0 —— | 0.2256
0.3750 23761  41.252 | 1.74e-0 099 | 3.59¢-2 159 | 1.74e-0  0.99 | 0.2444
0.2500 78733  40.501 | 1.00e-0 1.36 | 1.77¢-2 1.75 | 1.00e-0  1.36 | 0.2365
0.1875 184897  40.125 | 6.2de-1 1.65 | 1.03e-2 1.87 | 6.24e-1  1.65 | 0.2383
0.1500 359101  39.900 | 4.34e-1  1.63 | 6.51e-3 2.06 | 4.34e-1  1.63 | 0.2507
0.1250 618193  39.750 | 3.1le-1 1.82 | 4.67e-3 1.82 | 3.11e-1  1.82 | 0.2388
0.1071 979021  39.643 | 2.39%e-1 1.71 | 3.46e-3 196 | 2.3%-1  1.71 | 0.2353
0.0938 1458433  39.563 | 1.88c-1 1.78 | 2.66e-3 196 | 1.88e-1  1.78 | 0.2359
0.0833 2073277 39.500 | 1.52e-1 1.83 | 2.11e-3 1.97 | 1.52-1  1.83 | 0.2374
0.0750 2840401  39.450 | 1.26e-1 1.77 | 1.69e-3 2.09 | 1.26e-1  1.77 | 0.2418
0.7500 7993  111.014 | 2.01e0 —— | 3.8le2 —— | 2.0le0 —— | 0.1693
0.3750 61345  106.502 | 7.66e-1 1.40 | 9.87e-3 195 | 7.66e-1  1.40 | 0.1788
0.2500 204121  105.001 | 3.07e-1  2.25 | 3.37¢-3  2.65 | 3.07e-1  2.25 | 0.1643
0.1875 480385  104.250 | 1.50e-1 2.48 | 1.44e-3 2.96 | 1.5le-1  2.48 | 0.1605
0.1500 934201  103.800 | 9.02e-2 2.29 | 7.39%e-4 298 | 9.02e-2  2.29 | 0.1783
0.1250 1609633 103.500 | 5.65¢-2 2.56 | 4.28¢-4 2.99 | 5.65e-2  2.56 | 0.1734

Table 5.3: Example 2, quasi-uniform scheme.
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k h N eo(d) ro(o) | edaiv(o) raiv(e) | ef(o)  r5(o) | eawlo) riiv(o)
0.7500 757 2.17e-0 —— 7.16e-0 —— 2.12e-0 —— 6.78e-0 ——
0.3750 5617 1.33e-0 0.71 5.06e-0 0.50 1.33e-0 0.67 4.44e-0 0.61
0.2500 18469 9.39%e-1 0.86 4.12e-0 0.51 9.39%e-1 0.86 3.28e-0 0.75
0.1875 43201 7.23e-1 0.91 3.65e-0 0.42 7.22e-1 0.91 2.64e-0 0.75
0.1500 83701 5.88e-1 0.93 3.36e-0 0.36 5.85e-1 0.94 2.21e-0 0.79
0.1250 143857 4.99e-1 0.90 3.15e-0 0.36 4.98e-1 0.89 1.86e-0 0.94
0.1071 227557 4.30e-1 0.96 3.02e-0 0.28 4.30e-1 0.96 1.62e-0 0.91
0.0938 338689 3.78e-1 0.97 2.93e-0 0.23 3.78¢e-1 0.97 1.43e-0 0.92
0.0833 481141 3.37e-1 0.97 2.86e-0 0.20 3.37e-1 0.97 1.28e-0 0.93
0 | 0.0750 658801 3.03e-1 1.00 2.81e-0 0.16 3.03e-1 1.01 1.17e-0 0.90
0.0682 875557 2.76e-1 0.98 2.77e-0 0.15 2.76e-1 0.98 1.06e-0 0.96
0.0625 1135297 | 2.54e-1 0.96 2.74e-0 0.13 2.54e-1 0.95 9.75e-1 1.01
0.0577 1441909 | 2.35e-1 1.01 2.72e-0 0.11 2.34e-1 1.02 9.06e-1 0.92
0.0536 1799281 | 2.18e-1 0.97 2.70e-0 0.10 2.18e-1 0.95 8.40e-1 1.02
0.0500 2211301 | 2.04e-1 1.01 2.68e-0 0.08 2.03e-1 1.02 7.88e-1 0.93
0.0469 2681857 | 1.91e-1 0.97 2.67e-0 0.08 1.91e-1 0.96 7.38e-1 1.02
0.0441 3214837 | 1.80e-1 0.99 2.66e-0 0.07 1.80e-1 0.99 6.95e-1 0.98
0.0417 3814129 | 1.70e-1 0.99 2.65e-0 0.06 1.70e-1 0.99 6.57e-1 0.98
0.0395 4483621 | 1.61e-1 1.00 2.64e-0 0.05 1.61e-1 1.00 6.23e-1 0.99
0.0375 5227201 | 1.53e-1 1.00 2.64e-0 0.04 1.53e-1 1.00 5.92e-1 0.99
0.7500 3133 1.02e-0 —— 6.04e-0 —— 1.04e-0 —— 3.56e-0 ——
0.3750 23761 4.42e-1 1.21 4.99e-0 0.28 4.57e-1 1.18 1.78e-0 1.00
0.2500 78733 2.36e-1 1.54 4.41e-0 0.30 2.45e-1 1.54 1.02e-0 1.37
0.1875 184897 1.42e-1 1.77 3.67e-0 0.64 1.47e-1 1.76 6.35e-1 1.65
1 | 0.1500 359101 9.53e-2 1.79 3.07e-0 0.80 9.84e-2 1.81 4.41e-1 1.63
0.1250 618193 6.90e-2 1.77 2.78e-0 0.55 7.16e-2 1.75 3.16e-1 1.82
0.1071 979021 5.18e-2 1.86 2.53e-0 0.60 5.38e-2 1.86 2.43e-1 1.71
0.0938 1458433 | 4.03e-2 1.89 2.28e-0 0.80 4.18e-2 1.89 1.91e-1 1.78
0.0833 2073277 | 3.22e-2 1.90 2.05e-0 0.89 3.34e-2 1.90 1.54e-1 1.84
0.0750 2840401 | 2.63e-2 1.92 1.86e-0 0.91 2.72e-2 1.94 1.28e-1 1.77
0.7500 7993 5.49e-1 —— 5.00e-0 —— 5.70e-1 —— 2.07e-0 ——
0.3750 61345 1.90e-1 1.53 3.58e-0 0.48 2.00e-1 1.51 7.84e-1 1.40
2 | 0.2500 204121 7.44e-2 2.32 2.40e-0 0.99 7.96e-2 2.27 3.14e-1 2.26
0.1875 480385 3.42e-2 2.70 1.60e-0 1.41 3.68e-2 2.68 1.53e-1 2.49
0.1500 934201 1.90e-2 2.64 1.05e-0 1.90 2.03e-2 2.67 9.17e-2 2.31
0.1250 1609633 | 1.17e-2 2.67 7.38e-1 1.91 1.27e-2 2.56 5.74e-2 2.56

Table 5.4: Example 2, quasi-uniform scheme for the postprocessed unknowns: o, and o7 .
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R b N N/m | elp) _(p) | ew) r(w [ elpu) r(pu) | e££(9)
0.7500 757 10.514 | 6.58¢-0 —— | 6.65e-1 —— | 6.62¢-0 —— 0.3313
0.7500 2473 9.892 4.72e-0 0.56 | 4.42e-1 0.69 | 4.74e-0 0.56 0.3334
0.5000 8380 9.534 3.13e-0  0.67 | 3.10e-1 0.58 | 3.15e-0 0.67 0.3193
0.5000 10348 9.529 2.94e-0  0.58 | 2.81e-1 0.96 | 2.96e-0 0.59 0.3231

0 | 0.4146 36898 9.337 1.89e-0  0.70 | 1.69e-1 0.80 | 1.89e-0 0.70 0.3139
0.2864 93637 9.254 1.40e-0  0.63 | 1.36e-1 0.46 | 1.41e-0 0.63 0.3100
0.2795 202747 9.213 1.07e-0  0.70 | 9.41e-2 0.96 | 1.07e-0 0.71 0.3092
0.1768 485527 9.147 8.05e-1 0.65 | 7.69e-2 0.46 | 8.09e-1 0.65 0.3094
0.1768 1033678 9.123 6.23e-1  0.68 | 5.50e-2 0.89 | 6.25e-1 0.68 0.3080
0.1250 2251543 9.094 4.81e-1  0.66 | 4.48e-2 0.53 | 4.83e-1 0.66 0.3082
0.7500 3133 43.514 | 3.46e-0 —— | 1.08e-1 —— | 3.46e-0 —— 0.2256
0.7071 9586 41.498 | 1.97e-0 1.01 | 7.00e-2 0.78 | 1.97e-0 1.01 0.2243
0.5590 27331 40.732 9.21e-1 1.45 | 3.51e-2 1.32 | 9.22¢-1 1.45 0.2008

1 | 0.5590 41794 40.656 | 6.34e-1  1.76 | 2.62¢-2 1.38 | 6.34e-1 1.76 0.1891
0.5000 101143 40.232 3.65e-1 1.25 | 1.58e-2 1.14 | 3.66e-1 1.25 0.1846
0.3692 156802 40.072 2.6le-1  1.53 | 1.21e-2 1.24 | 2.61le-1 1.53 0.1806
0.3668 300970 39.858 | 1.81e-1 1.13 | 7.31e-3 1.54 | 1.81le-1 1.13 0.1848
0.2613 583252 39.704 1.07e-1  1.58 | 4.16e-3 1.70 | 1.07e-1 1.58 0.1843
0.7500 7993 111.014 | 2.0le-0 —— | 3.81e-2 —— | 2.01e-0 —— 0.1693
0.7071 25447 106.920 | 8.44e-1 1.50 | 1.44e-2 1.68 | 8.44e-1 1.50 0.1716
0.7071 53473 105.887 | 3.19e-1  2.62 | 7.52e-3 1.74 | 3.19%-1 2.62 0.1234
2 | 0.7071 78949 105.688 | 1.97e-1  2.48 | 6.06e-3 1.12 | 1.97e-1 2.48 0.1070
0.4566 141883 104.943 | 1.21e-1 1.66 | 2.37e-3 3.20 | 1.21e-1 1.66 0.1253
0.4566 256903 104.475 | 6.72e-2 1.98 | 1.75e-3 1.02 | 6.72e-2 1.98 0.1172
0.3604 383023 104.224 | 4.53e-2 1.98 | 1.10e-3 2.34 | 4.53e-2 1.98 0.1151
Table 5.5: Example 2, adaptive scheme.

R h N[ eo(0) 7o) | eaw(0) raw(@) | e4(0) ro(e) | eam(@) ran(o)
0.7500 757 2.17e-0 —— 7.16e-0 —— 2.12e-0 —— 6.78e-0 ——
0.7500 2473 1.61e-0 0.50 5.44e-0 0.46 1.63e-0 0.44 4.89e-0 0.55
0.5000 8380 1.05e-0 0.70 4.08e-0 0.47 1.07e-0 0.70 3.23e-0 0.68
0.5000 10348 9.63e-1 0.83 3.93e-0 0.35 9.74e-1 0.86 3.04e-0 0.60

0 | 0.4146 36898 6.30e-1 0.67 3.20e-0 0.32 6.35e-1 0.67 1.95e-0 0.70
0.2864 93637 4.61e-1 0.67 2.93e-0 0.19 4.66e-1 0.66 1.45e-0 0.64
0.2795 202747 | 3.59%e-1 0.65 2.79e-0 0.13 3.62e-1 0.66 1.10e-0 0.70
0.1768 485527 | 2.63e-1 0.71 2.69e-0 0.08 2.66e-1 0.71 8.30e-1 0.66
0.1768 1033678 | 2.07e-1 0.64 2.64e-0 0.05 2.09e-1 0.64 6.42e-1 0.68
0.1250 2251543 | 1.58e-1 0.70 2.61e-0 0.03 1.59e-1 0.70 4.96e-1 0.67
0.7500 3133 1.02e-0 —— 6.04e-0 —— 1.04e-0 —— 3.56e-0 ——
0.7071 9586 5.53e-1 1.09 5.47e-0 0.18 5.76e-1 1.05 2.03e-0 1.01
0.5590 27331 2.88e-1 1.25 4.13e-0 0.54 2.99e-1 1.25 9.52e-1 1.44

1 | 0.5590 41794 1.90e-1 1.96 3.81e-0 0.38 1.99e-1 1.92 6.53e-1 1.78
0.5000 101143 1.12e-1 1.20 2.92e-0 0.60 1.17e-1 1.20 3.77e-1 1.24
0.3692 156802 7.86e-2 1.62 2.53e-0 0.66 8.19e-2 1.62 2.69e-1 1.54
0.3668 300970 | 5.30e-2 1.21 2.10e-0 0.57 5.52e-2 1.21 1.86e-1 1.13
0.2613 583252 | 2.97e-2 1.75 1.66e-0 0.72 3.11e-2 1.74 1.05e-1 1.73
0.7500 7993 5.49e-1 —— 5.00e-0 —— 5.70e-1 —— 2.07e-0 ——
0.7071 25447 2.26e-1 1.53 3.71e-0 0.52 2.41e-1 1.48 8.67e-1 1.50
0.7071 53473 1.07e-1 2.01 2.39e-0 1.18 1.15e-1 2.00 3.32e-1 2.58

2 | 0.7071 78949 6.15e-2 2.86 1.90e-0 1.18 6.61e-2 2.83 2.04e-1 2.51
0.4566 141883 3.30e-2 2.13 1.40e-0 1.05 3.54e-2 2.13 1.24e-1 1.69
0.4566 256903 1.98e-2 1.72 9.62e-1 1.26 1.83e-2 2.22 6.94e-2 1.96
0.3604 383023 1.39e-2 1.78 6.92e-1 1.65 1.04e-2 2.84 3.99e-2 2.77

Table 5.6: Example 2, adaptive scheme for the postprocessed unknowns: o and o7.
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Rk N N/m [ <@ =) | ew r(w | elpu) r(p.u) | e£(0)

0.6509 2905 10.087 1.50e+4 —— 4.48e+2 —— 1.50e+4 —— 0.5604
0.3254 21985 9.542 1.03e+4 0.55 | 1.68e+2 1.42 | 1.03e+4 0.55 0.5755
0.2170 72793 9.361 7.77e+3 0.69 | 8.74e+1 1.61 | 7.77e+3 0.69 0.5801
0.1627 170881 9.271 6.22e+3 0.77 | 5.36e+1 1.70 | 6.22e+3 0.77 0.5803
0.1302 331801 9.217 5.16e+3 0.84 | 3.63e+1 1.75 | 5.16e+3 0.84 0.5774
0 | 0.1085 571105 9.181 4.40e+3 0.88 | 2.62e+1 1.77 | 4.40e+3 0.88 0.5739
0.0930 904345 9.155 3.82e+3 0.91 | 1.99¢e+1 1.81 | 3.82e+3 0.91 0.5697
0.0814 1347073 9.135 3.38e+3  0.93 | 1.56e+1 1.82 | 3.38e+3 0.93 0.5662
0.0723 1914841 9.120 3.02e+3 0.94 | 1.25e+1 1.84 | 3.02¢e+3 0.94 0.5632
0.0651 2623201 9.108 2.73e+3 0.96 | 1.03e+1 1.86 | 2.73e+3 0.96 0.5601
0.0592 3487705 9.098 2.49e+3 0.99 8.61e-0 1.88 | 2.49e+3 0.99 0.5569
0.0542 4523905 9.090 2.29¢+3 0.94 7.33e-0 1.86 | 2.29e+3 0.94 0.5550
0.6509 12169 42.253 8.74e+3 —— 6.18e+1 —— 8.75e+3 —— 0.4299
0.3254 93601 40.625 4.40e4+3 0.99 | 1.37e+1 2.18 | 4.40e+3 0.99 0.5118
0.2170 311689 40.083 2.66e+3 1.24 5.27e-0 2.35 | 2.66e+3 1.24 0.5460
1| 0.1627 733825 39.813 1.78¢+3 1.40 2.56e-0 2.51 1.78¢e+3 1.40 0.5622
0.1302 1427401 39.650 1.26e+3 1.54 1.44e-0 2.58 | 1.26e+3 1.54 0.5678
0.1085 2459809 39.542 9.36e+2 1.64 8.81e-1 2.69 | 9.36e+2 1.64 0.5697
0.0930 3898441 39.464 7.27e+2 1.63 5.99¢e-1 2.50 | 7.27e+2 1.63 0.5637
0.6509 31249 108.503 | 5.04e+3 —— 1.87e+1 —— 5.04e+3 —— 0.3386
0.3254 242497 105.250 | 1.90e+3 1.40 2.94e-0 2.67 | 1.90e+3 1.40 0.4172
2 | 0.2170 810001 104.167 | 9.31le+2 1.76 9.18e-1 2.87 | 9.31le+2 1.76 0.4647
0.1627 1910017 103.625 | 5.76e+2 1.67 4.00e-1 2.89 | 5.76e+2 1.67 0.4643
0.1302 3718801 103.300 | 3.97e+2 1.67 2.10e-1 2.88 | 3.97e+2 1.67 0.4651

Table 5.7: Example 3, quasi-uniform scheme.

k h N eo(d) ro(o) | edaiv(o) raiv(e) | ef(o)  r5(o) | eawla) (o)

0.6509 2905 4.48e+-3 —— 1.58e+4 —— 4.37e+3 - 1.51e+4 ——
0.3254 21985 2.63e+3  0.77 | 1.15e+4 0.46 2.56e+3  0.77 | 1.03e+4 0.55
0.2170 72793 1.84e+3  0.87 | 9.40e+3 0.50 1.80e+3  0.87 | 7.83e+3 0.69
0.1627 170881 | 1.42e+3  0.91 | 8.20e+3 0.47 1.38¢e+3 091 | 6.27e+3 0.77
0.1302 331801 | 1.15e+3  0.93 | 7.45e+3 0.43 1.12e+3  0.93 | 5.20e+3 0.84
0 | 0.1085 571105 | 9.69e+2  0.95 | 6.96e+3 0.37 9.47e+2 094 | 4.44e+3 0.88
0.0930 904345 | 8.36e+2  0.96 | 6.62e+3 0.32 8.17e+2  0.96 | 3.86e+3 0.91
0.0814 1347073 | 7.35e+2  0.97 | 6.38e+3 0.28 7.18e+2  0.97 | 3.4le+3 0.93
0.0723 1914841 | 6.55e+2  0.97 | 6.21e+3 0.24 6.40e+2  0.97 | 3.05e+3 0.94
0.0651 2623201 | 5.91e+2  0.98 | 6.08e+3 0.20 5.77e4+2  0.98 | 2.76e+3 0.96
0.0592 3487705 | 5.37e+2  1.00 | 5.97e+3 0.18 5.24e+2  1.00 | 2.51e+3 0.99
0.0542 4523905 | 4.93e+2  0.97 | 5.90e+3 0.15 4.82e+2 097 | 2.31e+43 0.94

0.6509 12169 1.29e+3 —— 1.03e+4 - 1.22e+3 —— 8.76e+3 -
0.3254 93601 5.41e+2 1.26 | 6.24e+3 0.72 5.13e+2  1.25 | 4.41e+3 0.99
0.2170 311689 | 2.99e+-2 1.46 | 4.52e+3 0.80 2.84e+2 1.45 | 2.67e+3 1.24
1| 0.1627 733825 | 1.89e+2 1.60 | 3.53e+3 0.86 1.80e+2  1.60 | 1.78e+3 1.40
0.1302 1427401 | 1.30e+2 1.68 | 2.93e+3 0.83 1.23e4+2  1.68 | 1.26e+3 1.54
0.1085 2459809 | 9.40e+1 1.77 | 2.49e+3 0.89 8.95e+1 1.77 | 9.37e+2 1.64
0.0930 3898441 | 7.24e+1 1.69 | 2.16e+3 0.95 6.91e+1 1.68 | 7.33e+2 1.59

0.6509 31249 5.54e+2 —— 6.79e+3 —— 5.12e+2 —— 5.04e+3 -
0.3254 242497 | 1.66e+-2 1.74 | 3.39e+3 1.00 1.55e+2  1.73 | 1.91e+3 1.40
2 | 0.2170 810001 | 7.36e+1  2.01 | 2.07e+43 1.21 6.85e+1  2.01 | 9.32e+2 1.76
0.1627 1910017 | 4.44e+1 1.75 | 1.35e+3 1.48 4.12e+1 1.76 | 5.67e+2 1.72
0.1302 3718801 | 3.06e+1 1.68 | 9.56e+2 1.56 2.82e+1 1.70 | 3.89e+2 1.69

Table 5.8: Example 3, quasi-uniform scheme for the postprocessed unknown: o and o7.
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k h N N/m e(p) r(p)| e(m) r(u) | e(pu) r(pu) | eff(h)
0.6509 2905 10.087 | 1.50e+4 —— | 4.48¢e+2 —— | 1.50e+4 — 0.5604
0.6509 4657 9.825 1.04de+4 1.56 | 3.37e+2 1.21 | 1.04e+4 1.56 0.4900
0.6509 6868 9.756 7.38e+3 1.76 | 2.85e+2 0.86 | 7.39e+3 1.76 0.4144
0.6509 13672 9.601 5.90e+3 0.65 | 1.82e+2 1.30 | 5.90e+3 0.65 0.4091

0 | 0.6009 42169 9.396 4.05e+3  0.67 | 9.05e+1 1.24 | 4.05e+3 0.67 0.3960
0.4167 81979 9.307 3.19e+3 0.71 | 5.77e+1 1.35 | 3.19e+3 0.71 0.3827
0.3560 204958 9.221 2.28e+3 0.73 | 3.47e+1 1.11 | 2.28e+3 0.73 0.3644
0.3125 412942 9.183 1.83e+3 0.62 | 2.10e+1 1.44 | 1.83e+3 0.62 0.3659
0.2763 861778 9.137 1.41e+3 0.72 | 1.33e+1 1.23 | 1.41e+3 0.72 0.3555
0.6509 12169 42.253 | 8.74e+3 —— | 6.18e+1 —— | 8.75e+3 —— 0.4299
0.6509 17875 41.667 | 4.14e+3  3.89 | 2.65e+1 4.41 | 4.14e+3 3.89 0.4143
0.6509 25642 41.492 2.12e+3 3.71 | 1.85e+1 1.98 | 2.12e+3 3.71 0.3112
0.6509 46606 40.954 | 1.38e+3 1.44 | 1.30e+1 1.18 | 1.38e+3 1.44 0.3000

1 | 0.6509 103993 40.417 | 8.08e+2 1.33 | 5.13e-0  2.32 | 8.08e+2 1.33 0.3054
0.6009 158200  40.203 5.68e+2  1.68 3.13e-0 2.35 | 5.68e+2 1.68 0.3094
0.4566 253738  40.047 | 4.04e+2 1.45 1.78e-0 2.39 | 4.04e+2 1.45 0.3141
0.4566 455698  39.837 | 2.53e+2 1.59 1.05e-0 1.80 | 2.53e+2 1.59 0.2925
0.6509 31249 108.503 | 5.04e+3 —— | 1.87e+1 —— | 5.04e+3 —— 0.3386
0.6509 46759  107.245 | 1.75e+3  5.26 | 4.26e-0 7.34 | 1.75e+3 5.26 0.3854
2 | 0.6509 66439 106.987 | 5.62e+2 6.46 2.75e-0 2.50 | 5.62e+2 6.46 0.2274
0.6509 100765 105.957 | 3.87e+2 1.80 1.47¢e-0  3.01 | 3.87e+2 1.80 0.2547
0.6509 160993 105.224 | 2.24e+2 2.33 9.24e-1 1.98 | 2.24e+2 2.33 0.2456
0.6509 270037 104.909 | 1.35e+2 1.95 3.91e-1 3.32 | 1.35e+2 1.95 0.2523
Table 5.9: Example 3, adaptive scheme.

k h N eo(0) ro(o) | eaiv(o) raiv(o) | ei(o)  r5(0) | eai(o) rai(o)
0.6509 2905 4.48e+3 —— 1.58e+4 —— 4.37e+3 —— 1.51e+4 ——
0.6509 4657 3.70e+3 0.82 1.17e+4 1.29 3.62e+3 0.80 1.05e+4 1.54
0.6509 6868 3.24e+3 0.68 9.20e+3 1.23 3.17e+3 0.67 7.53e+3 1.72
0.6509 13672 | 2.55e+3 0.69 8.05e+3 0.39 2.50e+3 0.69 6.03e+3 0.65

0 | 0.6009 42169 1.66e+3 0.76 6.80e+3 0.30 1.62e+3 0.77 4.15e+3 0.66
0.4167 81979 1.29e+3 0.76 6.33e+3 0.22 1.26e+3 0.77 3.28e+3 0.71
0.3560 204958 | 9.35e+2 0.70 5.92e+3 0.15 9.14e+2 0.70 2.35e+3 0.73
0.3125 412942 | 7.21e+2 0.74 5.75e+3 0.08 7.04e+2 0.74 1.89e+3 0.62
0.2763 861778 | 5.56e+2 0.71 5.63e+3 0.06 5.42e+2 0.71 1.45e+3 0.72
0.6509 12169 1.29e+3 —— 1.03e+4 —— 1.22e+3 —— 8.76e+3 ——
0.6509 17875 | 6.62e+2 3.48 6.31e+3 2.54 6.32e+2 3.41 4.16e+3 3.88
0.6509 25642 | 4.53e+2 2.10 4.68e+3 1.65 4.32e+2 2.11 2.14e+3 3.69

1 | 0.6509 46606 3.06e+-2 1.31 3.58e+3 0.89 2.91e+2 1.32 1.39e+3 1.44
0.6509 103993 | 1.78e+2 1.35 2.76e+3 0.65 1.69e+2 1.35 8.15e+2 1.33
0.6009 158200 | 1.26e+2 1.67 2.29e+3 0.90 1.19e+2 1.68 5.73e+2 1.68
0.4566 253738 | 8.67e+1 1.58 1.92e+3 0.73 8.20e+1 1.58 4.07e+2 1.45
0.4566 455698 | 5.86e+1 1.33 1.53e+3 0.78 5.55e+1 1.33 2.56e+2 1.59
0.6509 31249 5.54e+2 —— 6.79e+3 —— 5.12e+2 —— 5.05e+3 —_—
0.6509 46759 1.69e+2 5.91 3.38e+3 3.46 1.57e+2 5.87 1.75e+3 5.26

2 | 0.6509 66439 | 9.03e+1 3.55 1.81e+3 3.55 8.40e+1 3.55 5.65e+2 6.44
0.6509 100765 | 5.78e+1 2.15 1.37e+3 1.35 5.34e+1 2.18 3.88e+-2 1.80
0.6509 160993 | 3.32e+1 2.36 1.00e+3 1.32 3.07e+1 2.36 2.25e+2 2.33
0.6509 270037 | 2.02e+1 1.92 7.33e+2 1.22 1.86e+1 1.94 1.36e+2 1.95

Table 5.10: Example 3, adaptive scheme for the postprocessed unknown: o and o7j.
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Figure 5.2: Example 2, adapted meshes for £ = 0 with 10348, 93637, 485527,

freedom.
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N = 2251543) for adaptive scheme.
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