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Abstract

We consider a non-standard mixed approach for the Stokes problem in which the velocity,
the pressure, and the pseudostress are the main unknowns. Alternatively, the pressure can
be eliminated from the original equations, thus yielding an equivalent formulation with only
two unknowns. In this paper we develop a priori and a posteriori error analyses of both
approaches. We first apply the Babuska-Brezzi theory to prove the well-posedness of the
continuous and discrete formulations. In particular, we show that Raviart-Thomas elements
of order k > 0 for the pseudostresses, and piecewise polynomials of degree k for the velocities
and the pressures, ensure unique solvability and stability of the associated Galerkin schemes.
Then, we derive reliable and efficient residual-based a posteriori error estimators for both
schemes, without and with pressure unknown. Finally, we provide several numerical results
illustrating the good performance of the resulting mixed finite element methods, confirming
the theoretical properties of the estimators, and showing the behaviour of the associated
adaptive algorithms.

Key words: mixed finite element, incompressible flow, a posteriori error estimator
Mathematics Subject Classifications (1991): 65N15, 65N30, 65N50, 74B05

1 Introduction

The velocity-pressure-stress formulation for computational incompressible flows has gained con-
siderable attention in recent years due to its natural applicability to non-Newtonian flows. In-
deed, since in this case the constitutive equation is nonlinear, the stress can not be eliminated,
and hence it becomes an unavoidable unknown in the corresponding solvability analysis. Actua-
lly, the main advantage of this formulation is that it allows for a unified analysis for linear and
nonlinear flows. Another interesting feature of the velocity-pressure-stress approach is given
by the fact that it yields direct finite element approximations of other quantities of physical
interest. In particular, an accurate direct calculation of the stresses is very desirable for flow
problems involving interaction with solid structures. Nevertheless, the increase in the number
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of unknowns and the symmetry requirement for the stress tensor constitute the main drawbacks
of this formulation. Moreover, the difficulty in deriving and using finite element subspaces of
symmetric tensors in the Stokes and Lamé systems is already well known (see, e.g. [9], [5]).

In order to circumvent these disadvantages, at least partially, there are two main approaches.
A first idea, which goes back to [3], consists of imposing the symmetry of the stress in a weak
sense through the introduction of a suitable Lagrange multiplier (rotation in elasticity and vor-
ticity in fluid mechanics). However, a more appealing idea nowadays is given by the use of the
pseudostress instead of the stress in the corresponding setting of the Stokes equations. Indeed,
this procedure has become very popular lately, specially in the context of least-squares and
augmented methods, thus yielding two new approaches for incompressible flows: the velocity-
pressure-pseudostress and velocity-pseudostress formulations. In particular, the pseudostress
is introduced in [10] and [22] as an additional unknown that replaces the original symmetric
stress tensor. In this way, nonsymmetric tensor finite element subspaces can be employed and
the stress and other quantities such as velocity gradient and vorticity can be obtained easily
via a postprocessing computation. More precisely, following [12], two least-squares methods are
developed and analyzed in [10] for the numerical solution of linear, stationary incompressible
Newtonian fluid flow in two and three dimensions. One method, which applies to general boun-
dary conditions, is based on the stress-velocity formulation, whereas the other one, restricted
to pure velocity Dirichlet boundary conditions, is based on the equivalent velocity-pseudostress
approach. Further least-squares methods for the steady Stokes problem, based on formula-
tions with two or three fields among velocity, velocity gradient, pressure, vorticity, stress, and
pseudostress, can be found in [7], [8], [11], [14], [17], and the references therein.

Similarly, augmented mixed finite element methods for both pseudostress-based formula-
tions of the stationary Stokes equations are introduced and analyzed in [22]. The approach
there, which extends analogue results for linear elasticity problems (see [25], [26], [29]), relies
on the introduction of the Galerkin least-squares type terms arising from the constitutive and
equilibrium equations, and the Dirichlet boundary condition for the velocity, all of them mul-
tiplied by suitable stabilization parameters. It is shown that these parameters can be chosen
so that the resulting augmented variational formulations are defined by strongly coercive bilin-
ear forms, whence the associated Galerkin schemes become well posed for any choice of finite
element subspaces. In particular, continuous piecewise linear velocities, piecewise constant pres-
sures, and Raviart-Thomas elements of lowest order for the stresses can be employed, which
yields a number of unknowns behaving asymptotically as 5 times the number of triangles of
the triangulation. Alternatively, the above factor reduces to 4 when the augmented variational
formulation involving only the velocity and the pseudostress as unknowns, is considered. In
addition, reliable and efficient residual-based a posteriori error estimators for both augmented
mixed finite element schemes are also derived in [22]. The corresponding augmented mixed finite
element schemes for the velocity-pressure-stress formulation of the Stokes problem, in which the
vorticity is introduced as the Lagrange multiplier taking care of the weak symmetry of the stress,
are studied in [21].

On the other hand, and as expected, the velocity-pressure-pseudostress formulation has also
been applied to nonlinear Stokes problems. In fact, a new mixed finite element method for a
class of models arising in quasi-Newtonian fluids is presented in [27]. The approach is based on
the introduction of both the pseudostress and the velocity gradient as further unknowns, which
yields a twofold saddle point operator equation in Hilbert spaces as the resulting variational



formulation. The abstract theory for this kind of operator equation (see, e.g. [23], [28]), which
constitutes a generalization of the Babuska-Brezzi theory, is then applied to prove that the
continuous and discrete formulations are well posed. The results in [27] are extended in [20] to a
setting in reflexive Banach spaces, thus allowing other nonlinear models such as the Carreau law
for viscoplastic flows. In addition, the dual-mixed approach from [27] and [20] is reformulated
in [32] by restricting the space for the velocity gradient to that of trace-free tensors. As a
consequence the pressure is eliminated and a three-field formulation with the pseudostress, the
velocity, and its gradient as unknowns, is obtained.

In spite of the numerous contributions mentioned above, it is surprising to realize, up to our
knowledge, that mixed finite element methods for the pure velocity-pseudostress formulation, i.e.
without any least-squares or augmented techniques, had not been studied until the recent work
[13]. In this article it is shown that Raviart-Thomas elements of index & > 0 for the pseudostress
and piecewise discontinuous polynomials of degree k for the velocity lead to a stable Galerkin
scheme with quasi-optimal accuracy. A suitable combination of the penalty method with a
preconditioned multigrid method is then applied in [13] to solve the indefinite system resulting
from the associated Galerkin scheme. The pressure and other physical quantities (if needed) can
be computed in a postprocessing procedure without affecting the accuracy of approximation.

The purpose of the present paper is to additionaly contribute in the direction of the results
provided in [13]. More precisely, we recast the pure velocity-pseudostress formulation from [13],
incorporate the pressure unknown into the discrete analysis, which does not necessarily yield an
equivalent formulation at that level, and derive reliable and efficient residual-based a posteriori
error estimators for both Galerkin schemes. The idea of reintroducing the pressure is to allow
further flexibility in approximating this unknown. To this respect, we show that a Galerkin
scheme for the velocity-pressure-pseudostress formulation only makes sense for pressure finite
element subspaces not containing the traces of the pseudostresses subspace. In particular, this
is the case when Raviart-Thomas elements of index k& > 0 for the pseudostress, and piecewise
discontinuous polynomials of degree k for the velocity and the pressure, are utilized. Otherwise,
both discrete schemes coincide and hence one obviously stays with the simplest one. The rest
of this work is organized as follows. In Section 2 we describe the boundary value problem of
interest, and establish and analyze its dual-mixed variational formulations (without and with
pressure). Then, in Section 3 we introduce and analyze the associated Galerkin schemes. In par-
ticular, we show that a suitable chosen stabilization parameter is needed for the well-posedness
of the discrete system involving the pressure. Some components of the analysis in Sections 2
and 3 for the velocity-pseudostress formulation, though developed differently, coincide with the
corresponding discussion in [13]. Next, in Section 4 we develop the residual-based a posteriori
error analysis for both schemes. Finally, several numerical results illustrating the performance
of the mixed finite element methods, confirming the reliability and efficiency of the a posteriori
estimators, and showing the good behaviour of the associated adaptive algorithms, are provided
in Section 5.

We end this section with some notations to be used below. Given any Hilbert space U, U?
and U?*? denote, respectively, the space of vectors and square matrices of order 2 with entries
in U. In addition, I is the identity matrix of R?*2, and given T := (7i;), ¢ := () € R**2 we



write as usual
2 1 2
= (1), tr(r) = Zm, Td=7— §tr(T)I, and T:¢ := Z Tij Gij -
=1 i,j=1

Also, in what follows we utilize the standard terminology for Sobolev spaces and norms, employ
0 to denote a generic null vector, 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 problem and its dual-mixed formulations

2.1 The boundary value problem

Let © be a bounded and simply connected polygonal domain in R? with boundary I'. Our goal
is to determine the velocity u, the pseudostress tensor o, and the pressure p of a steady flow
occupying the region €2, under the action of external forces. More precisely, given a volume force
f € [L2(Q)]? and g € [HY/?(I")]?, we seck a tensor field o, a vector field u, and a scalar field p
such that
o=2uVu —pl in Q, divie) = —f in Q,
(2.1)
diviu) =0 in Q, u=g on I,

where p is the kinematic viscosity and div stands for the usual divergence operator div acting
along each row of the tensor. As required by the incompressibility condition, we assume from
now on that the datum g satisfies the compatibility condition

/Fg-v =0, (2.2)

where v stands for the unit outward normal at T'.

It follows from the first equation in (2.1), using that tr(Vu) = div(u) in €2, that the incom-
pressibility condition div(u) = 0 in Q can be stated in terms of the pseudostress tensor and the
pressure as follows

1
p+ §tr(0') =0 in Q. (2.3)

Conversely, starting from (2.3), and using the first equation in (2.1), we recover the incom-
pressibility condition div(u) = 0 in Q. In other words, the pair of equations given by

o =2uVu—pI in Q@ and div(u) =0 in Q, (2.4)
is equivalent to
1
o=2uVu — plI in @ and p+§tr(0'):0 in Q, (2.5)

and therefore, instead of (2.1), we now consider:

o=2uVu —pl in Q, div(e) = —f in Q,

1 (2.6)
p+§tr(0'):01n Q, u=g on T.



2.2 The dual-mixed formulations

We adopt the usual procedure and test the three field equations of (2.6) with = € H(div;),
v € [L3(Q)]?, and ¢ € L%*(Q), respectively. In this way, integrating by parts the expression

Vu : 7 and using the Dirichlet boundary condition, we arrive at the formulation: Find
Q
(o,p,u) in H(div; Q) x L?(Q2) x [L?(2)]? such that

1 1/ 1 1 .
— [ o:T+ — [ ptr(T —I——/qtra —|——/pq+/u-d1v7‘ =(mTv,g),
2u Jo 2u Jo ) 2u Jo (@) ©Jo Q (™) =/ )

/Qv-div(a):—/ﬂf-v,

H(div;Q) := {7 € [L*(Q)]**: div(r) € [L*(V]*},

for all (7,q,v) € H(div;Q) x L*(Q) x [L?(Q)]?, where
and (-,-) denotes the duality pairing between [H~'/2(I")]? and [H'/?(I)]?, with respect to the
[L2(I")]2-inner product. Next, noting that
4 d 1 1
o: 7 + ptr(r) + qtr(o) + 2pg = o%: T + 2 p+§tr(a) q+§tr(7) ,

the last system can be written in the more compact form: Find (o, p,u) in H(div;Q) x L?(2) x
[L?()]? such that

1 ol Td—l-%/g (p+%tr(a))(Q+%tr(T)) +/Qu-diV(T) = (Tv,8),

2u
HJa (2.7)
/v-div(a):—/f-v7
Q Q
for all (1,q,v) € H(div;Q) x L*(Q) x [L*(Q)]%
LEMMA 2.1 The set of solutions of the homogeneous version of system (2.7) is given by
{(CI,—C,O) : ¢ € R}.

Proof. Let (o,p,u) in H(div;Q) x L2(Q) x [L?(Q)]? such that

1 a a1 / 1 1 / }

— [ 0% T+~ p+5tr(o) (g+5tr(r) ) + [ u-div(r) =0,

/Qv-div(a)zo,

for all (1,q,v) € H(div; Q) x L?(2) x [L?()]?. Tt is clear from the second equation of (2.8) that
1
div(o) = 0, and taking 7 = 0 in the first one we find that p = — 3 tr(o). Next, taking 7 = o

in the first equation of (2.8), we deduce that ¢ = 0, which yields & = ¢I and hence p = —¢,
with ¢ € R. Finally, thanks to the surjectivity of the operator div : H(div;Q) — [L?(92)]?, we



conclude from the first equation of (2.8) that u = 0 in Q. In fact, it suffices to take 7 = Vz,
where z € [H{(2)])? is the unique solution of the problem: Az = uin 2, z = 0 on I O

In order to avoid the non-uniqueness given by Lemma 2.1 we consider the decomposition
H(div;Q) = Hy @ RI, (2.9)

where

Hy ::{TEH(div;Q): /9‘51"(7')20},

and require from now on that o € Hy. The following lemma guarantees that the corresponding
test space can also be restricted to Hg, which throughout the rest of the paper is endowed with
| - lldiv,0, the norm of H(div;{2).

LEMMA 2.2 Any solution of (2.7) with o € Hy is also solution of: Find (o,p,u,) € Hy X
L2(Q) x [L2(Q)]? such that

! o-d:Td—i-l/Q(p—l—%tr(a))(q—i—%tr(ﬂ) +/Qu'diV(T)=<T'/=g>7

ﬂ Q H©
/V-div(a):—/f-v,
Q Q

for all (T,q,v) € Hy x L*(Q) x [L?(Q)]?. Conversely, any solution of (2.10) is also a solution
of (2.7).

Proof. Tt is immediate that any solution of (2.7) with & € Hj is also a solution of (2.10).
Conversely, let (o, p, u) be a solution of (2.10). Because of (2.9) it suffices to prove that (o, p,u)
also satisfies (2.7) if tested with (I,0,0). In fact, according to the compatibility condition
(2.2), this requires that [ (p+ %tr(a)) vanishes which can be seen to be true by selecting
(1,9,v) = (0,1,0) € Hyg x L*(Q2) x [L?(©2)]? in (2.10). O

(2.10)

Furthermore, we now let H := Hy x L%(Q2), Q := [L?(2)]?, consider a constant x > 0, and
introduce a generalized version of (2.10): Find ((o,p),u) in H x @ such that

a((o,p), (7,q)) +b(T,u) = (Tv,g) V(r,q) € H,
(2.11)
b(a,v):—/f-v Vv € @,
Q
where a: H x H — R and b: Hy x Q — R are the bounded bilinear forms defined by
1 K 1 1
a6 (ra) =50 [ ¢t 2 [ (v 5(©) (a-+ 51r() (212
and
b(¢,v) = / v - div(¢) (2.13)
Q

for (¢,r), (7,¢) in H and v in Q). Note that (2.10) corresponds to (2.11) with x = 1.



In order to show that the formulations (2.11) are independent of x > 0, we prove next
that they are all equivalent to the simplified version arising after replacing (2.3) into (2.11)
(equivalently, taking x = 0 in (2.11)), that is: Find (o,u) € Hy x @ such that

ap(o,7) + b(T,u) = (Tv,8) VT € Hy,

b(a,v):—/ﬂf'v Vv € @, (2.14)

where ag : Hy x Hy — R is the bounded bilinear form defined by
1 d. .d
ap(C,7):=— [ ¢ 71 V(¢,7) € Hy x Hy.
2u Jo
LEMMA 2.3 Problems (2.11) and (2.14) are equivalent. Indeed, ((o,p),u) € H X Q is a solution
of (2.11) if and only if (o,u) € Hy x Q is a solution of (2.14) and p = —3 tr(o).

Proof. Tt suffices to take 7 = 0 in (2.11) and then use that the traces of the tensor-valued
functions in H(div;Q) live in L?() as the pressure test functions do. O

Another way of seeing the equivalence between (2.11) and (2.14) is the following. We observe
that eliminating the pressure unknown from (2.6), that is replacing p by — %tr(a) in its first
equation, we are lead to the reduced problem:

1
Z—GdZVu in Q, divie) = —f in Q, u=g on T, (2.15)
1

whose variational formulation is precisely (2.14). Hence, (2.11) can also be considered as the
equivalent augmented formulation arising from (2.14) after adding the equation

S/Q <p+ %tr(a)) (q + %tr(T)) =0 V(r,q) e H.

Certainly, if we had to choose, we would stay with (2.14) since it is simpler than (2.11). However,
the interest in (2.11) lies in the corresponding Galerkin scheme, which, as we show below in
Section 3, provides more flexibility for choosing the pressure finite element subspace.

2.3 Analysis of the dual-mixed formulations

In this section we prove that (2.11) and (2.14) are well-posed. To this end, we first recall the
following well known estimate.

LEMMA 2.4 There exists ¢y > 0, depending only on 2, such that
2 .
alrlie < [ + Idiv(T)l6q Y7 € Ho. (2.16)
Proof. See Lemma 3.1 in [4] or Proposition 3.1 of Chapter IV in [9]. O

Then we have the following main result.

THEOREM 2.1 Problem (2.14) has a unique solution (o,u) € Hy x Q. Moreover, there exists a
positive constant C, depending only on , such that

@, Wl < € {IEllog + lelhor } -



Proof. It suffices to prove that the bilinear forms ag and b satisfy the hypotheses of the Babuska-
Brezzi theory. Indeed, given v in Q := [L?(Q2)]?, we proceed as in the proof of Lemma 2.1 and
let z € [H}(2)]? be the unique weak solution of the boundary value problem:

Az = v in Q, z=0 on TI. (2.17)

Then, we let 7 := V z, note that 7 € H(div; ), and decompose T = T¢ + ¢ I, with 7o € H
and ¢g € R. It follows that div(T¢) = div(T) = v, which proves that the bounded linear
operator div : Hy — [L?(2)]? is surjective, as well. Equivalently, the bilinear form b satisfies
the continuous inf-sup condition, which means that there exists § > 0 such that

/ v - div(T)

> Blvlloe  Vve[LX(Q)P. (2.18)
e o 17 i 0

Now, let V' be the kernel of the operator induced by b, that is
Vi={reHy: br,v)=0 VveQ}={reHy: div(r)=0}.
Then, applying Lemma 2.4, we find that for each 7 € V there holds

C1
2p

C1

1 2 2 2
ao(T,T) = ﬁ HTdHQQ > HTHO,Q = ﬁ HTHdiv,Q’ (2.19)

which shows that the bilinear form ag is strongly coercive in V. Finally, a direct application of
Theorem 4.1 in Chapter I of [30] completes the proof. O

The unique solvability of (2.11) is now straightforward.

THEOREM 2.2 Problem (2.11) has a unique solution ((o,p),u) € H X Q, independent of k, and
there holds p = —% tr(o). Moreover, there exists a constant C' > 0, depending only on Q, such
that

1@ ) Wlleq < € {UEloq + lighyar }

Proof. Tt is a direct consequence of Lemma 2.3, which gives the equivalence between (2.11) and
(2.14), and Theorem 2.1, which yields the well-posedness of (2.14). O

3 The mixed finite element methods

3.1 The Galerkin schemes

We now let HEy, H, }IZ and Qy, be arbitrary finite element subspaces of Hy, L?(Q) and Q, respec-
tively, and define Hy, := H§, x H}. Then, the Galerkin schemes associated with (2.11) and
(2.14) read: Find ((on,ppn),upn) € Hp X Qp, such that

a((o-haph)v(77Q))+b(Tvuh) = <TV7g> \V/(T7Q) € Hp,

blop,v) = —/Qf-v Vv € @y, (3-1)



and: Find (op,uy) € HE), x Qp, such that

ag(op, T) +b(T,u,) = (Tv,8) VT € Hfy,

3.2
blop,v) = —/Qf-v Vv € Q. (3:2)

The discrete analogue of Lemma 2.3, which gives a sufficient condition for the equivalence
between (3.1) and (3.2), is as follows.

LEMMA 3.1 Assume that the pressure finite element subspace Hﬁ contains the traces of the
members of the pseudostress tensor finite element subspace HS, , that is,

tr(HS,) C HY. (3.3)

Then, problems (3.1) and (3.2) are equivalent, that is ((oh,pr),un) € Hp X Qp, is a solution of
(3.1) if and only if (op,up) € HF), X Qp is a solution of (3.2) and pp = —1tr(op).

Proof. Let ((op,pn),un) € Hp X Qp be a solution of (3.1). It is clear from the assumption (3.3)
that pp + %tr(ah) belongs to HY. Then, taking ((7,¢),v) = ((0,pn + %tr(ah)),O) € Hy, xQp

in (3.1), we find that
K 1 2
;/Q (ph+ itr(ah)> =0,

which yields p, = —3 tr(op,). Conversely, given (o), up) € HE, x Qp a solution of (3.2), we let
pn = —3tr(op) and see that (o), pn), up) € H, X Q) becomes a solution of (3.1). O

It is clear from Lemma 3.1 that the discrete formulation (3.1) makes sense only if the con-
dition (3.3) does not hold. Otherwise, it suffices to look for the solution of (3.2).
3.2 The finite element subspaces

In order to introduce explicit finite element subspaces guaranteeing the unique solvability and
stability of (3.1) and (3.2), we now let {7}},-, be a regular family of triangulations of the
polygonal region € by triangles T' of diameter hp such that Q@ = U{T :T € 7} and define
h :=max {hr : T € 7,}. Given an integer £ > 0 and a subset S of R?, we denote by P;(S) the
space of polynomials of total degree at most ¢ defined on S. Then, for each integer £ > 0 and
for each T' € Tj,, we define the local Raviart-Thomas space of order k (see, e.g. [33], [9])

RTw(T) = [Po(T)* @ P(T)x, (3-4)
where x = < z; > is a generic vector of R?, and let RT%(7;,) be the corresponding global
space, that is

RTy(73) := {7 € H(div;Q) : (11,72)* € RT(T) Vi e {1,2}, VI e€T,}. (3.5)
We also let Pr(7,) be the global space of piecewise polynomials of degree < k, that is

Pu(Tn) == {v € L*(Q): v|r € P(T) VT €T, }. (3.6)



Next, we let £F : [H(Q)]?*? — RTy(73) be the usual equilibrium interpolation operator
(see, e.g. [33], [9]), which, given T € [H!(Q)]?*?, is characterized by the following identities:

/S,lf(r)l/-r = /TI/'I‘ VedgeecT,, Vrc [Pue)?, when k>0, (3.7)

e

and
/5;':(7'):r:/7-:r VT € T, Vre [P (T))**?, when k>1. (3.8)
T T

It is easy to show, using (3.7) and (3.8), that
div(EF(T)) = Pr(div(T)), (3.9)

where PF is the orthogonal projector from [L2(Q)]? into [Px(75)]%. It is well known (see, e.g.
[18]) that for each v € [H™(Q)]?, with 0 < m < k + 1, there holds

Iv—=PrWlloxr < ChE[Vlmr VT € Ty, (3.10)
In addition, the operator £F satisfies the following approximation properties (see, e.g. [9], [33]):
Ir - (o < CHE[rlmr YT € T, (3.11)
for each 7 € [H™(Q)]?*?, with 1 < m < k+1,
[div(T — & (T)llor < CHEIAIV(T)|mr VT € T, (3.12)
for each T € [H'(9)]**2 such that div(7) € [H™(Q)]?, with 0 < m < k+1, and
[Ty —EF(T)voe < C hl/? Il Vedge e € Ty, (3.13)

for each T € [H1(Q)]**2, where T, € 7}, contains e on its boundary. In particular, note that (3.12)
follows easily from (3.9) and (3.10). Moreover, it turns out (see, e.g. Theorem 3.16 in [31]) that
&R can also be defined as a bounded linear operator from the larger space [H*(2)]>*? N H (div; )
into RT%(7) for all s € (0, 1], and that in this case there holds the following interpolation error
estimate

I =&k @lor < Chi{ Il + Idiv(Dllor } VT € T (3.14)

We now introduce the following finite element subspaces of Hy, L?(f2), and Q, respectively,

HE), = {T € RTy(T5) : /Qtr(r) - o},
HY = Pu(Th), (3.15)
Qn = [Pu(73))?.

Then, as a consequence of (3.10), (3.11), (3.12), (3.13), (3.14), and the usual interpolation
estimates, we find that Hg,, H, P, and Qp, satisfy the following approximation properties:

10



(AP§},) For each s € (0,k + 1] and for each T € [H*(D)])>*2 N Hy with div(T) € [H*()])? there
exists Ty € th such that

I = Thlave < €0 {I7ll o+ ldivir)l, o}

(APY) For each s € [0,k + 1] and for each ¢ € HAQ) there exists g, € H}, such that

lg = anlloo < CF” lldllsgq -

(AP}) For each s € [0,k + 1] and for each v € [HQ)]? there exists vj, € Q), such that

v =vnloo < Ch [lvlq -

3.3 Analysis of the Galerkin schemes

In what follows we establish the unique solvability, stability, and convergence of the Galerkin
schemes (3.1) and (3.2) with the finite element subspaces given by (3.15). Note that in this case
the condition (3.3) does not hold, and hence the Galerkin scheme (3.1) becomes meaningful. We
begin the analysis with the discrete inf-sup condition for the bilinear form b.

LEMMA 3.2 Let HE, and Qp be given by (3.15). Then, there exists 3 > 0, independent of h,
such that

b
sup (T,v) > Blvloa Vv € Q. (3.16)
reng, [ITlldiv.e
1'750

Proof. Since b satisfies the continuous inf-sup condition (cf. (2.18) in the proof of Theorem 2.1),
we just need to construct a Fortin operator. To this end, we first let G be a bounded convex
polygonal domain containing (2. Then, given 7 € Hy, we let z € [H}(G)]? be the unique weak
solution of the boundary value problem:

divt in Q
Az—{ 0 n G\Q z=0 on J0G. (3.17)

Thanks to the elliptic regularity result of (3.17) we have that z € [H?(£))]? and
[zll2.0 < [[div(T)]oq- (3.18)

Also, it is clear that (Vz)lo € [H'(Q)]**?, div(Vz) = Az = div(7) in Q, and
IVzl[o < lzl2e < [ldiv(T)]ogq- (3.19)

Next, we introduce the linear operator Hfl : Hy — H§,, where HZ(T) is the Hy-component of
ER(Vz) determined by the decomposition (2.9), that is

5 (1) == &F(Vz) — {ﬁ /Qtr(gjf(w))} I.
It follows, using (3.9), that
div(ITf (1)) = div(£F(Vz)) = PF(div(Vz)) = Pr(div(T)) in Q,
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and hence for each 7 € Hy and v € @, there holds

ity (r).v) = [

Qv'div(Hi(T)) = /V"P;:(diV(T)) = /Qv-div(r) = b(r,v). (3.20)

Q

In addition, using the stability of the decomposition (2.9), and applying (3.11) (with m = 1)
and (3.19), we find that for each T € Hy there holds

I (M) v e < 1€5(VD)dv0 = 1€:(V2) 5o + [P (div(r)5 o

< C{IV2 - E(Va)Rq + IValia + ldiv(mIBe} < Clldiv(m)iRq,

which shows that Hi is uniformly bounded. The above estimate and (3.20) prove that Hﬁ
becomes a Fortin operator, which finishes the proof. O

We are now in a position to establish the following theorems.

THEOREM 3.1 The Galerkin scheme (3.2) has a unique solution (op,up) € HS) X Qn, and

there exist positive constants C, C, independent of h, such that

l@n w)lyxg < € { Ifloq + llelhar }

and
— i, < C inf — (Th: V)l g, . 3.21
”(0.711) (Uh7uh)H ox@ (vah)lEnH&hXQh H(Uju) ( & h)H 0xQ ( )

Proof. Since div(Hg,,) € Qp, we find that the discrete kernel of b is given by
Vi, = {TGH&hZ b(t,v) =0 VVEQh} = {TGH&h: div(t) =0 in Q} cVv,

which, thanks to (2.19), shows that ag is strongly coercive in V}. This fact, Lemma 3.2, and a
direct application of the classical Babuska-Brezzi theory (see, e.g. Theorem 1.1 in Chapter II of
[30]) complete the proof. O

THEOREM 3.2 Let (o,u) € HyxQ and (op,uy) € HE), x Qp, be the unique solutions of the con-

tinuous and discrete formulations (2.14) and (3.2), respectively. Assume that o € [H*(2)]?*?,
div(o) € [H*(Q)]?, and u € [H*(Q)]?, for some s € (0,k + 1]. Then there exists C > 0,
independent of h, such that

1) = (@n Wl < Ch° {lloll o + Idivie)l,q + o}

Proof. 1t follows from the Cea estimate (3.21) and the approximation properties (APF,) and
(AP}). O

We end this section with the analogues of Theorems 3.1 and 3.2 for the scheme (3.1). In this

case, the well-posedness of (3.1) depends on a suitable choice of the parameter s that defines
the bilinear form a (cf. (2.12)).

12



THEOREM 3.3 Let ¢c; > 0 be the constant provided by Lemma 2.4 and assume that the parameter
Kk liesin (0,¢1). Then the Galerkin scheme (3.1) has a unique solution ((op, pp),up) € Hp X Qp,

and there exist positive constants C, C, independent of h, such that

I(@nspn)swn)llzrcg < C{ IElloq + lglyar |-

and

o,p),u) — ((on,pr),un)| g <C inf o,p)u) — ((Th,qn), Vi)llgxo -
[{(ep) ) = ({on,pr) )l Q@ ((Thyan),ve) € Hn XQp I ) w) = (- @n). v x@
(3.22)

Proof. Using again that div(Hg,) C @, we find that the discrete kernel of b is given in this
case by

W), = {(T,q)eHh = HS, x HY: b(1,v) =0 VVth}thxH;’Z-

Note that b has to be considered here as a bilinear form acting from Hj x @, into R (instead of
HE), x Qp into R as in the formulation (3.2)). Then, according to the definition of a (cf. (2.12))
and Lemma 2.4, we deduce that for each (7,¢q) € W}, there holds

1 an2 K 1 9
= — = t
a((7,9),(T,9)) o 1760 + . llg + St (T)ll6.0
1 K K
> 2 ”Tng,Q + 2 ”qu,Q ey HT”?),Q
1 K
> 2 (1 — k) ”T”(2),Q + 2 HQH%,m

which shows that a is strongly coercive in W), whenever x € (0,c¢1). Hence, as in Theorem 3.1,
the proof is completed having in mind Lemma 3.2 (with the above mentioned modification on
the definition of the bilinear form b) and applying Theorem 1.1 in Chapter II of [30]. O

THEOREM 3.4 Let ((o,p),u) € H x Q and ((op,pr),un) € Hp X Qp, be the unique solutions

of the continuous and discrete formulations (2.11) and (3.1), respectively. Assume that o €
[H*(Q)]?*2, div(o) € [H*(Q)]%, and u € [H*(Q)]?, for some s € (0,k + 1]. Then there exists
C > 0, independent of h, such that

1o, p),w) = (@n,n)s W)l < O {llo o + iVl + ulloo} -

Proof. Tt follows from the Cea estimate (3.22) and the approximation properties (APF,), (AP}),
and (AP}), noting that p = — 3 tr(o) € H*(Q). O

4 A posteriori error analysis

In this section we derive reliable and efficient residual based a posteriori error estimators for
(3.1) and (3.2). Actually, the analysis is performed first for (3.2) and then extended to (3.1).
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We begin by introducing several notations. We let &, be the set of all edges of the triangula-
tion 7, and given T' € T, we let £(T") be the set of its edges. Then we write &, = E,(Q)UEL(T),
where &,(2) :={e € &,:e CQ} and &,(T") := {e € &, : e CT'}. In what follows, h. stands for
the length of the edge e. Also, for each edge e € &, we fix a unit normal vector v, := (v1,12)",
and let s, := (—vp,11)* be the corresponding fixed unit tangential vector along e. Then, given
e € &E(Q) and T € [L?(Q)]**? such that T|r € [C(T)]**? on each T € Tj,, we let [Ts.] be
the corresponding jump across e, that is [rs.] := (7| — T|17)|e Se, where T and T” are the
triangles of 75 having e as a common edge. Abusing notation, when e € &,(T"), we also write
[T S¢] := T|c Se. Similar definitions hold for the tangential jumps of scalar fields v € L?(Q2) such
that v|r € C(T) on each T' € 7;,. From now on, when no confusion arises, we simple write s
and v instead of s, and v, respectively. Finally, given scalar, vector and tensor valued fields v,
¢ = (¢1,92) and T := (75), respectively, we let

v t Orip _ Ot
Do curl S S

curl(v) := ( %:(;2 > , curl(ep) = < ((Pl)t > , and curl(T) := < 57:—01 gfz ) .
= Par curl(¢y) Tor ™ Dag

Then, letting (o, u) € HyxQ and (o, u;) € HJ;, X Qj, be the unique solutions of the continuous
and discrete formulations (2.14) and (3.2), respectively, we define for each T' € 7}, a local error
indicator 61 as follows:

) 1 2 1 2
= |If + le(O'h)ng + h3 chrl{@oﬁ}uoj + hk H Vuy, — ﬂaz HO,T
(4.1)
1 2 d 1 2
> n[ges]| v X et | et e wld. g
2,u 0,e ds 2,& 0,e
e€E(T)NEL(Q) e€&(T)NE(T)
Note that the above requires that —‘ % for each e € &,(T). This is fixed below by

assuming that g € [H'(I')]?. Similarly, lettlng (( p),u) € HxQ and ((op,pr),un) € Hp, X Qp
be the unique solutions of the continuous and discrete formulations (2.11) and (3.1), respectively,
we define for each T' € 7}, a local error indicator nr as follows:

2= 0% + H —I—ltr(a )H2 + h2 chrl( +1tr(0' ))H2
nr = Ur Pr h 0T T Pn 2 h 0T

N[+ s o] |

2 (4.2)
The residual character of each term on the right hand side of (4.1) and (4.2) is quite clear. As

+ .
0,e
usual the expressions

— { > 9%}1/2 and 7 = { > n%}l/z

TeTy, TeT,

are employed as the global residual error estimators.

The following theorems constitute the main results of this section.
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THEOREM 4.1 Let (o,u) € Hy x Q and (op,uy) € HE), < Qp be the unique solutions of (2.14)

and (3.2), respectively, and assume that g € [H'(T'))%.

and Cre1, independent of h, such that

Then there exist positive constants Cess

Cets 0 + h.oot. < ||(o,u) — (oh,up)l|Hoxg < Cre1 0, (4.3)

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

THEOREM 4.2 Let ((o,p),u) € H x Q and ((op,pp),up) € Hp X Qp, be the unique solutions of
(2.11) and (3.1), respectively, and assume that g € [H'(T')]*. Then there exist positive constants
Cots and Cre1, independent of h, such that

Cossm + hoot. < |[((0,p),0) = ((oh;pn), un)llExQ < Cram, (4.4)

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

The efficiency of the global error estimators (lower bounds in (4.3) and (4.4)) are proved
below in Subsection 4.2, whereas the corresponding reliability (upper bounds in (4.3) and (4.4))
is derived now.

4.1 Reliability
We begin with the following preliminary estimate.

LEMMA 4.1 Let (o,u) € Ho x Q and (op,up) € HF), X Qp be the unique solutions of (2.14)
and (3.2), respectively. Then there exists C > 0, independent of h, such that

R(T
Clito,w) - (onullmxg < sup  —o)

——— + |If + div(ew)loq, (4.5)
rero\{6} |17 llaiv.0

where
1 . o
R(tT) == (T —Th)V,9) — M /Qaﬁll c(r—T1h) — /Quh-dIV(T —Tp) VT € Hyp. (4.6)

Proof. We first recall that the continuous dependence result for the problem (2.14) (cf. Theorem
2.1) is equivalent to the global continuous inf-sup condition, which establishes the existence of
C > 0 such that

aO(C7T) + b(T,W) + b(C,V)

Cl(¢;wW)llmxg < sup V(¢ w) € HoxQ. (4.7)
(7.v)EHoxO\{0} (7 V)l Hox@

Then, applying (4.7) to the Galerkin error ({,w) := (o,u) — (op,up), and using the second
equation of (2.14), the fact that [|(7,V)|Hyx@ > max{|7|aiv.0,|V]oa}, and the Cauchy-
Schwarz inequality, we find that

ao(o = on, ) + b(r,u =) + b — oh,v)

Cll(o,u) = (oh,up)|HxQ < sup

(,v)€Hox Q\{0} (T, V)l Hox@
R(T) — /Q(f—i-dlv(ah))v R(7) .
= sup < sup ———— + ||f +div(ow)]oa,
(7,v)€Ho xQ\{0} (7 V)| o <@ rero\{6} I llaiv.e
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where R(T) = ag(o — o, 7) + b(7,u — uy). But, from the first equations of (2.14) and (3.2)
we have that ag(o — op,Th) + b(Th,u—uy) =0 V7y € H&h, and hence

R(T) = ao(0 —op, T —74) + b(T —Th,u—wy) VT, € HY),

which, using again the first equation of (2.14) and the definitions of ag and b, becomes (4.6),
thus completing the proof. O

We now aim to bound the supremum on the right hand side of (4.5). To this end, and in
order to choose below a suitable 7, € H{, for the definition of R(7) (cf. (4.6)), we now let

I, : H{(Q) — X}, be the Clément interpolation operator (cf. [19]), where
Xy = {’Uh S C(Q) : Uh’T S ]P’l(T) VT e 'Z;L} . (48)
The following lemma establishes the local approximation properties of Ij,.

LEMMA 4.2 There exist constants C1,Cy > 0, independent of h, such that for all v € HYQ)
there hold
lo = @) llor < Crhr Wlyagy VT €T, (4.9)

and
lo = Ia(@)llge < Coh? ol Ve € &, (4.10)

where A(T') and A(e) are the union of all elements intersecting with T and e, respectively.

Proof. See [19]. O

Next, given 7 € Hy, we proceed as in the proof of Lemma 3.2, and let z € [H(G)]? be
the unique weak solution of tlie boundary value problem (3.17), where G is a bounded convex
polygonal domain containing 2. Since div(T — Vz) = 0 in 2, and 2 is connected, there exists

@ = (p1,02)" € [H(Q)?, with /9901 = /9902 = 0, such that
T = curl(ep) + Vz. (4.11)

This identity is known as a Helmholtz decomposition of 7. Note that the equivalence between
llelli,o and ||, (which is consequence of the generalized Poincaré inequality), together with
(4.11) and (3.19), imply that

lelhe < cleha = clleurl@)log < c{lIlog + IV2loa} < Clirlave.  (412)
Now, we let ¢}, := (In(v1), In(p2))* and define
T, = curl(p,) + EF(Vz) + cI, (4.13)

where EF is the Raviart-Thomas interpolation operator introduced before (cf. (3.7), (3.8)), and
the constant c is chosen so that 7y, which is already in RT(7},), belongs to Hf ;. Equivalently,

71, is the Ho-component of curl(¢y) + EF(Vz) € RTy(T,). We refer to (4.13) as a discrete
Helmholtz descomposition of 7.
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Then, replacing 7 (cf. (4.11)) and 7, (cf. (4.13)) into (4.6), observing that the expression
cI cancells out from the three terms defining R, and noting, according to (3.6) and (3.9), that

/uh.div(vz—g,’j(vz)) = / - (div(T) — P(div(T))) = 0,
Q
we find that R can be decomposed as R(T) = Ri(p) + Ra(z), where

Ri(p) = (curl(p — ;) v, 8) — 2i / ofl : curl(p — ¢y) (4.14)

and

Ro(z) = ((Vz — EF(Vz)) v, g) — i/ﬂaﬁ : (Vz — EF(Vz)). (4.15)

The following two lemmas provide upper bounds for |R;i(y)| and |Rz(z)].
LEMMA 4.3 Assume that g € [HY(T')]?. Then there exists C > 0, independent of h, such that

1/2
[Ri(p)] < C > 6ir (7 [l v, (4.16)
TET,
where
1 2 1 2
Hf’T = hp curl{Z—Uz} + he [2—0'%5}
K 0T ceg(T)nER(Q) H 0
dg 1 4 2
T Z el s ﬂahs 0

e€&(T)NER(D)
Proof. Using that curl(¢ —pp)v = %(cp — ¢p,) and then integrating by parts on I', we find that
(curl(p —pp)v,g) = — (¢ — soh, ds -y / © — ¢n)
eeé‘h
Next, integrating by parts on each T' € 7}, we obtain that

[ otcutto - = 3 { [enof- (oo - [ ats (o)

TET;,
Z/CUTI{Uh} (o —n) — Z /Uhs (o —n) — Z /Uhs Y —p)-
TeT), eESh(Q eeé‘h(F

Hence, replacing the above expressions into (4.14), we deduce that

T;/curl —O'h (¢ —on) Z /—Uhs (¢ —on)
Z/ }(90 n) -

eeé'h(l“

Finally, applying the Cauchy-Schwarz inequality, the approximation properties provided by
Lemma 4.2 together with the fact that the number of triangles in A(T") and A(e) are bounded,
and then the estimate (4.12), we derive the upper bound (4.16). O
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LEMMA 4.4 There exists C > 0, independent of h, such that
1/2

|Ra(z)| < C Z 05 7 17|l div,02 » (4.17)
TeT,

where
1 2
VUh h

B = 18 [Vun - -

+ Y hellg —wl.

0T eee(T)NEL(T)

Proof. Since uy|e € [Py(e)]? for each edge e € &, (in particular for each edge e € &,(T)), and
Vup|r € [Pr_1(T)]?*? for each T' € T, the identities (3.7) and (3.8) characterizing £F, yield,
respectively,

/(Vz—é}’f(Vz))u-uh =0 Ve € &(T),

e

and

/(Vz—é‘}f(Vz)) :Vu, =0 VT € Tp.
T

Hence, introducing the above expressions into the definition of Ry (cf. (4.15)), we obtain that

Z /Vz—Sh Vz))v-(g—up) Z/ Vuh——ah} (Vz — EF(Vz)),

ec&y (T TeT),

from which, applying the Cauchy-Schwarz inequality, the approximation properties (3.13) and
(3.11) (with m = 1), and then the estimate (3.19), we deduce the upper bound (4.17). O

As a straightforward corollary of Lemmas 4.3 and 4.4 we deduce that
1/2

IR(T)| < ¢ > (077 +657) I7llgve V7T € Ho, (4.18)
TeT,

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

If + div(en)lEa = D If + divien)Er,
TeT;,

we conclude from Lemma 4.1 the reliability of the a posteriori error estimator 6 (upper bound

n (4.3)).
In what follows we show the reliability of 1. We begin with the analogue of Lemma 4.1.

LEMMA 4.5 Let ((o,p),u) € H x Q and ((on,pr),un) € Hp X Qp be the unique solutions of
(2.11) and (3.1), respectively. Then there exists C > 0, independent of h, such that

S(T
Cll((op)ou) — (@npn) wllxo < sup ﬁ
rero\{o} T llaiv,0 (4.19)

1
ph + §tr(0h)

9

+ If + div(en)loa + ‘
0,0

18



where

K 1 o
S(t) := R(t) — o / {(ph + —tr(oy)) I} st —Th) Vrn € Hyy. (4.20)
©oJa 2
Proof. It is similar to the proof of Lemma 4.1 and hence we omit further details here. O

Next, in order to estimate the supremum on the right hand side of (4.19), and thanks to
(4.18), it only remains to bound the extra-term given by

1
T(T) := / {(ph + itr(ah)) I} (T —Th).
Q
To this end, we apply again the Helmholtz decompositions (4.11) and (4.13), and obtain that
1 1 i
T(T) = /Q {(ph + 5’“(‘%)) I} ccurl(p —¢y) + /Q {(ph + §tr(0'h)> I} :(Vz — &)(Vz)).

Note here that the expression cI (cf. (4.13)) cancells out from the definition of 7" since, as shown

1
by (3.1) with 7 = 0 and ¢ = 1, there holds / (ph + §tr(0'h)) = 0.
Q

LEMMA 4.6 There exists C > 0, independent of h, such that

1/2
T(r)| < C Z Mo 7 lldiv, 02+ (4.21)
TeT,
where
1 2 1 2
Ty = ht Curl(Ph + —‘UI‘(Uh)) + > he [(ph + —tr(Uh)) S}
’ 2 0T 2 0
’ ec&(T) €
2
9 1
+ b7 ||pn + =tr(op)
2 0,T

Proof. It follows with the same techniques employed in the proofs of Lemmas 4.3 and 4.4. [

As a consequence of (4.18), (4.20), and (4.21), we deduce that
1/2

1S(m)] < Z 03+ 050 +nir) |7l div,02 VT € Hy, (4.22)
TeT,

which gives an upper bound for the supremum on the right hand side of (4.19). In this way, and

similarly as for 8, we conclude from Lemma 4.5 the reliability of the a posteriori error estimator
2

is not included in the final
0,7

(ct. (4.19)).
0,7

1
pn+ str(op)

1 (upper bound in (4.4)). Note that the term h? 5

1 2
ph + §tr(0'h)

estimation since it is dominated by ‘
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4.2 Efficiency of the a posteriori error estimators

In this section we prove the efficiency of our a posteriori error estimators 6 and 1 (lower bounds in
(4.3) and (4.4), respectively). In other words, we derive suitable upper bounds for the six terms
defining the local error indicator 62 (cf. (4.1)), and for the remaining three terms completing
the definition of the local error indicator n% (cf. (4.2)).

1
We first notice, using that f = —div(e) and p + 3 tr(e) = 0in Q, that there hold
If + div(on)lor = Idivie — an)lg 7 (4.23)
and 1 )
lon + Seten)| < 2{lp—plir + llo — onllr}- (4.24)

)

Next, in order to bound the terms involving the mesh parameters hr and h., we proceed
similarly as in [15] and [16] (see also [24]), and apply the localization technique based on bubble
functions, together with inverse inequalities. To this end, we now introduce further notations and
preliminary results. Given T € 7;, and e € E(T'), we let ¢ and 1), be the usual triangle-bubble
and edge-bubble functions, respectively (see (1.5) and (1.6) in [34]), which satisfy:

i) Yp € P3(T), supp(r) CT, v =0 on 9T, and 0 < ¢p < 1 in T.

ii) Yelr € Pao(T), supp(¢pe) C we = U{T" € T, : e € E(T")}, Ye = 0 on 9T\e, and
0 < 9Ye <1 in we.

We also recall from [35] that, given k € NU{0}, there exists a linear operator L : C(e) — C(T)
that satisfies L(p) € Px(T') and L(p)le = p Vp € Pr(e). A corresponding vectorial version of
L, that is the componentwise application of L, is denoted by L. Additional properties of ¢, .
and L are collected in the following lemma.

LEMMA 4.7 Given k € NU{0}, there exist positive constants c1, ca, 3, and ¢4 , depending only
on k and the shape regularity of the triangulations (minimum angle condition), such that for
each T € T, and e € E(T), there hold

1/2
lWrdlr < lal3r < elvi’dBr  Va e Pu(T), (4.25)
[Ce L) < llpl3e < e2lWlplla.  Vp € Pile), (4.26)
and
he llpll2. < 102 LR < cihelpll?. VpeP 4.27
cshelpllse < 10/ Lp)or < cahelpllge p € Py(e). (4.27)
Proof. See Lemma 1.3 in [35]. O

The following inverse estimate will also be used.

LEMMA 4.8 Let l, m € NU{0} such that I < m. Then, there exists ¢ > 0, depending only on
k, I, m and the shape regularity of the triangulations, such that for each T € Ty, there holds

lglmr < chlo™lqlir Vg € Py(T). (4.28)

20



Proof. See Theorem 3.2.6 in [18]. O

The following two lemmas are required for the terms involving the curl operator and the
tangential jumps across the edges of 7;,. Their proofs, which make use of Lemmas 4.7 and 4.8,
can be found in [6].

LEMMA 4.9 Let p;, € [L*(Q)]2*? be a piecewise polynomial of degree k > 0 on each T € Tp,. In
addition, let p € [L*(Q)]?*? be such that curl(p) = 0 on each T € T,. Then, there exists ¢ > 0,
independent of h, such that

lewrl(pp) o < ehz' lo—pplor VT € Ty,
Proof. See Lemma 4.3 in [6]. O

LEMMA 4.10 Let p, € [L?(2)]**2 be a piecewise polynomial of degree k > 0 on each T € Ty,
and let p € [L*(Q)]?*2 be such that curl(p) = 0 in Q. Then, there exists ¢ > 0, independent of
h, such that

llonslloe < ch' o= pullon. Ve € En.
Proof. Tt is a slight modification of the proof of Lemma 4.4 in [6]. We omit the details here. [

We now apply Lemmas 4.9 and 4.10 to bound other four terms defining 62 and n%.

LEMMA 4.11 There exist Cy, Cy > 0, independent of h, such that

h3 chrl{%a%}“ij < Ci|lo— UhH?),T VT € Ty, (4.29)
and BRI )

he [ﬂah S]HQE < Gollo—anllf, Ve e &) (4.30)
Proof. Applying Lemmas 4.9 and 4.10 to p;, := %oﬁi and p = %ad = Vu, and then using
the continuity of 7 — 79, we obtain (4.29) and (530), respectivelgj. O

LEMMA 4.12 There exist Cs, Cy > 0, independent of h, such that

1 2
W ||eurl(pr + gte(on) | < Co{lp—pilldr + o —oulir}  ¥TeTh, (431
and

he

1 2
(oot 5u@n)s]| < ci{lo—pilie, +lo—oul.} Vees. (432

1
Proof. 1t suffices to apply Lemmas 4.9 and 4.10 to the tensors p; := (ph + itr(ah)) I and

1
p = (p + §tr(0')) I = 0, and then use the triangle inequality. O
The remaining three terms are bounded next applying Lemmas 4.7 and 4.8.
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LEMMA 4.13 There exist C's > 0, independent of h, such that
1 2
K2 HVuh - EU?LHOT < C{lu—wlir + Wlo—onldr} VT eTh. (433

Proof. It is a slight modification of the proof of Lemma 6.3 in [15] (see also Lemma 5.5 in
[24]). For sake of completeness we now provide the details. Given T' € 7;, we denote xp :=

Vu, — 2—0’% in 7. Then, applying the right hand side of (4.25), using that Vu = ia’d in Q,
and integrating by parts, we find that

1/2 1
el < ex o xrlfr = o1 [ wrxe s (Van = 5-0f)

~ o /TwTXT:{V(uh—u)_i<o.2_o.d)}

201{/TdiV(1/1TXT)‘(u—uh) + i/TwTXTi(Ud_U%)}-

Then, applying the Cauchy-Schwarz inequality, the inverse estimate (4.28), the left hand side of
(4.25), and the continuity of 7 — 7%, we get

Ixrliz < ¢ {hz" lu—willox + llo = oulox } Ixrlloz

which yields
Ixrllor < € {hz" u = wnlor + llo = onllor} -

This inequality implies (4.33) and completes the proof. O

In order to bound the boundary terms given by he g —usl§ ., e € Eu(I), we need to recall
a discrete trace inequality. In fact, as established by Theorem 3.10 in [1] (see also eq. (2.4) in
[2]), there exists ¢ > 0, depending only on the shape regularity of the triangulations, such that
for each T' € 7;, and e € &(T), there holds

lolfe < e{ht ol + heloltr } o e HAD). (4.34)
LEMMA 4.14 There exist Cg > 0, independent of h, such that

hellg = wile < Co {lla—wiliy + 3o —onldr} Ve € &), (4:35)

where T is the triangle of T}, having e as en edge.

1
Proof. Applying the inequality (4.34) together with the fact that u = gon I' and Vu = — ¢

2p
in , we easily obtain that

lg - w2, = Jlu—wlB, < { B = wnlBg + helu - uhﬁ,T}
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=c { hot la—wllgr + he

1 2
—O'd—VuhH }

2p
1 2
Vu ——adH ,
h 2u h 0,7

< ot fa-wlr + hello = anlir + b
which, using that h, < hp, gives

1 2
hwg—%%@éc{wrﬂ%ﬁT+h%w—aw&~+@ﬂv%—§;ﬁmT}

2
This estimate and the upper bound for h% HVuh - ﬁ U%HOT (cf. Lemma 4.13) yield (4.35),
which ends the proof. 7 O

LEMMA 4.15 Assume that g is piecewise polynomial. Then there exist C7 > 0, independent of
h, such that

dg 1 2

pl EU%SHO,e < Crllo — Uh”%,Te Ve € &(T), (4.36)

where T, is the triangle of T}, having e as en edge.

e

d 1
Proof. Given e € &,(I') we denote x. := d_g - 2—0%5 on e. Then, applying (4.26), the
s 2u
dg

extension operator L : [C(e)]? — [C(T)]?, and the fact that = = Vus, we obtain that

dg 1
helBe < 2l el = e [ voxe- (% - 5ots)
(4.37)
1
= e L e)” - —of .
Co /anw (Xe) {(Vu 2M0h) S}
1
Now, integrating by parts and using that Vu = ﬂad in , we find that
L 4
we L(Xe) : (Vu - 2_Uh) s
OT H . . . (4.38)
= /e curl(v. L(x.)) : (ﬂad - EU?J + /Te Ve Li(xe) - curl{ﬂaﬁ} .

Then, applying the Cauchy-Schwarz inequality, the inverse estimate (4.28), the continuity of
T — 7%, and noting, thanks to the fact that 0 < 1, < 1 and the right-hand side of (4.27), that

e Lixe)llor. < 102 Lixe)llor < chi?|Ixelloe

we deduce from (4.37) and (4.38) that

_ 1
elBe < € {nztto = oo + [eut{g-ot}] b o Il

0,Te
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which, using that h. < hr,, yields

1 2
helbxelite < € {llo = anllir, + v, Jlewn{ ot -
IXelloe < C {”0' onllor, + ht, ||cur 2M0'h o,

1 2
This inequality and the upper bound for h?pe chrl{ 2—0%} H (cf. Lemma 4.11) imply (4.36),
v e

which completes the proof. O

)

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 (4.36). This
explains the eventual expression h.o.t. in (4.3) and (4.4).

Finally, the efficiency of 8 and n follows straightforwardly from estimates (4.23) and (4.24),
together with Lemmas 4.11 throughout 4.15, after summing up over T' € 7, and using that the
number of triangles on each domain w, is bounded by two.

5 Numerical results

In this section we present three numerical examples illustrating the performance of the mixed
finite element schemes (3.1) and (3.2), confirming the reliability and efficiency of the a posteriori
error estimators m and @ derived in Section 4, and showing the behaviour of the associated
adaptive algorithms. In all the computations we consider the specific finite element subspaces
HF,, Hy, and Qp given by (3.15) with & = 0. As in [25] and [22], the zero integral mean
condition for functions of the space H, is implemented in (3.1) and (3.2) by introducing a real
Lagrange multiplier.

In what follows, N stands for the total number of degrees of freedom (unknowns) of (3.1)
and (3.2), which can be proved to behave asymptotically as 6 and 5 times, respectively, the
number of elements of each triangulation. Also, the individual and total errors are given by

e(o) == |lo—onlgyva . e®) = lp—pullog. e = u—wloe,
e(o,u) == {(e(@)’ + (e()2}"? | and e(o,p,u) = {(e(0))® + (e(p)? + (e(w))*}
whereas the effectivity indexes with respect to @ and 1 are defined, respectively, by
eff(6) := e(o,u)/0 and eff(n) := e(o,p,u)/n.
Then, we define the experimental rates of convergence

o) o BE@)/C@) o lome)/ ) | losle()/¢ (w)

log(h/R') log(h/h') log(h/h')
__log(e(a,u)/e'(o,1)) __ log(e(a,p,u)/e'(a,p,u))
r(o,u) = o (h/17) , and r(o,p,u) = log(h/I7) ,

where e and ¢’ denote the corresponding errors at two consecutive triangulations with mesh
sizes h and R/, respectively. However, when the adaptive algorithm is applied (see details be-
low), the expression log(h/h') appearing in the computation of the above rates is replaced by
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— % log(N/N'"), where N and N’ denote the corresponding degrees of freedom of each triangu-
lation.

The examples to be considered in this section are described next. In all of them we take
the kinematic viscosity u© = 1. The first example is employed to illustrate the performance of
the mixed finite element schemes and to confirm the reliability and efficiency of the a posteriori
error estimators. Then, Example 2 is utilized to show the behaviour of the adaptive algorithm
associated with n, which apply the following procedure from [34]:

1) Start with a coarse mesh 7.

2) Solve the discrete problem (3.1) for the actual mesh 7p,.
4) Evaluate stopping criterion and decide to finish or go to next step.

)
)
3) Compute nr for each triangle T' € 7.
)
5) Use blue-green procedure to refine each T € 7;, whose indicator ny satisfies

—_

npr > §max{77T: TeT,}

6) Define resulting mesh as actual mesh 7;, and go to step 2.

Finally, in Example 3 we consider the standard test case given by a driven cavity.

In Example 1 we consider € =]0, 1[> and choose the data f and g so that the exact solution
is given by

w = g o (o) + (0 Uy )} o =522 -

with r = /(21 — 2)? + (z2 — 2)2, for all x := (x1,22) € €, where py € R is such that [,p =0
holds. At this point we recall from (2.5) and the fact that & € Hp, that an admissible solution p
must satisfy fQ p = 0. Note in this example that (u,p) corresponds to the fundamental solution
located at the point (2,2), which is outside §2. Hence, f = 0, u is divergence free, and (u,p) is
regular in the whole domain €.

In Example 2 we consider € as the L-shaped domain | — 1,1[> —]0, 1[? and choose the data
f and g so that the exact solution is given by

L _ 2 B o\ —1/2 xo — 0.1 . 1 B
u(x) := ((z1 —0.1)* + (2 — 0.1)%) < 01— 2y > and p(x) = el D0 s
for all x := (z1,z2) € 2. We note that u is divergence free in Q. In addition, it is clear that
u and p are singular at (0.1,0.1) and along the line 9 = 1.1, respectively. Hence, we should

expect regions of high gradients around the origin and along the line x5 = 1.0.

In Example 3 we take  =]0,1[%, f = 0 in Q, and

g1, 72) = { (sin(rx1),0) if O0<z <1, 29=1

0 otherwise .
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Our numerical results were obtained in a Pentium Xeon computer with dual processors,
using a MATLAB code. Since the choice of  in (3.1) depends on the unknown constant ¢; from
Lemma 2.4 we simply take x = u, which worked out well in the computations shown below.

In Tables 5.1 - 5.2 and Figure 5.1, we summarize the convergence history of the mixed
finite element schemes (3.1) and (3.2) as applied to Example 1, for sequences of quasi-uniform
triangulations of the domain. We observe there that the rate of convergence O(h) predicted by
Theorems 3.4 and 3.2 (when s = 1) is attained by all the unknowns. In addition, though we
do not present the corresponding results here, we remark that the same Table 5.1 (up to the
first 6 and 7 digits) is obtained with k € {,u/2,2,u,,u/10, 10 1, /100, 100 ,u}, which suggests
the robustness of (3.1) with respect to the choice of this parameter. According to this fact, the
hypothesis on x established by Theorem 3.3, that is 0 < x < ¢, seems to be more technical
than truly necessary for practical computations. Next, we remark the good behaviour of the a
posteriori error estimators in sequences of quasi-uniform meshes. Indeed, we notice from Tables
5.1 and 5.2 that the effectivity indexes ef f(n) and ef f(0) remain always in a neighborhood of
0.45 and 0.42, respectively, which illustrates the reliability and efficiency of n and 6. Finally, in
order to emphasize the good performance of our schemes, in Figures 5.2 - 5.4 we display some
components of the approximate and exact solutions for Example 1.

Next, in Tables 5.3 - 5.4 and Figure 5.5, we provide the convergence history of the uniform and
adaptive schemes (3.1) with k = p, as applied to Example 2. We observe here, as expected, that
the errors of the adaptive procedure decrease faster than those obtained by the quasi-uniform
one. This fact is better illustrated in Figure 5.5 where we display the total errors e(o,p,u)
vs. the degrees of freedom N for both refinements. Actually, looking at the experimental
rates of convergence provided in the tables, we confirm that the adaptive method is able to
recover the quasi-optimal O(h) for the total error. In addition, the effectivity indexes remain
again bounded from above and below, which confirms the reliability and efficiency of 1 for the
associated adaptive algorithm. Some intermediate meshes obtained with the adaptive refinement
are displayed in Figure 5.6. Note that the adapted meshes concentrate the refinements around
the origin and the line x9 = 1, which says that the method is able to recognize the regions with
high gradients of the solutions. In order to illustrate the good quality of the solutions provided
by the adaptive scheme, in Figures 5.7 - 5.8 we display two components of the approximate and
exact solutions for Example 2.

Finally, in Table 5.5 we provide the convergence history of the adaptive scheme (3.1) with
k = p as applied to the driven cavity (Example 3). The errors and experimental rates of
convergence shown there are computed by considering the discrete solution obtained with the
finest mesh (N = 331176) as the ezact solution. Then, in Figure 5.9 we display the individual
and total errors vs. the degrees of freedom IV, and observe that they all behave approximately
of the same order. Two intermediate meshes obtained with the adaptive refinement and some
components of the approximate solutions are displayed in Figures 5.10 and 5.11, respectively.

We end this section by remarking that very similar numerical results to those presented
here for Examples 2 and 3 are obtained with the mixed finite element scheme (3.2) and the a
posteriori error estimator 6. Therefore, there is enough support to consider the mixed finite
element schemes (3.1) and (3.2) together with the associated adaptive algorithms, as valid and
competitive alternatives to solve the stationary Stokes equations.
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Table 5.1: EXAMPLE 1, uniform scheme (3.1) with k = p

N| h e(o) e(p) e(w) | elo,pu) | r(oa.p,u) | eff(6)
3137 | 0.06250 | 1.751E-03 | 7.542E-04 | 3.989E-04 | 1.948E-03 - 0.472
3961 | 0.05556 | 1.551E-03 | 6.605E-04 | 3.546E-04 | 1.723E-03 1.045 0.467
48381 | 0.05000 | 1.392E-03 | 5.873E-04 | 3.191E-04 | 1.544E-03 1.040 0.464
5897 | 0.04545 | 1.262E-03 | 5.287E-04 | 2.901E-04 | 1.399E-03 1.036 0.461
7009 | 0.04167 | 1.154E-03 | 4.807E-04 | 2.659E-04 | 1.278E-03 1.032 0.458
8217 | 0.03846 | 1.064E-03 | 4.408E-04 | 2.454E-04 | 1.177E-03 1.029 0.457
9521 | 0.03571 | 9.865E-04 | 4.069E-04 | 2.279E-04 | 1.091E-03 1.026 0.455

10921 | 0.03333 | 9.196E-04 | 3.780E-04 | 2.127E-04 | 1.017E-03 1.024 0.454
12417 | 0.03125 | 8.612E-04 | 3.529E-04 | 1.994E-04 | 9.518E-04 1.022 0.453
14009 | 0.02941 | 8.098E-04 | 3.309E-04 | 1.876E-04 | 8.947E-04 1.020 0.452
15697 | 0.02778 | 7.643E-04 | 3.115E-04 | 1.772E-04 | 8.441E-04 1.019 0.451
19361 | 0.02500 | 6.869E-04 | 2.789E-04 | 1.595E-04 | 7.584E-04 1.017 0.450
27841 | 0.02083 | 5.714E-04 | 2.307E-04 | 1.329E-04 | 6.304E-04 1.014 0.443
37857 | 0.01786 | 4.892E-04 | 1.968E-04 | 1.139E-04 | 5.395E-04 1.011 0.446
49409 | 0.01562 | 4.277E-04 | 1.716E-04 | 9.967E-05 | 4.715E-04 1.008 0.446
77121 | 0.01250 | 3.418E-04 | 1.367E-04 | 7.974E-05 | 3.767E-04 1.006 0.444
110977 | 0.01042 | 2.847E-04 | 1.137E-04 | 6.645E-05 | 3.136E-04 1.005 0.444
150977 | 0.00892 | 2.439E-04 | 9.726E-05 | 5.695E-05 | 2.687E-04 1.004 0.443
197121 | 0.00781 | 2.133E-04 | 8.501E-05 | 4.983E-05 | 2.350E-04 1.003 0.443
249409 | 0.00694 | 1.896E-04 | 7.551E-05 | 4.430E-05 | 2.088E-04 1.002 0.443
307841 | 0.00625 | 1.706E-04 | 6.792E-05 | 3.987E-05 | 1.879E-04 1.002 0.443

0.1 E T T L T T T LI T T T T TTT

E h —— 7

6(0' Cod ]

L e(p) —&—

0.01 L e(u ..X..._:

0.001 | 3

le-04 ¢ 4

le-05 e e

1000 10000 100000 le+06

N

Figure 5.1: EXAMPLE 1, uniform scheme (3.1) with x =
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Table 5.2: EXAMPLE 1, uniform scheme (3.2)

N h e(o) r(o) e(u) r(u) e(o,u) r(o,u) || eff(0)
2625 | 0.06250 || 1.751E-03 — 3.989E-04 — 1.796E-03 — 0.435
3313 | 0.05556 || 1.551E-03 | 1.032 || 3.546E-04 | 1.003 || 1.591E-03 | 1.030 0.431
4081 | 0.05000 || 1.392E-03 | 1.027 || 3.191E-04 | 1.002 | 1.428E-03 | 1.027 0.429
4929 | 0.04545 || 1.262E-03 | 1.026 || 2.901E-04 | 1.002 || 1.295E-03 | 1.025 0.427
5857 | 0.04167 || 1.154E-03 | 1.023 || 2.659E-04 | 1.001 || 1.185E-03 1.022 0.425
6865 | 0.03846 || 1.064E-03 | 1.021 || 2.454E-04 | 1.001 | 1.092E-03 | 1.020 0.423
7953 | 0.03571 || 9.865E-04 | 1.019 || 2.279E-04 | 1.001 || 1.012E-03 | 1.018 0.422
9121 | 0.03333 || 9.196E-04 | 1.018 || 2.127E-04 | 1.001 || 9.439E-04 | 1.017 0.421

10369 | 0.03125 || 8.612E-04 | 1.016 || 1.994E-04 | 1.001 || 8.840E-04 | 1.015 0.420
11697 | 0.02941 || 8.098E-04 | 1.015 || 1.876E-04 | 1.001 || 8.313E-04 | 1.014 0.420
13105 | 0.02778 || 7.643E-04 | 1.014 || 1.772E-04 | 1.001 || 7.845E-04 | 1.013 0.419
16161 | 0.02500 || 6.869E-04 | 1.012 || 1.595E-04 | 1.000 || 7.052E-04 | 1.012 0.418
23233 | 0.02083 || 5.714E-04 | 1.010 || 1.329E-04 | 1.000 || 5.867E-04 | 1.009 0.417
31585 | 0.01786 | 4.892E-04 | 1.008 || 1.139E-04 | 1.000 || 5.023E-04 | 1.007 || 0.416
41217 | 0.01562 || 4.277E-04 | 1.006 || 9.967E-05 | 1.000 || 4.392E-04 | 1.006 || 0.415
64321 | 0.01250 | 3.418E-04 | 1.005 || 7.974E-05 | 1.000 || 3.510E-04 | 1.004 0.414
92545 | 0.01042 || 2.847E-04 | 1.003 || 6.645E-05 | 1.000 || 2.923E-04 | 1.003 0.414
125889 | 0.00892 || 2.439E-04 | 1.003 || 5.695E-05 | 1.000 || 2.504E-04 | 1.002 0.413
164353 | 0.00781 || 2.133E-04 | 1.002 || 4.983E-05 | 1.000 || 2.191E-04 | 1.002 0.413
207937 | 0.00694 || 1.896E-04 | 1.002 || 4.430E-05 | 1.000 || 1.947E-04 | 1.002 0.413
256641 | 0.00625 || 1.706E-04 | 1.001 || 3.987E-05 | 1.000 || 1.752E-04 | 1.001 || 0.413

Figure 5.2: EXAMPLE 1, approximate (left) and exact o9

for uniform scheme (3.1) with x = p and N = 27841
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Table 5.3: EXAMPLE 2, uniform scheme (3.1) with k = p

N| & (o) e(p) ew) | elopw) | ropw) | eff(n)
45 | 1.0000 | 1.358E401 | 1.558E-00 | 5.903E-01 | 1.368E+01 - 0.816
245 | 0.5000 | 1.569E+01 | 1.368E-00 | 2.890E-01 | 1.575E4-01 — 0.949
541 | 0.3333 | 1.401E+01 | 1.129E-00 | 1.942E-01 | 1.406E4-01 0.280 0.967
993 | 0.2500 | 1.198E+01 | 9.174E-01 | 1.451E-01 | 1.202E4-01 0.546 0.967
1457 | 0.2000 | 1.122E+01 | 8.247E-01 | 1.153E-01 | 1.125E4-01 0.296 0.972
2161 | 0.1666 | 9.846E+00 | 6.603E-01 | 9.622E-02 | 9.869E400 0.719 0.969
3057 | 0.1429 | 9.088E4-00 | 6.122E-01 | 8.076E-02 | 9.109E+00 0.519 0.971
4037 | 0.1250 | 8.090E400 | 5.325E-01 | 6.875E-02 | 8.107E+00 0.873 0.971
4897 | 0.1111 | 7.670E4-00 | 5.258E-01 | 6.301E-02 | 7.688E-+00 0.450 0.972
5889 | 0.1000 | 6.960E+00 | 4.809E-01 | 5.523E-02 | 6.977E+400 0.922 0.974
7433 | 0.0909 | 6.798E4-00 | 4.381E-01 | 5.100E-02 | 6.812E+00 0.251 0.974
8881 | 0.0833 | 6.266E+00 | 3.923E-01 | 4.666E-02 | 6.279E+400 0.937 0.972
10557 | 0.0769 | 5.748E4-00 | 3.583E-01 | 4.321E-02 | 5.759E+00 1.078 0.971
11981 | 0.0714 | 5.674E4+00 | 3.587E-01 | - 4.008E-02 | 5.685E+00 0.176 0.975
13729 | 0.0667 | 5.215E4-00 | 3.297E-01 | 3.720E-02 | 5.226E+00 1.220 0.974
15465 | 0.0625 | 4.849E4-00 | 2.977E-01 | 3.474E-02 | 4.858E+00 1.132 0.972
17729 | 0.0588 | 4.561E400 | 2.833E-01 | 3.227E-02 | 4.569E+00 1.010 0.974
19933 | 0.0556 | 4.271E4-00 | 2.655E-01 | 3.022E-02 | 4.280E-+00 1.147 0.973
24929 | 0.0500 | 3.990E+00 | 2.484E-01 | 2.756E-02 | 3.998E+00 0.646 0.974
29721 | 0.0455 | 3.615E4+00 | 2.197E-01 | 2.464E-02 | 3.622E+00 1.037 0.974
39213 | 0.0400 | 3.207E+00 | 1.903E-01 | 2.182E-02 | 3.212E+400 0.939 0.972
51425 | 0.0345 | 2.712E4-00 | 1.693E-01 | 1.884E-02 | 2.717E+00 1.127 0.973
75665 | 0.0286 | 2.317E+00 | 1.394E-01 | 1.566E-02 | 2.321E+00 0.839 0.973
109405 | 0.0238 | 1.912E+00 | 1.156E-01 | 1.289E-02 | 1.916E4-00 1.053 0.974
153017 | 0.0200 | 1.635E+400 | 9.575E-02 | 1.093E-02 | 1.638E+00 0.898 0.972
193337 | 0.0179 | 1.503E+00 | 8.728E-02 | 9.685E-03 | 1.506E4-00 0.744 0.973
246529 | 0.0159 | 1.256E4-00 | 7.517E-02 | 8.612E-03 | 1.258E+00 1.524 0.971
Table 5.4: EXAMPLE 2, adaptive scheme (3.1) with k =

N|  eo) e(v) e(w) | elo,pu) |rio.pw) | effm)

45 | 1.358E4-01 | 5.903E-01 | 1.558E-00 | 1.368E+-01 — 0.816

133 | 1.484E4-01 | 3.934E-01 | 1.734E-00 | 1.495E+01 - 0.936

264 | 1.298E+401 | 2.946E-01 | 1.306E-00 | 1.305E+01 0.396 0.949

431 | 1.112E+01 | 2.256E-01 | 1.144E-00 | 1.118E4-01 0.631 0.942

1007 | 7.810E+00 | 1.701E-01 | 8.085E-01 | 7.853E+00 0.833 0.947

1805 | 5.362E+00 | 1.668E-01 | 6.791E-01 | 5.408E+00 1.278 0.927

3906 | 3.428E4-00 | 1.131E-01 | 4.232E-01 | 3.456E4-00 1.160 0.911

8326 | 2.394E4-00 | 7.307E-02 | 2.916E-01 | 2.412E4-00 0.950 0.908

14367 | 1.837E400 | 5.602E-02 | 2.035E-01 | 1.849E+00 0.975 0.905

32400 | 1.206E+00 | 3.684E-02 | 1.338E-01 | 1.214E+00 1.035 0.898

55793 | 9.374E—01 | 2.722E-02 | 9.699E-02 | 9.428E—01 0.930 0.902

125406 | 6.200E—01 | 1.883E-02 | 6.727E-02 | 6.239E—01 1.019 0.893

222070 | 4.753E—-01 | 1.368E-02 | 4.816E-02 | 4.779E—-01 0.933 0.897

500376 | 3.1156E—-01 | 9.513E-03 | 3.332E-02 | 3.134E—-01 1.039 0.886
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Figure 5.5: EXAMPLE 2, e¢(o,p,u) vs. N for uniform/adaptive schemes (3.1) with k = p
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Figure 5.6: EXAMPLE 2, adapted intermediate meshes with 1805, 8326, 14367,
and 55793 degrees of freedom for scheme (3.1) with x = p
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Figure 5.7: EXAMPLE 2, approximate (left) and exact o1
for adaptive scheme (3.1) with x = p and N = 14367
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Figure 5.8: EXAMPLE 2, approximate (left) and exact ug
for adaptive scheme (3.1) with x = p and N = 14367
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Table 5.5: EXAMPLE 3, adaptive scheme (3.1) with k = u

N| elo) e(p) e(u) e(o,p,u) | r(o,p,u)

57 | 8.496E-00 | 5.492E-00 | 2.039E-01 | 1.012E+01 -

169 | 6.127E-00 | 3.898E-00 | 1.338E-01 | 7.263E+00 | 0.610

370 | 4.204E-00 | 2.681E-00 | 7.800E-02 | 5.063E+00 | 0.921
1035 | 2.605E-00 | 1.573E-00 | 4.586E-02 | 3.043E+00 |  0.990
1853 | 1.681E-00 | 9.560E-01 | 3.127E-02 | 1.934E+00 | 1.558
4750 | 9.902E-01 | 5.306E-01 | 1.986E-02 | 1.124E+00 | 1.154
8949 | 6.824E-01 | 3.418E-01 | 1.459E-02 | 7.633E—01 | 1.221
20382 | 4.127E-01 | 1.936E-01 | 9.596E-03 | 4.559E—01 | 1.252
39849 | 2.848E-01 | 1.264E-01 | 6.642E-03 | 3.116E—01 | 1.135
84440 | 1.755E-01 | 7.511E-02 | 4.257E-03 | 1.909E—01 | 1.305
163886 | 1.060E-01 | 4.393E-02 | 2.513E-03 | 1.147E—01 | 1.536
100 — -
10 F -
1 i
0.1 i
0.01 £ i
0.001 L . T

10 100 1000 10000 100000 le+06

Figure 5.9: EXAMPLE 3, adaptive scheme (3.1) with x = p

Figure 5.10: ExAMPLE 3, adapted intermediate meshes with 8949
and 39849 degrees of freedom for scheme (3.1) with kK =
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Figure 5.11: EXAMPLE 3, approximate o1 (top left), p (top right),
and u (bottom) for adaptive scheme (3.1) with K = g and N = 20382
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