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ANALYSIS OF A MIXED-FEM FOR THE PSEUDOSTRESS-VELOCITY
FORMULATION OF THE STOKES PROBLEM WITH VARYING DENSITY

SERGIO CAUCAO*, DAVID MORAT, AND RICARDO OYARZUA}

Abstract. We propose and analyse a mixed finite element method for the nonstandard pseudostress-velocity
formulation of the Stokes problem with varying density p in R¢, d € {2,3}. Since the resulting variational formulation
does not have the standard dual-mixed structure, we reformulate the continuous problem as an equivalent fixed-
point problem. Then, we apply the classical Babuska-Brezzi theory to prove that the associated mapping T is well

. Vp . . . . . oo .
defined, and assuming that || s lLoo () is sufficiently small, we show that T is a contraction mapping, which implies

that the variational formulation is well-posed. Under the same hypothesis on p we prove stability of the continuous
problem. Next, adapting to the discrete case the arguments of the continuous analysis, we are able to establish
suitable hypotheses on the finite element subspaces ensuring that the associated Galerkin scheme becomes well-posed.
A feasible choice of subspaces is given by Raviart-Thomas elements of order k£ > 0 for the pseudostress and polynomials
of degree k for the velocity. Finally, several numerical results illustrating the good performance of the method with
these discrete spaces, and confirming the theoretical rate of convergence, are provided.

Key words. Stokes, varying density, pseudostress-velocity formulation, mixed finite elements, a priori error
analysis.
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1. Introduction. The numerical simulation of incompressible fluid flow problems, modelled
by the Stokes equations, has been widely studied during the last decades. Different formulations
(velocity-pressure, vorticity-velocity-pressure and pseudostress-velocity, among others) and different
numerical methods (conforming and nonconforming methods) have been introduced and analyzed,
all of them with different advantages and disadvantages. In particular, the study of numerical
methods for the stress- and pseudostress-based fomulations for the Stokes problem has become a
very active research area during the last decade (see e.g. [5], [6], [7], [9], [12],[13], [15]), motivated by
the fact that they provide a direct approximation of the stress or pseudostress tensor (besides the
approximation of the velocity and/or pressure). This kind of formulations have been also extended
to the case of quasi-Newtonian flows and multiphysics problems such as the Stokes-Darcy coupled
problem (see e.g.[11], [14] and [16]).

Now, concerning the fluid flow problem studied in this paper, the first work in studying con-
forming finite element methods for the Stokes problem with varying density is [3], where the authors
propose and analyse two variational formulations to solve the fluid flow problem. The first one is
a velocity-pressure formulation which yields a nonsymetric saddle point formulation, whereas the
second one is a momentum-pressure formulation which yields a standard saddle-point formulation.
Well-posedness of the velocity-pressure formulation is analyzed by using a generalization of the
Babugka-Brezzi theory introduced in [18] (see also [2]) whereas the classical Babuska-Brezzi theory
is applied to prove well-posedness of the momentum-pressure formulation. It is important to notice
that, in both cases, existence and uniqueness of solution of the continuous and discrete problems are

*Departamento de Matemaética, Facultad de Ciencias, Universidad del Bio-Bio, Casilla 5-C, Concepcién, Chile
(scaucao@ubiobio.cl). Partially supported by project Anillo ACT 1118 (ANANUM), CONICYT, Chile.

TGIMNAP-Departamento de Matemética, Facultad de Ciencias, Universidad del Bio-Bio, Casilla 5-C, Concepcién,
Chile, and Centro de Investigacién en Ingenierfa Matematica (CT2MA), Universidad de Concepcién, Concepcién, Chile
(dmora@ubiobio.cl). Partially supported by CONICYT-Chile through FONDECYT project No. 11100180 and by
project Anillo ACT 1118 (ANANUM).

fGIMNAP-Departamento de Matemética, Facultad de Ciencias, Universidad del Bio-Bio, Casilla 5-C, Concepcién,
Chile, and Centro de Investigacién en Ingenierfa Matematica (CT2MA), Universidad de Concepcién, Concepcién, Chile
(royarzua@ubiobio.cl). Partially supported by CONICYT-Chile through FONDECYT project No. 11121347 and
by project Anillo ACT 1118 (ANANUM).



2 S. CAUCAO, D. MORA, AND R. OYARZUA

attained by assuming that % is not too large. Additionally, well-posedness of the discrete problem
is fulfilled by assuming that the discretization parameter h is sufficiently small.

In this paper, we introduce and analyze a pseudostress-velocity formulation for the Stokes prob-
lem with varying density analyzed in [3]. Since the resulting variational formulation does not have
the standard dual-mixed structure, we reformulate the continuous problem as an equivalent fixed-
point problem. Then, we apply the classical Babuska-Brezzi theory to prove that the associated
mapping T is well defined, and assuming that H%”LOO(Q) is sufficiently small, we show that T is a
contraction mapping, which implies that the variational formulation is well-posed. We observe that
this assumption is consistent with the approach in [3]. Next, we adapt the theory developed for
the continuous problem to the discrete case, and derive sufficient conditions on the finite element
subspaces ensuring that the associated Galerkin scheme becomes well-posed. We mention here that,
unlike the approach in [3], we prove that our Galerkin scheme becomes well-posed without requiring
any assumption on the discretization parameter h.

The rest of this work is organized as follows. In Section 2 we introduce the model problem
and derive the mixed variational formulation. In Section 3 we analyse the well-posedness of the
continuous problem. For the existence and uniqueness of solution we introduce an equivalent fixed-
point problem and we prove that it has a unique solution, assuming that ||%||LW(Q) is sufficiently
small. Under a similar assumption we prove that the solution is stable. Next, in Section 4 we define
the Galerkin scheme and derive general hypotheses on the finite element subspaces ensuring that,
on the one hand, the discrete scheme becomes well-posed, and on the other hand, it satisfies a Cea
estimate. Specific choices of finite element subspaces satisfying these assumptions are introduced
in Section 5. Finally, numerical results illustrating the performance of the method are reported in
Section 6.

2. Continuos problem. In this section we introduce and analyze a weak dual-mixed formula-
tion for the Stokes problem with varying density analyzed in [3]. In particular, we discuss existence,
uniqueness and stability of solution. We start by introducing some definitions and fixing some
notations.

2.1. Preliminaries. Given a vector field v := (v1,...,vq) and a tensor field 7 := (73;); j=1,....d,
with d = 2,3, we define the operators:

Vv(avi), and diVT:(div(Tﬂ,...,Tid)),
ij

where div is the usual divergence operator acting on vector fields.

Now, let O be a domain in R?, with Lipschitz boundary I'. For r > 0 and p € [1, 0], we denote
by LP(O) and W"P(O) the usual Lebesgue and Sobolev spaces endowed with the norms || - || »(0)
and [ - [lyr.» (o), respectively.

Note that WOP(O) = LP(O). If p = 2, we write H"(O) in place of W"?(0), and denote the
corresponding Lebesgue and Sobolev norms by || - ||o,0 and || - ||»,0, respectively. We define

H'(0) := [H"(O))?, H'(0) = [H"(0)™, and H'() = [H"(D)]".

Also, we shall make use of the Hilbert space
H(div;0) := {w € L*(0) : div w € L*(0)},

which is standard in the realm of mixed problems (see [4] or [17] for instance). This spaces is endowed
with the norm

||W||c21iv,o = ||W||8,o + ||div W||8,o~
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The space of matrix valued functions whose rows belong to H(div ; @) will be denoted H(div; O)
endowed with the norm || - ||aiv,0, which can be characterized as

H(div; 0) :== {r € L*(0): c'T € H(div;0), VceR%}.
Note that if 7 € H(div; O), then div T € L2(0).

Next, for the sake of simplicity, we will also use the notations:

o= [uwo. v [uv @me= [or

2 d
where o :7 = tr(o'r) = Z 0i;jTij, with 7t = (75;) and tr7 = Zm, for any tensor T = (7).
ij=1 i=1
In addition, we denote by
d
=7 — =t I
T T r (1)

the deviatoric part of tensor 7, where I is the identity matrix in R%*¢. It is not difficult to see that
there hold

1
b= gltrTlfe and [trrloe < Vd|roo. (2.1)

17130 = lI]

Furthermore, given a non-negative integer k, we denote by P (O) the space of polynomials defined
on O of degree < k

In addition, it is easy to see that there holds:
H(div; O) = Hy(div; O) @ Pe(O)1, (2.2)

where
Hoy(div; O) = {T € H(div;O) : /OtrT =0 } (2.3)
More precisely, each T € H(div; O) can be decomposed uniquely as:
T =170+ cl, with 79 € Ho(div;O) and c¢ := ﬁ/@trr € R. (2.4)

This decomposition will be utilized below to analyze the weak formulation of our problem.

We end this section by mentioning that, throughout the rest of the paper, we shall frequently
use the notation C' and ¢, with or without subscripts, bars, tildes or hats, to denote generic positive
constants independent of the discretization parameters.

2.2. Model Problem. In this paper we shall consider a viscous fluid occupying a bounded
polygon or polyhedra domain Q in R? d = 2,3, with boundary I" = 92, governed by the Stokes
equations with varying density:

o =v(pVu)—pl in Q, —dive = f in Q
(2.5)
div(pu) = 0 in 9, u=0 on T, (p,1)q = 0.
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Here, the unknowns are the pseudostress tensor o, the fluid velocity u and the pressure p. The
given data are the external force per unit mass f € L2(Q), the viscosity v > 0, which is assumed to
be constant, and the density function p € H(Q) N W (Q), satisfying:

\Y%
7p eL™®(Q) and 0<py < p(z) < p1, a.e. in Q, (2.6)

where p; and ps are positive constants.

The model in (2.5), which is derived from the full steady Navier-Stokes equations for viscous
fluids, is well-justified if we assume the following assumptions (justifications on the model can be
found in [8]):

i) Only the laminar case is considered and the second-order diffusion term in the viscous stress
tensor is neglected.

ii) The Mach number is small enough, which implies that the coupling between the pressure
and the temperature can be neglected.

In particular, ii) implies that the state law can be chosen as a simple equation linking the density

and the temperature, in which the temperature is approximated by a reference one.

Now, in order to rewrite equations (2.5) as a pseudostress-velocity formulation, we first observe
that identity div (pu) = 0 in € implies

pdivu=—-u-Vp in Q. (2.7)

Then, observing that tro = vpdivu — dp, (2.7) implies that the pressure can be written in terms
of the pseudostress and the velocity as follows:

1
p=—c (vu-Vp+tro) in Q. (2.8)
In this way, we eliminate the pressure from (2.5) and obtain the equivalent system of equations:

V_l

ad:Vu+1<u~Vp>I in Q, —dive = f in
P d p

u=0 on T, (tro,1)g = —v(u-Vp,1)q.

(2.9)

2.3. Dual-mixed variational formulation. Now, we introduce the variational formulation
of the model problem (2.9). To do that, we test equations (2.9) by suitable test functions, integrate
by parts and use the homogeneous boundary condition to obtain the variational problem: Find
(o,u) € H(div; Q) x L?(Q) such that (tre + vu-Vp, 1), =0 and

1,1 1 Vp
v 1=t g + (divr,u)g — = (u- —,tr7)g = 0,
(p Ja + ( )a = 4 P )o (2.10)

(dive,v)g = —(f,v)q.
for all (7,v) € H(div; Q) x L?(Q)

Let us now define the tensor

14
= —(u- 1)l 2.11
o0 o'+d|m(u Vp,1)a (2.11)

It is clear that

oy € Hy(div; ) if and only if (tro + vu-Vp,1), =0. (2.12)
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In this way, thanks to (2.11) and (2.4), problem (2.10) can be reformulated equivalently as: Find
(o0, 1) € Hy(div; Q) x L2(2) such that

.1 1 Vp
v i(=ed, g + (divr,u)g — =(u- —,trT)g = 0,
(p 0.7+ ( )a = o p )o (2.13)

(diveg,v)a = —(f,v)q,
for all (7,v) € Hy(div; Q) x L2().

The following lemma establishes that problems (2.10) and (2.13) are in fact equivalent.

LemMA 2.1, If (o, u) is a solution of (2.10), then (o0, u) := (o+ g5 (0-Vp, 1)al, u) is a solution
of (2.13). Conwversely, if (oo, 1) is a solution of (2.13), then (o, u) := (o9 — ﬁ(u-Vp, 1)l u) is
a solution of (2.10).

Proof. The first assertion is evident. On the other hand, by testing the first equation of (2.13) by
T:=(p— %)I € Hy(div; ), it follows that (u - %7 1)q = 0, which implies the second assertion.
O

As a consequence of the above, in what follows we focus on analysing problem (2.13).

3. Analysis of the continuous problem. In this section we analyse the well-posedness of
problem (2.13), that is, we establish stability, existence and uniqueness of solution. In order to
do that, we start by writing our problem in the classical variational setting and state the main
properties of the bilinear forms involved.

In the following, when no confusion arises, for the sake of brevity we omit the subscript 0 on .

3.1. Variational formulation. First, let us define the spaces H := H(div; ), Hy := Hy(div; ),
Q := L?(Q) and the product norm

I(r. V)@ = (17 |0 + IVIE.2) 2

Then, defining the bilinear forms a(-,-) : HxH — R, b(-,-) : Hx Q — R and ¢(-,-) : Hx Q — R,
as

alo,T) = V*I(lad,‘rd)g, b(r,v) :=(divr,v)q, c(r,v):= é(v @,tr‘r)g, (3.1)

the variational formulation (2.13) reads: Find (o, u) € Hy x Q such that

a(o,7)+b(T,u) —¢(T,u) = 0,
(3.2)
blo,v)= —(f,v)q,
for all (7,v) € Hy x Q.

It is clear that assumption (2.6), Holder’s inequality and (2.1) imply the continuity of these
bilinear forms:

1
la(o,T)] < —|lollaiv.llT|div.0, o, 7€M,
Vpo
‘b(Tvv)‘ S ||T||div,ﬂ||v||0,527 T E Ha v E Q» (33)

[T llaiv.ellvloe, TeH, veQ

1
e(rv) sHW
Vil p =@
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Furthermore, it is well known that the bilinear form b satisfies the inf-sup condition (see, for instance

[4]):

b(r,v
sp ATV s pivjee Vveq. (3.4)
T€H,\0 ||7'||div,ﬂ
Finally, the following inequality holds (see for instance, Lemma 3.1 in [1] or Chapter IV in [4]):
Call7llg.o < 17950 + Idivr o VT € Ho, (3:5)

with C, only depending on €. This inequality, and assumption (2.6) imply the ellipticity of a on
the subspace

Ko:={r€Hy : divr =0 in },
that is

Cq
a(t,T) > —||T||3iv a0 VT eK,. (3.6)
vpq ’

3.2. Stability. Now, we establish the stability of (3.2).
LEMMA 3.1. Let (o,u) € Hy x Q be a solution to (3.2). Assume that

with

1 P1 )
Cep=——=11+2 .
der ,8\/E( CapO

Then, there exist constants Cy and Cy, only depending on the stability constants in (3.3), (3.4),
(3.5), such that

lollaiv.o < Co |

oa and [ulog < Culflog. (3.8)

(Explicit expressions for Co and Cy can be found in (3.13) and (3.14)).

Proof. Let (o,u) € Hy x Q be a solution to (3.2). First, we observe that from the second
equation of (3.2), it is easy to conclude that dive = —f, which implies

0,0- (3.9)

Now, from the inf-sup condition in (3.4), the first equation of (3.2), Holder’s inequality, the inequality
in (2.1), and the continuity of the bilinear forms a and ¢ in (3.3), we observe that

[divejo.q = [If|

1 b(T,u) 1 | —a(o,T)+ c(T,u)|
~ sup ———2 =— sup ,
B remoo I Tllaiv.e B remo\o [ llaiv,@

IN

[ullo,e
(3.10)

[ullo,0-
Lo ()

Lo lawa + — HW
IR O ./
vpof3 ' BVd | p

Then, thanks to assumption (3.7), we obtain

2
uljg,0 < —|lo|laiv,0- 3.11
[[ullo upoﬁ” [ (3.11)
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On the other hand, from the first equation of (3.2) with 7 = o, there holds
a(o,0) = —b(o,u) + c¢(o,u) = (f,u)q + c¢(o,u),
which together to assumption (2.6), the continuity of ¢ in (3.3), and Holder’s inequality, implies

v \Y%
lo?(12.6 < vorlulloclfloe + 22 (ullo.o | ~2 o ldiv,0- (3.12)
d A0

Hence, adding (1 + C,)||dive]|§ o on both sides of (3.12), and using (3.5), (3.9) and (3.11), we get

vp1 1 Vp (1 + Ca)
ol < 2 lulos  Iflon + x| ol | + L2 syl
div, Cq \/& P Lo (Q) Cq
2p1 1+ Ca) 2 Vp 2
< + ollaiv,elflloo + =———=|— o div,0-
(oo + o ) Ielawalelo + o227 |52 ol
In this way, from assumption (3.7) it follows that
2p1 1 + Ca
ivo <2 f , 3.13
Tl <2 (o + 5 o (3.13)
which together to (3.11) implies
4 2p1 1+ Ca
< f 3.14
lullon < o (oot + 225 Il (3.14)

which completes the proof. O

3.3. Existence and uniqueness of solution. As mentioned before, in order to prove exis-
tence and uniqueness of solution, we now introduce the linear mapping;:

T:(ﬁ,z) € Hy xQ — (0’71,1) € Hp x Q,
as the solution to the following variation of problem (3.2): Find (o,u) € Hy x Q such that

alo, )+ b(r,u) = c(1,2),
(3.15)
blo,v)= —(f,v)q,

for all (7,v) € Hy x Q. With the stability properties in Section 3.1, it is not difficult to see that
problem (3.15) is uniquely solvable, and hence the operator T is well defined (see Theorem 2.1 in

[15]).
The following lemma establishes that T is a contraction mapping and hence, according to the
Banach fixed point theorem, it has a unique fixed point in Hy x Q.

LEMMA 3.2. Assume that

Cr @ <1, (3.16)
P llLe= (o)
with
1 p1 > pLV
Cr:= 1+ + . 3.17
! ﬁ\/g < Cap() Ca\/;l ( )
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Then, T is a contraction mapping in Hy x Q.
P?"OOf. Let (0'1,111), (0'2,112)7 (517z1)7 (627z2) in Hy x Qv such that
T(€1,21) = (o1,u1) and T(&;,22) = (02, u2).

From the definition of T in (3.15), it follows that

a(oy — o9, 7) +b(T,u1 —u2) = (71,21 — 22),
(3.18)
b(og —oa,v)= 0,
for all (7,v) in Hy x Q, which implies
div(oy —o2) =0, (3.19)
and
a(o1 — 09,01 —02) =c¢(01 — 02,21 — Z2). (3.20)

Then, from (3.19), (3.20), the ellipticity of a on Ky in (3.6), and the continuity of ¢ in (3.3), there
holds

||Z1 —Z2||0’Q. (321)

|9
Pl ()

o1 — 02|div,.o <
|| 1 || iv, Ca\/E

Now, from (3.3), (3.4), and the first equation of (3.18), we obtain

1 b T,U; — Ug
Ju —wsloe <% sup DTmzull

B reHo(divi)\0 17 laiv.o
1 ) — _

_1 sup |e(T,21 — 22) — a0 0177')|’
ﬁ TE€H (div;Q2)\0 ||T||div,Q

1 ||Vp 1

<—F=|— lz1 — z2]jo,0 + —[lo1 — 02]ldiv.0

BVAIl P [l vpoS R

which together to (3.21) implies

Al a7
<—(1+ P
0 B\/&( Caﬂo P

In this way, from (3.21) and (3.22), there holds

HZl — Z2 |0’Q. (322)

Le>=(Q)

[u; —ug

||T(£17Z1) - T(fzazz)HHxQ < ||0'1 - 0'2||div,Q + ||111 - quo,Q»

Vv
< Cr <P llz1 — 22]|0,0,
Lo (Q)
Vp
< Crl||— (&1 — &2,21 — 22)||uxQ-
Pl (@)

Therefore, according to assumption (3.16), we obtain that T is a contraction mapping, which con-
cludes the proof. O

Now we establishes the main result of this section.
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THEOREM 3.3. Assume that

1
Cwp @ <, (3.23)
Pl — 2
with
1 p1 > pLv
C =—— (142 + . 3.24
we ﬁ\/& ( C'apo Oa\/(j ( )

Then, there exist a unique (o,u) € Hy x Q satisfying (3.2). Moreover, the solution is stable in the
sense that, it satisfies inequalities (3.8).

Proof. Tt is clear that (o, u) € Hy x Q is the unique solution of problem (3.2) if and only if it is
the unique fixed point of the mapping T. Then, noting that Ct < Cy p, from Lemma 3.2 and the
classical Banach fixed point theorem, it follows that T has a unique fixed point in Hy x Q, which
implies the first assertion.

In turn, since Cyep < Cwp, the stability of (o, u) follows from Lemma 3.1. O

4. The mixed finite element scheme. In this section we introduce the Galerkin scheme
of problem (3.2) and analyze its well-posedness by establishing suitable assumptions on the finite
element subspaces involved. Then, we provide specific examples for these subspaces, satisfying the
required hypotheses.

4.1. Preliminaries. We start by selecting the following arbitrary discrete spaces:

H, C H(div;Q),  Qn C L*(). (4.1)
Then we define the subspaces

H, := {T € H(div; Q) : ¢!t € H, Vce Rd},

Hpo = Hy N Ho(div;Q), (4.2)
Qn =Qf.
In this way, the Galerkin scheme for (3.2) reduces to: Find (o, up) € Hjy o X Qp, such that
alon,Th) + b(Th,up) —c(Th,up) = 0,
(4.3)
blon,vi) = —(f,vn)a,

for all (7p,vh) € Hpo X Qp.

Now, we establish general hypotheses on the finite element subspaces (4.2), ensuring later on the
well-posedness of (4.3). We start by observing that in order to have meaningful space Hj, o, we need
to be able to eliminate multiples of the identity matrix from Hyj. This request is certainly satisfied
if we assume that:

(H.0) [Po(Q)]%*4 C H,.
Then, it follows that I € Hy, for all A, and hence there holds the decomposition:

Hj, = Hp,0 @ Po(Q)1.



10 S. CAUCAO, D. MORA, AND R. OYARZUA

Now, we look at the discrete kernel on b, which is defined by:
Kno:={1Th €Hpo : b(Th,vp) =0 Vv eEQu}.
In order to have a more explicit definition of K o we introduce the following assumption:
(H.1) divH, C Q5.
Then, it follows from the definition of b that

Kh,o = {Th € Hh,() : divr, =0 in Q} C Kp.
Next, we assume that the discrete version of (3.4) holds, that is:

(H.2) There exists B> 0, independent of h, such that

b(Th,vh .
sup bwn, vi) > Blvalloe Vv, € Q. (4.4)
TrEHRL,0\O ”Tthiv,Q

4.2. Well-posedness of the discrete problem. In this section, we adapt the analysis from
Section 3 to the discrete case to prove the well-posedness of (4.3). First we observe that, since we
are considering conforming finite element subspaces, the continuity of the bilinear forms a, b, and ¢
(cf. (3.3)) are inherited from the continuous case, with the exact same constants. Moreover, since
K0 C Ko, we deduce that the ellipticity of a on Kj ¢ holds:

Cq
a(Th,Th) > TleThnaiv,Q V1 € Kpp. (4.5)

In this way, according to (3.3), (4.4), (4.5), and the classical Babuska-Brezzi theory, and similarly
to the analysis of the continuous problem, we are able to introduce the well-defined linear mapping

T : (Ehvzh) S Hh,O X Qh — (O'h,llh) S Hh,O X Qh

as the solution to the problem: Find (o, u) € Hy, o x Qp such that

alon,7h) +b(Th,un) = c(Th,zZn),
(4.6)
b(o’h,vh) = 7(f, Vh)Q,

for all (7, vi) € Hpo X Qp.

REMARK 4.1. It is easy to see that (o, up) is the solution of (4.3), if and only if, T(on,up) =
(oh,up). In this way, in order to prove that (4.3) is well-posed, we proceed analogously to Section
3.8, and prove that T has a unique fized-point in Hjp o x Qp.

THEOREM 4.2. Assume that hypotheses (H.0), (H.1) and (H.2) hold. In addition, assume that

« 1
Cwp Ve <z (4.7)
Pl — 2
with
. 1 p1 > p1v
C = — 1+2 + . 4.8
e /N&( Capo)  CuVd (4.8)
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Then there ezists a unique (op,up) € Hp o x Qp satisfying (4.3). Moreover, there exist positive
constants Cy and Cy, only depending on the stability constants in (3.3), (4.4) and (4.5), such that

o0 and |uploq < Culflloq- (4.9)

lonllaiv.e < Co I

(Ezxplicit expressions for Cy and Cy can be found in (4.10) and (4.11)).
Proof. Let

v

1 pP1 )
Chr 1= = 1+ + .
T BVd < Capo C.Vd

It is clear that CA'T < Cwp. Then, we proceed analogously to Lemma 3.2, to prove that the mapping

T has a unique fixed point (o, up) € Hy, o x Qp, which, according to Remark 4.1, is also the unique
solution of (4.3).

Next, we let

A 1 P1 )
Chep = —=(1+2 ,
dep ﬁ\/;l ( CapO
and observe that C’dep < C’W p. Then, noting that from the second equation of (4.3) the holds

[diversllo.o < [If]o.q,

we proceed as in the proof of Lemma 3.1 to obtain that

2/)1 1+Ca
||ah||div,n<2( : )|fo,ﬂ, (4.10)
Capoﬁ Ca
and
4 2 1+C,
funlon < — (22 + 255 ) o (4.11)
vpof \Cqupof a

which concludes the proof. O

4.3. A priori error estimate. Now, we establish the corresponding Cea a priori error esti-
mate. To that end, we first introduce some notations and state some previous results. We begin by
defining the set:

Hg = {Th S Hh@ : b(Th,Vh) = —(f,vh)Q, Vvh S Qh},

which is clearly non-empty, since (4.4) hold. Also, it is not difficult to see that, due to the inf-sup
condition (4.4), the following inequality holds (see for instance [4]):

1
inf |lo—Thllaive < (1+ = inf |l —7hllaiv.a- 4.12
ot lo=rilavo < (145) it o= rilavo (1.12)

In turn, in order to simplify the subsequent analysis, we write e, = u — u; and e, = o — o,.
As usual, we shall then decompose these errors into

ea:£a+xa=(a—+h)+(+h—ah), (4.13)
eu =&y + Xu= (U—"Vy)+ (V1 —un), (4.14)
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for a given (71, V) € HE x Qp,.
Finally, we observe that the Galerkin orthogonality holds:
aleg, Th) + b(Th,eu) —c(Th,en) = 0,
(4.15)
bleg,vy) = 0,
for all (74, vs) € Hp o X Qp.

We now establish the main result of this section.

THEOREM 4.3. Assume that hypotheses (H.0), (H.1) and (H.2) hold. In addition, assume that

1
= 4.1
<3, (4.16)

- \%
max{Cwp,Cwp} Hp
Lo~ ()

with Cywp and Cyp defined in (3.24) and (4.8), respectively. Let (o,u) € Hy x Q and (o, up) €

Hp,0 x Qp be the unique solutions of the continuous and discrete problems (3.2) and (4.3), respec-
tively. Then there exists Ceeq > 0, independent of h, such that

lo = onllam + 1 — nlog < Coca { inf |lo — 7allawe + inf [lu— vhnm} @)
T, €H Vh,GQh,

h h,0

Proof. Let (71,V5) € HE x Qp, and define &, &,,, X, and Xy, as in (4.13) and (4.14). It is easy
to see that the first equation of (4.15) can be rewritten as

a(Xo» Th) +0(Th, Xu) — (Th, Xu) = —a(&s, Th) = b(Th,&u) +c(Th, ) VTn €Hppo.  (4.18)

Then, from the inf-sup condition (4.4), the continuity of a, b and ¢ in (3.3) and (4.18), it follows
that

b Thy, X
Ixalop < = sup AThXu),
B rnetno IThlldiv.0
_ l sup —a(ch Th) - G(EO., Th) — b(?’h7 £u) + C(Tha Xu) + C(Tha Eu)
B Tr€EHR 0 ”Th”div,ﬂ ’
1
< (”5 Hdlv Q-+ HXO’”le Q) 1 -l- — ||§u||0’97
L (Q)

oﬁ

n HW Il
— || 0,9
BVl p o

which, together to assumption (4.16) implies

) [€ullo.0- (4.19)
Lo (Q)

In turn, since 7, € HE, we observe that x, € Ky, and then, from (4.18) with 7, = x,,, we
obtain

2 2
Ixullo.o £ —=([[€xllaiv.o + [[Xslldiv.a) + = | 1 + —
vpofB 8

A(Xos Xo) = —(€gs Xo) + (Xos &) T (X Xu)s
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and using the continuity of a and ¢ in (3.3), and the ellipticity of a in (4.5), we get

vpy ||Vp
ol <ol + 220 | T2 fgloo.
po L ()
o (4.20)
v
22 il
Lo (Q)
In this way, combining (4.19) and (4.20) it follows that
k1 ka 2p
Xolldiv.o < S ll€sllaiv.e + — [[ulloe + ——=—F= || — 1Xollo,0:
2 2 poCaBVd Il P llL=(o)
which together to assumption (4.16), yields
||><o’HdiV,Q S kl”€o’”div,$2 + k2||€u||0,ﬂv (421)
with
P1
kl = H s
Capo ( ﬁ\[ Lo ()
vp1 Vp
A
Co.Vd < BVd L (Q) P e ()
As a consequence, combining (4.19) and (4.21), we get
Ixullo.e < ksll€sllaiv.a + Eall€ullo.o; (4.22)
with
2
k3 = = (]. + kl),
vpofs

k42

2 1 |V k

S+ — H P .

B Vdll p @ VPo

Therefore, according to the triangle inequality, from (4.21) and (4.22), we obtain

< (L+ k1 +ks)llgllaiv,a + (1 + ko + ka)||€xll0,0s

and since (7, Vp) € Hz X Qp is arbitrary, we get

leslldiv.o + [leulloo < (1 + k1 +k3) inf |lo — Tallaiv.e + (1+ k2 +k4) inf [Ju—valoq,
ThEHE VhEQnR

which together to (4.12), concludes the proof. O

4.4. Approximating the pressure and the original pseudostress. First, we propose a
post-processing procedure to approximate the pressure. To do that, we observe that if (o,u) €
Hp x Q is the unique solution of (3.2), then, according to (2.8) and (2.11), it is possible to recover
the pressure p € L3(€) from the identity

v 1 1
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In this way, if (s, up) € Hp o X Qp, is the unique solution of (4.3), it is reasonable to think that the
function

1%

1 1
pr=—7 <Uh -Vp — m(umvp)sz) - gtr Oh, (4.24)

is a good approximation of the pressure. This result is established next.

COROLLARY 4.4. Assume that hypotheses of Theorem 4.3 hold. Let (o,u) € Hy x Q and
(oh,up) € Hpo x Qp be the unique solutions of the continuous and discrete problems (3.2) and
(4.3), respectively. Then, there exists C > 0, independent of h, such that

o).

Proof. From (4.23) and (4.24), Holder and the triangle inequalities, it follows that

_ <C{ inf |o-7allavo+ inf [u—
o= mloa<C{ it Jo-milavat it fu-v,

v 1
P = pnlloo < EH(U —uy) - Vpllo,o + [(u—up, Vp)a| + g||t1" (o —on)lloa

v
d|Q|1/2

< %HPHW [[a— up JQnz < [oll10 llu — al %Ht (0 —onl
o()[u—u + u—u +=|tr(oc—0o .
< Leo(Q) hll0,2 DEE 1,0 hllo, r)llo,2

Then, the result follows from Theorems 5.1 and 5.3. O

In what follows, for the sake of clarity we again make the difference between oy € Hy and o € H,
as in Section 2.

In order to approximate the original pseudostress in (2.11), let us remind that in Section 2,
Lemma 2.1, we have proved that formulations (2.10) and (2.13) are equivalent. That is, we have
proved that (o,u) € H x Q is the unique solution of (2.10) if and only if (o, u) € Hy x Q is the
unique solution of (2.13), where o and o are related by

o i=0)— (u, Vp)al. (4.25)

v
d|Q|

In turn, in this section we have propose a mixed finite element method to approximate the
solution of (2.13) (or equivalently (3.2)).

As a result, if (0,0, up) € Hyj o X Qp, is the unique solution of (4.3), it is easy to see that the
tensor

v
Opi=0p0— m(uh, Vp)al (4.26)

approximates o € H defined by (4.25). This result is established in the following Corollary.

COROLLARY 4.5. Assume that hypotheses of Theorem 4.3 hold. Let (og,u) € Hy X Q and
(oho,up) € Hpo x Qp be the unique solutions of the continuous and discrete problems (3.2) and
(4.3), respectively. In addition, let o € H and o), € Hy, be the tensors defined by (4.25) and (4.26),
respectively. Then, there exists C > 0, independent of h, such that

o —oplldaivo <C inf |loo— Thldive + Inf |[u—v . 4.27
o = aullawa < C{_inf oo~ Tl + inf u-vilos | (4.27
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Proof. First, from (4.25), (4.26) and the triangle inequality, it is easy to see that

14
lo —onllaive = llo0—0ho— m(u —uy, Vp)olllaiv,.o
14
< oo —onollav.e + W\(U — up, Vp)ol
v[[Vpllo.o

IN

loo —onollaiv.ae + WHU —unflo0-

Then, the result is a direct application of Theorem 4.3. 0

5. Particular choices of discrete spaces. We now specify examples of finite elements sub-
spaces satisfying the hypotheses (H.0), (H.1) and (H.2). To this end we let T, be a regular family of

triangulations of the polygonal region Q by triangles T of diameter hr such that Q = U{T : T € T}
and define h := max{hr : T € T;,}. Now, 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.

5.1. The Raviart-Thomas element. For each integer k£ > 0 and for each T' € T}, we define
the local Raviart-Thomas space of order k (see, for instance [4]):

RT(T) := [Px(T)]? @ Pr(T)x,

where x := (x1,--- ,24)! is a generic vector of R?. Then, we specify the discrete spaces in (4.2) by
defining:

H,:= {reH(iv;Q): 7|r e RTy(T), VT €Ty},
(5.1)
Qn:= {veLl*Q): vlp ePp(T), VT €Th}.

It is well known that these subspaces satisfy the following approximation properties (see, e.g. The-
orem 3.16 in [19]):
For each s € (0,k + 1] and for each 7 € H*(2), with divr € H*(Q), there exists 7, € Hy,
such that
17 = 7hllaiv.0 < CA*{[I7]ls.0 + [IdivT][s,a} - (5-2)
For each s € [0,k + 1] and for each v € H*(§2) there exists vy, € @ such that
v —vnllo,0 < CR*|lv[|s,0. (5-3)

Moreover, it is easy to see that the corresponding discrete spaces Hj and Qy satisfy assumptions
(H.0), (H.1) and (H.2). In particular, the proof of the inf-sup condition (4.4) can be found in [15,
Lemma 2.4].

According to the above, and Theorem 4.3, we are able to establish the convergence of the Galerkin
scheme (4.3) for this particular choice of spaces.

THEOREM 5.1. Assume that

A \Y 1
max{pr,CWp} pr S 5, (54)

Lo (Q)

with Cyp and Cwp defined in (3.24) and (4.8), respectively. In addition, let Hp o and Qp be
the finite element subspaces defined by (4.2) in terms of the specific discrete spaces given by (5.1).
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Then, the Galerkin scheme (4.3) has a unique solution (o, up) € Hy, o X Qp, and there exists C1 > 0,
independent of h, such that

[(an un)luxq < Cillfllo.0-

Moreover, let (o,u) € Hy x Q be the unique solution of the continuous problem (3.2) and assume
that o € H*(Q), dive € H?(Q), and u € H*(Q), for some s € (0,k + 1]. Then there exists Ca > 0,
independent of h, such that

o — onllaiv.e + [u—unlloo < Coh® {[loflso + [divells o + [[ulls o} -

Proof. Since the finite element subspaces Hj o and Q, satisfy hypotheses (H.0), (H.1) and
(H.2), then the proof is a straightforward application of Theorem 4.2 and properties (5.2) and (5.3).
O

Finally, from Corollary 4.4 and Theorem 5.1 we obtain the optimal convergence of the post-
processed pressure introduced in (4.24).

COROLLARY 5.2. Let (o,u) € Hy x Q be the unique solution of the continuous problem (3.2),
and p € L3(Q) given by (4.23). In addition let py, be the discrete pressure computed by the post-
processing formula (4.24). Assume that hypotheses of Theorem 5.1 hold. Then, there exists C' > 0,
independent of h, such that

Ip = pullo. < Ch* {llolls,o + [[divellso + [Julls o} -

5.2. The Brezzi-Douglas-Marini element. Now, for each integer k > 0, we introduce the
following discrete spaces in (4.2):

Hy,:= {reH(div;Q): 7lr €Pr1(T), VYT €Tp},
(5.5)
Qpn = {UELQ(Q)I vlr € Pp(T), VTGTh}-

We remark that the product space H;, x Q) constitutes the finite element approximation for mixed
problem introduced by Brezzi, Douglas and Marini (BDM) (see, e.g. [4]).

Again, it is well known that these subspaces satisfy the following approximation properties (see,
e.g. Theorem 3.16 in [19]):

For each s € (0,k + 1] and for each 7 € H*(Q)), with divr € H*(f2), there exists 7, € Hp,
such that

I = mallaw.@ < OB {7l + div 7o} (5.6)

For each s € [0,k + 1] and for each v € H*(§2) there exists v, € @}, such that

[0 = vnllo.0 < CR°|[v]s.0- (5.7)
Moreover, the corresponding discrete spaces Hy, and Qy, satisfy assumptions (H.0), (H.1) and (H.2).
For the proof of the inf-sup condition (4.4) in (H.2), we just comment that it follows analogously to
the Raviart-Thomas case (see, again [15, Lemma 2.4]), recalling that it is also possible to construct
a Fortin operator by using the BDM-projection.
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Now, we establish the convergence of the Galerkin scheme (4.3) for this particular choice of
spaces.

THEOREM 5.3. Assume that

A \Y 1
maX{C’Wp,C'Wp} pr S 5, (58)

Le(Q)

with Cyp and Cwp defined in (3.24) and (4.8), respectively. In addition, let Hy o and Qy be
the finite element subspaces defined by (4.2) in terms of the specific discrete spaces given by (5.5).
Then, the Galerkin scheme (4.3) has a unique solution (op,ur) € Hp o X Qp, and there exists Cy > 0,
independent of h, such that

|(n, un)llrxq < Cil/f]o.0-

Moreover, let (o, u) € Hy x Q be the unique solution of the continuous problem (3.2) and assume
that o € H3(Q), dive € H*(Q), and u € H*(Q), for some s € (0,k + 1]. Then there exists Co > 0,
independent of h, such that

o — onllaiv.e + [u—unlloo < Coh® {[loflso + [divells o + [[ulls o} -

Proof. Since the finite element subspaces Hp o and Qp satisfy hypotheses (H.0), (H.1) and
(H.2), then the proof is a straightforward application of Theorem 4.2 and properties (5.6) and (5.7).
0

We end this section by establishing the rate of convergence of the post-processed pressure com-
puted by formula (4.24). Its proof follows from Corollary 4.4 and Theorem 5.3.

COROLLARY 5.4. Let (o,u) € Hy x Q be the unique solution of the continuous problem (3.2),
and p € L3(Q) given by (4.23). In addition let py, be the discrete pressure computed by the post-
processing formula (4.24). Assume that hypotheses of Theorem 5.3 hold. Then, there exists C' > 0,
independent of h, such that

Ip = prllo.o < Ch* {llofs.a + ldivells.q + [alls,a} -

6. Numerical results. In this section we present a numerical example in R2, illustrating the
performance of the mixed finite element scheme (4.3). Here we consider the specific finite element
subspaces Hy », and Qp, defined in terms of the specific discrete spaces given by (5.1) with k& = 0.
In addition, the zero integral mean condition for tensors in the space Hy ; is imposed via a real
Lagrange multiplier. In what follows, N stands for the total number of degrees of freedom defining
Ho.5, X Qp. Denoting by (o, u) € Hy x Q and (o, up) € Hj, ¢ X Qp, the solutions of (3.2) and (4.3),
respectively, the individual errors are defined by

e(o) == [lo —onllaive, e(m):=lu—wloa e@) = p—pnloa;

where the approximate pressure py, is computed by the post-processing formula (4.24). Furthermore,
we define the experimental rates of convergence

o) B @) L losew/ew) L Tos(e(p)/e'(7)
T T log(h/i) T Teet/wy 0 " Tleg/wy
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where h and h' are two consecutive meshsizes with errors e and e’.

In what follows, we consider a region  := (—1,1) x (—1,1) and define the density function

p(x1,22) i=exp(p(zy +x2))  V(z1,22) €9,

where p is a parameter in R. We notice that

Vp

H — 11, (6.1)
P llL= (@)

and then, as we shall see in Figure 6.4, and as predicted in (4.16), the good performance of our
method depends strongly on the choice of u.

In turn, we choose the datum f so that the exact solution is given by the smooth functions

curl (sin? (7 ) sin® (7))

u(ri,r2) = le,xg EQ,
( ) (r, 72) ( )

p(r1,22) = x1sin(zz) V(z1,22) € Q,
where curl ¢ := (867“"2, —%), for any sufficiently smooth function ¢.

The numerical results shown below were obtained in a Pentium Xeon computer with dual proces-
sor, using a MATLAB code. In Table 6.1 we summarize the convergence history of our mixed finite
element scheme (4.3), with u = 2 and for a set of shape-regular triangulations of the computational
domain 2. We observe there that, looking at the experimental rates of convergence, the O(h) pre-
dicted by Theorem 5.1, with s = 1 is attained in all the unknowns. In order to emphasize the good
performance of our scheme, in Figures 6.1 and 6.2 we display some components of the approximate
(left) and exact (right) solutions of our example for N = 82177. We also display in Figure 6.3
the approximate (left) and exact (right) pressures. It is clear from these Figures that the finite
element subspaces employed provide very accurate approximations to the unknowns. In addition,
we observe that the discrete pressure pj,, computed via the post-processing formula (4.24), presents
some oscillations, perhaps because Vp is not a polynomial function on each element. Despite this
minor issue, Table 6.1 confirms the fact that p, converges to p with optimal rate of convergence as
predicted.

Finally, having in mind assumption (4.16), in Figure 6.4 we display the relation between p (cf.
(6.1)) and the condition number of the global matrix given by the left hand side of (4.3) computed
with the command condest in MATLAB, considering a fixed mesh of size h = 1/4. We observe here
that the condition number is stable for |u| < 6 and blows up for || > 6. This phenomenon shows
that assumption (4.16), beyond of being just a theoretical hypothesis, in practise, it ensures the
good performance of the numerical method for small values of || % Lo~ (02)-

TABLE 6.1
degrees of freedom, meshsizes, errors, and rates of convergence.
N| h e(a) r(o) e(u) r(u) e(p) r(p)
89 1 4.530E+01 - 9.770E4-00 - 3.795E4-00 -

337 | 1/2 | 1.232E401 | 1.956 | 5.657E+00 | 0.821 | 3.353E+00 | 0.186
1313 | 1/4 | 4.301E+00 | 1.547 | 3.367TE+00 | 0.763 | 1.798E+400 | 0.916
5185 | 1/8 | 1.873E+00 | 1.211 | 1.743E+00 | 0.959 | 9.026E-01 | 1.004

20609 | 1/16 | 8.954E-01 | 1.070 | 8.775E-01 | 0.995 | 4.493E-01 | 1.011
82177 | 1/32 | 4.423E-01 | 1.020 | 4.394E-01 | 1.000 | 2.242E-01 | 1.005
328193 | 1/64 | 2.204E-01 | 1.006 | 2.198E-01 | 1.001 | 1.121E-01 | 1.002
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F1a. 6.1. first (top) and second (bottom) components of up, and u for N = 82177
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-
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Y

F1G. 6.2. 011, 011,1 (top) and 021, o211, (bottom) for N = 82177
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F1G. 6.3. p and pp, for N=82177

x 10"

cond 6 ,

F1c. 6.4. p v/s condition number
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