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Abstract

In this manuscript, we focus our attention in the Stokes flow with non homogeneous source
terms, formulated in dual mixed form. For the sake of completeness, we begin recalling the corre-
sponding well-posedness at continuous and discrete levels. After that, and with the help of a quasi
Helmholtz decomposition technique, we develop a residual type a posteriori error analysis, deducing
an estimator that is reliable and locally efficient. Finally, we provide numerical experiments, which
confirm our theoretical results on the a posteriori error estimator and illustrate the performance of
the corresponding adaptive algorithm, supporting its use in practice.
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1 Introduction

Dual mixed methods applied to Stokes system have been studied in [14], where the second order
equation is rewritten as a first order system by introducing the flux as a new unknown. Then, the
scheme is available to approximate simultaneously the flux, the velocity and the pressure. Existence
and uniqueness is established using an appropriated norm, such that the discrete scheme admits the
use of conforming Raviart-Thomas elements as finite element for the flux, and piecewise constants for
the velocity and the pressure. The corresponding a posteriori error estimator has been developed in
[15]. Alternatively, another dual mixed approach for the incompressible fluid flow has been introduced
and analysed in [10]. The approach there follows the ideas developed in [9], i.e. the incompressible
fluid flow is reformulated introducing the so-called pseudostress as an additional unknown, which is
in relation with the pressure and gradient of the velocity. This allows us to eliminate the pressure,
deriving a mixed variational formulation based on the pseudostress and the velocity. We remark
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that the pseudostress is nonsymmetric and the approximation of the pressure, the velocity gradient
(and thus the vorticity), or even the stress can be algebraically obtained from the approximate value
of the pseudostress. The discrete scheme allows the use of the pair of conforming Raviart-Thomas
and discontinuous piecewise polynomial as the finite element space. The a posteriori error analysis
of the mixed pseudostress-velocity formulation of the Stokes problem has been established in [11].
Furthermore, in order to obtain more flexibility in the choice of finite element spaces, the stabilisation
of this approach has been studied in [16] (also see [17]), and additionally its corresponding extension
to quasi Newtonian flows and Brinkman model have been developed in [18] and [7], respectively.

Recently, in [3] we propose a stabilised mixed method to the Stokes system with nonhomogeneous
source terms. There, we first introduced a dual mixed formulation, and then establishing the corre-
sponding well-posedness at continuous and discrete levels, invoking the well-known Babuska-Brezzi
theory. Then, our interest in this article is to endow this approach with an a posteriori error estima-
tor. To this aim, and strongly motivated by the reduction of computational cost obtained with the
a posteriori error estimator based on Ritz projection of the error, we endow the new approach with
an a posteriori error analysis, following the ideas described in the previous work [5]. As a result, we
deduce a nonstandard residual type a posteriori error estimator consisting of five terms for elements
of the triangulation without edges on 0f2, and seven terms for elements having an edge on 0f2.

The rest of the paper is organised as follows. In Section 2, we recall the dual mixed variational for-
mulation, the Galerkin scheme and the stable pairs of finite element subspaces. Section 3 is concerned
with the a posteriori error analysis. Finally, in Section 4 we provide several numerical experiments
that support the use of our a posteriori error estimator in practice.

We end this section with some notations to be used throughout the paper. Given a Hilbert space
M, we denote by M? and M?*? the space of vectors and square tensors of order 2 with entries in

M, respectively. Given 7 := (1) and ¢ := ({;;) € R¥*2, we denote 7% = (75;), tr(7) = 711 + 722
and T : { = Zij:l 7ij Cij. Moreover, we introduce the deviator of = by 7¢ = 7 — %tr(T)I,
where I € R?*2 denotes de identity tensor. In addition, given v = (v;), w = (w;) € R% we
define v ® w = (UZ' wj) € R?X2, We also use the standard notations for Sobolev spaces and norms.

Finally, C or ¢ (with or without subscripts) denote generic constants, independent of the discretization
parameters, that may take different values at different occurrences.

2 The model problem and its dual mixed formulation

Let 2 be a bounded and simply connected domain in R? with polygonal boundary I'. Then, given the
source terms f € L2(Q):={q € L}(Q): [,q = 0}, f € [L*(Q)]? and g € [HY?(")]2, we look for
the velocity (vector field) w and the pressure (scalar field) p such that

—vAu + Vp=f in Q, divlu)=f in Q, and u=g on T, (1)

where v > 0 is the fluid viscosity of the flow and the datum data f and g satisfies the compatibility
condition fl‘ g -n = 0, with n being the unit outward normal at I'. In addition, for uniqueness
purposes, we seek p € L%(Q).



Hereafter div stands for the usual divergence operator div acting along each row of the tensor. Our
purpose is to apply dual mixed method. To this aim, we first reformulate problem (1) introducing the
pseudostress o := vVu—pl in  as an additional unknown. Considering the condition div( )= f in €,
we deduce that p = %f— tr(o) in Q, and then o belongs to Hy = {7 € H(div;() : [, tr(r) = 0}.
As a result, the pressure p can be eliminated from (1), which can be rewritten as the ﬁrst order system:
Find (o,u) € Hy x [H(Q)]? such that

1 1~
;ad—Vu:—ifI in Q, divie)=—f in Q and u=g on T. (2)

We point out that in [3] we have deduced the mixed variational formulation associated to (2), which
reads as: Find (o,u) € Hy x [L*(Q)]? such that

a(o,7)+b(t,u)= G(r) VT € Hy,

(3)
b(o,v)= F(v) Vv € [L}Q))?,

where the bilinear forms a : H(div, Q) x H(div,Q) — R and b : H(div, ) x [L2(22)]?> — R are defined
by

1
alp,T) = /dede Vp,T € H(div,Q),

1%

b(T,v) = /U~div(7') Y (7,v) € H(div,Q) x [L}(Q))%.
Q
In addition, the linear functionals G : H(div,{2) — R and F : [L?(Q2)]?> — R are given by
1 [ -
G(t) := (Ttn,g) — 2/ ftr(r) V7T € H(div,Q) and F(v /f v Vo € [L*(Q)]?,
Q

with (-, -) denoting the duality paring between [H~/2(T")]? and [H'/?(T")]? with respect to L?(I')-inner
product. We provide H(div,Q) and [L?(2)]? with their usual inner products and induced norms
|| e (aiv:) and |- Hng jz , respectively. Then, we define the product spaces 3 := H(div, Q) x [L?(2)]?
and X := Hy X | C 3, endowed with its standard norm

1/2
Irolls = (1713 + 101E2qp) " V(v e .

We remark that the well-posedness of (3) is a consequence of Babuska-Brezzi’s theory (cf. Theorem
1 in [3]). We point out that the important details can be seen in the proof of Theorem 2.3 in [10].
Now, in order to discuss the discretization of (3) with finite element technique, we consider that
Q) is a polygonal region and let {7,},~0 be a shape-regular family of triangulations of Q such that
Q = UreT,T. For each triangle T' € 7T, hy will denote its diameter, while the mesh size ot the
triangulation is given by h := max{hy : T € T, }. Moreover, given an integer ¢ > 0 and a subset
S of R?, we denote by P;(S) the space of polynomials in two variables defined in S of total degree
at most ¢, and for each T € T, we define the local Raviart-Thomas space of order s (cf. [22]),



RTx(T) := [Pu(T))? ® Pu(T)x C [Pus1(T)]> Va € T. Then, for k € Z7, we introduce the finite
element subspaces

Hf == {m, € H(div; Q) : m|r € [RTR(D)*)*, VT € Tp},

Hg), ::{Th € HY : /Qtr(‘rh):()},
HY = {v, € [LQ) : vplr € [P(T)?, VT € Tp},

Now, setting 3o, := HF, x H}', the corresponding discrete variational formulation of (3) reads as
follows: Find (op,un) € Xy such that

a(on, 7)+b(T,un) = G(r) VT € Hf,,
(4)
blop,v)= F(v) Yv e HY,

Applying a discrete version of Babuska-Brezzi’s theory, we can establish that (4) has one and only one
solution (o, up) € Xop. Moreover, there exists C' > 0, independent of h, such that

[(oh, up)lls < C (Hf”[m(mp + 1 fllz2() + |\9\|[H1/2(r)}2) :

The details can be found in Section III in [10].

Now, in order to establish the convergence of the method, we recall the following well-known
approximation operators. First, we introduce the Raviart-Thomas interpolation operator (see [8, 22]),
%« [HY(Q)]**? — Hf, which given 7 € [H*(2)]?*2, II¥(7) is the only element in HY such that:

Vq € [Pk(e)]z : /HZ(T)n-q = /Tn~q, Ve € 0T,, whenk >0, (5)

€ €

with 07}, denoting the list of edges (counted once) induced by {97 }re7;,, and

Vp € [Po1(T)**? : /Hﬁ(f) Cp = /7‘ cp, VYI' €Ty, whenk>1. (6)
T T

The operator Hﬁ satisfies the following approximation properties.

Lemma 1 There exist constants ¢1,Ca, 3 > 0, independent of h, such that for oll T € Tp
Vroe [H™(QP? : |lr =) lapee < @b 7|gmaype 1<m<k+1 (7)
and for all T € [H™T1(Q)]2*2 with div(T) € [H™(Q))?,
|div(r = I (7)) iz2(rye. < & hF [Aiv(T)|gmye, 0<m<k+1 (8)

and
V1 € [HI(Q)]QXQ . ||TTL—H£(T)7’LH[L2(6)]2 < 53 hé/2||7—||[H1(T)}2><2 Ve € 8771 (9)
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Proof. See e.g. [8] or [22]. O

Moreover, the operator HfL can also be seen as a bounded linear operator from the larger space
[H*(Q)]*** N H(div; Q) into HY, for all s € (0,1] (see, e.g. Theorem 3.16 in [20]). In this situation,
the following approximation error estimate holds: There exists C' > 0, independent of the mesh size,
such that

7 =T ()| 2y < ChST{HTH[Hs(T)]m + Hdiv(f)thz(Tﬂz}, VT € T
Another important property reads as
div(IL;(7)) = Fy(div(r)), (10)

with PF : [L*(Q)]> — H being the L?—orthogonal projector. This is deriving from (5) and (6).
On the other hand, it is well known (see, e.g. [12]) that PF verifies: For each v € [H™(Q)]%, with
0<m < k+1, there exists C > 0, independent of the mesh size, such that

lv = PY(0)lliz2yp < CHE [oligmryz, VT € Th. (11)

With the help of these operators, we are able to prove the convergence of the proposed method.
Moreover, the corresponding rate of convergence of the method for these choices of finite element
subspaces, is recalled in the next theorem.

Theorem 2 Let (o,u) € Xy and (op,up) € 2oy, be the unique solutions to problems (3) and (4),
respectively. In addition, we assume that o € [H'(Q)]**2, div(eo) € [HY(Q)]?, u € [HY(Q)]?, for
somet € (0,k+1]. Then, there exists C > 0, independent of h, such that there holds

(o, u) = (on,un)lls < CR" (llo]lme @z + 1div(e) |z @) + 1wl w2 ) -

Proof. The proof is a straightforward application of the very well known Babuska-Brezzi theory (cf.
Theorem II.1.1 in [19]). It relies on bounding each one of the involved errors, ||o — o4||f(aiv; ) and
|l — wp|[fz2(q)2, taking into account the properties of the Raviart-Thomas conforming operator I,
as well as the standard L?-orthogonal projection operator P/f. We omit further details. O

3 An a posteriori error analysis

In this section, we follow [5] (see also [4]) and develop an a posteriori error analysis for the discrete
scheme (4), introducing an appropriate Ritz projection of the error and invoking a non standard quasi
Helmholtz decomposition result. First, we introduce some notations and results concerning geometric
elements of the triangulation 7, as well as of the Clément operator.



3.1 Notation and some useful results

Given T' € Ty, we let E(T') be the set of its edges, and let Ej, be the set of all edges induced
by the triangulation 7. Then, we write Ej;, = E; U Er, where Er := {e € Ej : e C Q} and
Er:={e € E} : e CT}. Also, for each edge e € E}, we fix a unit normal vector n. := (n1,n2)*, and
let t. := (—n2,n1)* be the corresponding fixed unit tangential vector along e. From now on, when no
confusion arises, we simply write n and t instead of n. and t., respectively. In addition, let v and 7T
be vectorial - and tensor -valued functions, respectively, that are smooth inside each element T' € T},.
We denote by (vr,e, Tr.) the restriction of (vr, 7r) to e. Then, given e € Ej, we define the jump of
vand T at * € e, by

] :=vre —vre, [7]:="Tretr + T ety

where T and T” are the two elements in 7, sharing the edge e € E;. On boundary edges e € Er, we
set [T] := Tretr, where T € T, is such that 9T Ne # (. The duality pairing between [H~'/2(9T)]?
and [H'Y2(9T))? with respect to L?(dT)- inner product, is denoted by (-,-)or. We also introduce the
broken Sobolev space H!(T,) := {v € L?(Q): v|r € HY(T), VT € Ty}
Finally, given a smooth scalar field v, a vector valued field v := (v1,v2)* and a tensor valued one
Ti1 T12

T:= , we define
T2l T22
Ov Qui _Ou
curl(v) := O curl(v) := O o rot(v) := Ovy _ Oy
B - T\ 9w | " Ox1 Oz
ox1 Oxo Ox1

rot ( (711, 712)" Onz _ dmun
and I‘Ot(T) — < (( 11 12) )) _ (8961 8:1:2) ]

rot (a1, 72)") )\ —

We will use the Clément operator I, : H'(Q) — X} (cf. [13]), where X} := {v, € HY(Q) :
Uh‘T € Pi(T), VT € Tn}. A vector version of Iy, say I, : [H*(Q)]?> — [Xx]?, which is defined
componentwise by Iy, is also required. The following lemma establishes the local approximation
properties of Ij.

Lemma 3 There exist constants ¢4, ¢ > 0, independent of h, such that for allv € H'(Q) there holds
o = In(0)||grmry < G by ™ 0lgryy, Ym € {0,1} VT € Ty,

and
||'U_Ih(U)HL2(e) < 55h;/2|U‘H1(w(e)) Ve € Ep,

where w(T) == U{T" € Ty, : T"NT # 0}, he denotes the length of the side e € Ej and w(e) :=
(T € Ty : T'Ne#0}.



Proof. We refer to [13]. O
The following inverse inequality will also be required.

Lemma 4 Let {,m € NU{0} such that £ < m. Then, there exists ¢ > 0, depending only on k,{,m
and the shape reqularity of the triangulations, such that for each T € Ty, there holds

Proof. See Theorem 3.2.6 in [12]. O

3.2 Reliability of the estimator

Let (o, u) be the unique solution to problem (3) and assume that the Galerkin scheme (4) has a unique
solution, (op,uy). We define the Ritz projection of the error with respect to the inner product on X,

<(an)a (’T,’U)>§] = (UaT)H(div;Q) + ('wav)[LQ(Q)P V(O’,’U)),(’T,’U) € X,
as the unique element (&,u) € X such that for all (7,v) € X,
(g,a),(T,v))x = A((6 — on,u —up), (T,v)). (13)

where the global bilinear form A : ¥ x 3 — R arises from the variational formulation (3) after
adding its equations, that is

A((p,w), (T,v)) :==a(p,T) + blw,T) + b(v, p) V(p,w), (T,v) € X.

We remark that the existence and uniqueness of (6,u) € X is guaranteed by the Lax-Milgram
Lemma.

It is not difficult to check that the properties of the bilinear forms a(-,-) and b(-,-) imply that
A(-,-) satisfies a global inf-sup condition, i.e. there exists a > 0 such that

A((¢, w), (1,v))
al|(¢ w)||s SG#TSE)I)GEO (T, v)|ls

V(C,w) € 3.

This property allows us to bound the error in terms of the solution of its Ritz projection. Indeed,
we have

alllc —opu—wu)|ls < sup Al(o — o, u —up), (T,v))

(0) €S0 (T, v)ls
(14)
A - ) - ) ) -
< sup ((O’ Oh, U uh) (T U)) _ H(U'au)HE
(rv) €S [(T,v)xs

Then, according to (14), and in order to obtain a reliable a posteriori error estimates for the
discrete scheme (4), it is enough to bound from above the Ritz projection of the error. To this aim,
we establish the following technical result, which can be seen as another version of a quasi-Helmholtz
decomposition of functions in H(div; Q).



Lemma 5 For each T € H(div; Q), there exist x € [H*(Q)]? and ® € [H}(Q)]**?, such that
1
T =curl(x) + ® + id ® (r1 —a,xe —b)*, (15)

where (a,b)* is a fized point belonging to Q, and d = (dy,d2)* with d; = ﬁ Jodiv(m), i = 1,2, with
T; denoting the i-th row of the tensor T. In addition, there exists C' > 0, such that

X [Tz + 1@ yexe < CllTlla@ivio) - (16)

Proof. We first introduce the space M := {{ € H(div; Q) : Vi € {1,2} : [,div(¢F) = 0}.
Next, for each 7 € H(div; Q), we decompose div(7T) = div(7) + d. We remark that Vi € {1,2} :
HdiV(Tit)HaQ = Hdiv(f-})HaQ + |di|>. Then, since div(7) € [L3(2)]?, band invoking Corollary 1.2.4
n [19], there exists ® € [H(2)]**2 such that div(®) = div(F) in Q and ||®[10 < c|/div(7)]o.0-
This implies for each ¢ = 1,2 that

d; d.:
div <Tf — ®F — é(ml —a,z9 — b)t> =0 in Q and <<7’it - P — é(ml —a,z9 — b)t> -n,1> =0,
r
where (a,b)* is a fixed point belonging to Q. Hence, by Theorem 1.3.1 in [19], for each i = 1,2, there
exists a stream function x; € H'(Q) such that 7t — ®F — %(ml —a,wy — b)t = curl(y;) in Q. Then,
we set the vector x = (x1,x2)® € [H'(2)]2, which verifies

2 2
d;
Ix? = || curl(x)[[Z2(q) = T — 8 — (v — a2 —b)°
1 ()2 L2(2) z; 5 o)
2 d2
<2y <’TitH[2L2(Q)}2 + |1 ®F P20y + 5 @1 —a,z2 = b)’[2L2(Q)]2>
i=1

2
dz 2
<23 (i + 190y + G (am(@)7 1)

Q
< 2 max {1,02 + u'(diam(ﬁ))Q} HTH%{(div;Q) :

As a result, we establish (16), and we end the proof. O
In what follows, we introduce xp := (X1, X2,n)%, With x;n = In(xi), ¢ = 1,2. This allows us to
define a discrete quasi Helmholtz decomposition of 7, which is given by

1
7, := curl(xs) + I}, (®) + id ® (z1 —a,z2 —b)* € HY . (17)
Then, we observe that
T -7, = curl(x — xn) + @ —1I,(®), (18)
which yields
div(T — 1) = div(® — II;,(P)) . (19)



On the other hand, we notice that for each A € R, we have A((o — op, u — uy), (S\I,O)) = 0. Then,
since each ¢}, € HfJ can be decompose as {;, = ¢, + A, with ¢, € HJ, and A € R, it is not difficult
to establish the following orthogonality relation

A((O’ —Op, U — uh), (Ch, ’Uh)) =0, V (Ch, ’Uh) € Xy = Hg X H;j . (20)

This latter remark will be useful in our next aim, which consists in deriving an upper bound for
||(6,w)||x in terms of residuals. In order to do that, first, for each (7,v) € ¥, we denote its induced
discrete pair by (75,,0) € X, where each row of 7y, is defined in (17). We take into account (20) with
(¢h,vn) = (71, 0) and that (o, u) is the unique solution for problem (3) to obtain

A((o —op,u—up), (T — 7,0))
= A((o —op,u —up), (T — 7Th,v)) + A((0 —on,u —up), (A= )1, 0))

(r—=m)n,g9) — /Q (;JFI> i(T—Th)—/Qf'U—A((Uh,Uh)v(T—Th,U))

S0 fant [(G7T) 0= A+ Al (- L0,
1)

<(6-a ﬂ)a (Tv ’U)>g

where in the last equality we have taken into account that 7 — 7, = 7 — 7, + (A = Ap)I, with
T — 75, € Hp and (A — Ap) € R. Now, recalling the assumptions on f and g, we find that

Al (A= M)1.0) = [y - div(A=A)T) = 0

0w fan [(571):0-mr =~ 0w (@om - [ F) <0,

and then (21) reduces to

(@,@), (1, v))5 = (T — ) n.g) + /

Q

(— ;fI) (Tt — 1) —/ f-v—A((op up), (T — m,v)).
Q
(22)
We notice that (22) is equivalent to

(&, TV @) = Filr—m), V7 € H(div; Q),
(@, v) 2 = Fa(v), Vo € [L2(Q)]?,

where Fy : H(div; Q) — R and F; : [L?(2)]? — R are the bounded linear functionals defined as
1~ 1 . .
Fi(p) = (pn,g) - /Q <2fI + Vﬂ%) tp - /Quh~d1V(p) Vp € H(div; ),
Fy(w) = —/(f+div(ah)) -w Yw € [LA(Q)?.
Q

9



Hence, taking into account (18) and (19) we can rewrite Fy (T — 73,) as follows
Fi(r —m) = Ri(®) + Ra(x),

where

(@) i= (@~ T@)ng -~ w) — [ (Lot~ Tww + 57T) 5 (@ mi(a)

o \V
. 1Tk
+T€Zﬁ/8TmEluh (@ — 115 (®))n,
1, 1.
w0 = = [ (Lot + 3 71) - curtix =) + feurl(x — xi)m.g).

Our aim now is to obtain upper bounds for each one of the terms Fp(w), R1(®) and Ra(x)-
Lemma 6 For any w € [L*(Q)]?, there holds
) ) 1/2
B(w)] < (3 1F +divion)Fay:)  lwlaqp-
TeTn

Proof. The proof follows from a straightforward application of Cauchy-Schwarz inequality. O

Lemma 7 There exists C > 0, independent of h, such that

IRy (®)] < C( > helllwnlllifeepe + > b2 |-

2

1 -
ag—Vuh+§fI

e€ E; TET [L2(T))2x2
1/2
+ Z he llg _uh‘[ZLQ(e)P) 7 [l 71 (aiv; ) -
ecEp
Proof. It is a slight modification of Lemma 3.5 in [6]. We omit further details. O

2

Lemma 8 Assuming that f € H*(T;) and g € [HY(T)]2, there exists C > 0, independent of h, such
2
+ ) he

that
1 1~
L2D)?  Jeg, v

p 1/2
< o + fI) t— ﬁ 71| e (div; ) -
[L2(e)]?

rot( oY+ fI)

2

|Ra(x |<C<ZhT

TeT;, L2(e)

+ ) ke

e€Ep

dt

10



Proof. Integrating by parts, we deduce

Ro(x) = /< of, + fI> curl(x — xz) + (curl(x — xn)n, )

TeTh

- S L Gotean) o (o (et |

TeTh

—Z/ (x — xn)

ecEr

— Z /rot( o} + fI) (x — xn) SEZE;I/X Xh) HU;HF ff]]

TeTh

+Z/x Xh<< ol + fI)t—ii)

ecEr

Therefore, the proof is completed applying Lemma 3, the Cauchy-Schwarz inequality, the regularity
of the mesh and (16). O
The bound of Ritz projection is exhibited in the following Lemma.

Lemma 9 Under the assumption that f € H'(T;) and g € [H'(T)]?, there exists a constant C' > 0,
independent of h, such that

1/2
Clie.a)lls <n={ > n : (23)
TeTh
where
2 . 2 2 1 - ) 1 ) 1. 9
nr = Hf‘f‘dlv(a'h)H[LQ(T)]Q + hT — Vuy + §fI + hT rot Loa g §fI
A v L2
2 1 4 12 2
+ Z he ||[[uh]”|[L2(e)]2 + he —od 4+ fI
v 2 9/ N1
1 1 - dg 2
" e {he”g_”h”%p@”z e (Gt ) e } | (24)
e€ E(T)NEr L2
Proof. It follows from Cauchy-Schwarz inequality and Lemmas 6, 7 and 8. 0

The following result establishes that the a posteriori error estimator 7 is reliable and efficient.

Theorem 10 Assuming that f € H'(T;,) and g € [H'(T)]?, there exists a positive constant Cyey,
independent of h, such that

(e —onu—up)llz < Cran. (25)

11



Additionally, there exists Cess > 0, independent of h, such that

N7 <Cete Y |l —0onu—u)lr + ho.t. (26)

T/ETh
ec E(T)NE(T")

with ||(1,v)||% = HTHH div:T) T HUH[LQ 2> and h.o.t. is meant for eventual high order terms.

Proof. The reliability of n (first inequality) follows from (14) and Lemma 9. The efficiency of n
(second inequality) is established in the next subsection. We omit further details. g

3.3 Efficiency of the estimator

In this section, we proceeds to establish the local efﬁciency of the local a posteriori error estimate
(26). Since f = —div(o) in Q and 10 — Vu = —1 fI in Q, we have that

|f + div(en)llizzyz = lldiv(e —on)llz2cr): -

To bound the rest of terms in (26), we require some ingredients. First, for any " € 7, and any
e € E(T), we introduce ¥ and 1 the well known triangle-bubble and edge-bubble functions. This
means that ¢Yp € P3(T), supp(vpr) € T, vy = 0on 9T, and 0 < ¢p < 1 in T. Analogously,
Yelr € Pao(T), supp(Ve) C we := U{T' € T, : e € E(T)}, e = 0 on Owe, and 0 < 9 < 1
in we. In addition, we recall from [23] that, given k& € N U {0}, there exists an extension operator
L : C(e) — C(T) that verifies Vp € Pr(T) : L(p) € Pi(T), and Vq € Pi(e) : L(¢)le = ¢q. Next
result resumes known properties of ¢, 1. and L, whose proof can be found in [23] (cf. proof of
Lemma 4.1).

Lemma 11 For any triangle T there exists positive constants ci, ca, c3 and ¢y, depending only on k
and the shape of T, such that for all p € Pi(T) and q € Py(e), there hold

1/2
o pl32ry < IPlR2iry < el pli3eer (27)
e dl7ag) < llall7ae < ez llvd? dllfz (28)
cshe llall72() < 106> L(@)|72y < cahellalla) - (29)

From here on, we assume that f € H'(75,) and g € [H'(I")]2.

Lemma 12 There exists C1 > 0, independent of the meshsize such that for any T € Ty there holds

hr

v O'h V'U/h+ 2fI

< hpv! HO’% — O'dH[L2(T)]2x2
[LQ(T)]QXQ

+ V2Ilu —upllp2yz + CLhr ||f — 75 (Hllpeery - (30)

12



Proof. First, for any T € Ty, we introduce the L?-projection of f onto Py(T), with s € Z(")F at our
disposal. Then, after applying triangle inequality, we obtain

_ 1 < % 5
v o — Vauy, + fI < |v7lef — Vu, + ST + f =7 (Ol L2 ()
[L2(T)}2X2 [LQ(T)]2><2
(31)
This motivates us to set the polynomial-wise function p; = v=to$ — Vauy, + T (f ) Iin T. Now,

invoking (27), we have

_ I o 7
th||[L2 T)2x2 = HQ/JI Ph||[L2 T)2x2 = /T<V tof — Vuy + 27Th(f)1) : (Y pn)

{AGlﬁ—VW+;ﬂ>WWWJ+;#ﬁ@—ﬂLUWm%@ﬁ

In order to derive (30) it is enough to bound the first term on the right hand side in (32). Taking
into account that 3 LfI = Vu —v~'09, and integrating by parts, it follows

/T<V1‘7% — Vup, + 2fI) L (YT pn) = /TVl(U?L—Ud) t (Yrpn) + /T(Vu—Vuh) . (Yr pn)
= /TV_I(Ug—Ud) t (Y pn) — /T(U—uh) - div(Yr pp) -

The rest of the proof relies on applying Cauchy-Schwarz inequality, the inverse inequality (12) with
{=0,m =1, as well as the fact that 0 < ¢p < 1in T. We omit further details. ) O
In order to bound most of the rest of terms that defined nZ, from here on we assume that f € H(€).

Lemma 13 There exists Cy > 0, independent of the meshsize, such that for any T € Ty, there holds

1-
rot <1/_10'g + §f I)

Proof. We follow similar ideas than the given in the proof of previous Lemma. Considering 7 (f),
we deduce, applying triangle inequality, that

1 1 o 7
rot (Vla',‘i + §f I) rot (ulaﬂ + iwﬁ(f) I)

hr

< Cov o = oz + br [IV(F = m(N))llzzcrye - (33)
[L*(T)]?

<
[L2(T))?

+ IV (f = mi (D) lz2eryz -
[L2(T)]?
(34)

1 -
Then, we define the polynomial-wise function p; := rot (1/‘102 + §7r;’;( NI ) Now, applying prop-
erty (27), we deduce

) . 1.
cr lonlFzerye < l1'? pullz2rye = /TFOt <V 102+§7Th(f) I) - (Y7 pn)

= [rot (viot+ 571) - wrpw + § [ xot(mi) - D) - o). (9
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Since %fI = Vu —v~'o? and rot(Vu) = 0, we first integrate by parts, and then we apply Cauchy-
Schwarz, the inverse inequality (12) with £ = 0,m = 1, as well as the fact that ¥p = 0 on 9T and
0 < yYp < 1inT. As a result, we obtain

/TOt <V102+;f1> - (Yrpn) = /VlTOt(Uﬁ—Ud) - (Yrpn) = /(ai—a“) : curl(Yr py)
T T

T
v loh — | L2erypee leurl(Yr pn)|lj2 (12
= v of — o2y IV (W1 pn)lj2 (2=

< Cv gt |lof, = o2y [[¥r pnllize ey

IN

< Cvthpt|of — ol ey lenlli2 e - (36)
Then, using (36) to bound the right hand side in (35), we obtain
i Hlpnllipeye < Cvt byt llof — o2 ryexe + %llv(f— T (P p2 e - (37)
Finally, (34) yields to
rot (1/_10% + 1fI>

hr <y (V_l lof — o ir2ry2x2 + hr ’\V(f—ﬂi(f))”[L2(T)}2> :

2

[L2(T)]?

O
The following result gives us a bound of the jump of uy,.

Lemma 14 There exists Cs > 0, independent of the meshsize, such that for any e € Ep there holds

W2 Tunlllizzep < Cs (Ilw — wnllizzwoz + 1o = onllizzwze) - (38)
Proof. Given ¢ € E;, we introduce w, := T U T”, where T and T are the elements in 7}, sharing e.
Next, we set wy, := [up] on e and p. := ). L(wp) ®n7 in we. Now, invoking (28), taking advantage

that [u] = 0 on Ej, and after integrating by parts, we derive
5 lwnlzo < 1162 whllgaop = [ e Ltwn) - fun =] = [ (e Lws) 9 nro) e - un — ul

= /pe nre - [u, —u] = / (up, —u) - div(pe) + Vi(up —u) @ pe. (39)

We

Knowing that for each T € w,
1 -
V(up, —u) = 1/_1(0'% — O'd) - (l/_l 0'2 — Vuy, + 2fI> )
we deduce that

1~
! 0'2 — Vu, + -f1I

; (40)

IV (un = w)l|i2yexe < vt lof = o2y +
[LQ(T)]QXQ

14



On the other hand, taking into account the inverse inequality (12) with £ = 0,m = 1, and the fact
that 0 < Y. < 1 in we, we deduce

1div(pe)lliz2ye < V2IIVPelli@yze < eV2hy! ||pelliz> @2

= eVZha |02 Lewp) e < cey> V2 he P lwpllep - (41)
Using (41) and (40), we are able to bound the right hand side in (39), and deduce (38). We omit
further details. m

For the rest of the proofs, we need to invoke the well known discrete trace inequality, established
in Theorem 3.10 in [1] (cf. (2.4) in [2]). This states that there exists ¢5 > 0, depending only on the
shape regularity of the family of triangulations, such that for any 7' € Tj and any e € E(T), there
holds

lollzz < es (B2 ollizcry + B2 [ 9elljarye) Vo € HY(T). (42)
Lemma 15 There exists Cy > 0, independent of the meshsize, such that for any e € Ey, there holds

1 -
o [[oot s 1]

L < Cy (V_IHUd — oq L2 (w22
L?(e

+ 3 WD) = Fllzay + b V@D = Pllizaye) - (43)

TEWe

Proof. First, given e € Er, we apply triangle inequality, and derive

A a | WY | Eat AL G | W ([ (A [PRRD
L

1
This allows us to introduce wy, := |:|:I/ o} + 27rh(f) Iﬂ on e. Then, taking into account (28), we

[L2(e))?

have

_ _ 1 . =
& ol < 102 wnlioee = [wettwn) - [vtat + Snich1]

= [oezton) - [otot e g1 + 5 [t - (i -nn. )

Our next aim, is to bound the right hand side in (45). We notice that Vu € H(rot; (), to derive

/ e L(wp) [[vlcr%;ffﬂ — [ v Liwn) [[vlo%;ﬂ—wﬂ

/we (wp,) - (ylo',‘i—l—;fI—Vu> tr + /weL(wh) . (ylo'g—l—lfI—Vu) tr

— Z{ /Tcurl(we (wp)) : (u—lag+;f1—vu> /we (wy,) - rot <u 1ah+;fI>}

TEwe

— _/ curl(vp, L(wy,)) : <V102+;fI—Vu> + | e L(wy) - roty <ylaﬁ+;fI> . (46)

We

15



1~
Then, using in addition the fact that v~ o + §fI —Vu = v (of — 69), (46) reduces to

_ 1 _
[entwn) - [itat e g7t =t [ cun st s (0 o
1 -
+ / e L(wy,) - roty, (1/_10'2 + §f I) . (47)
Now, for all T" € w,, we have that

leurl(ve L(wp))lliz2rypre = [V (¥e Llwn)liz2emyexe < ehg' e Lwn)l|j2myp
< chp ([ Llwn)llpzerye < ceahp”? 1wl . (48)

where we have applied inverse inequality (12) with £ = 0,m = 1, and taken into account the fact that

0<L 1/1;/ 2 <1 in we, as well as property (28). Moreover, we also derive that

e Lwn)llizeeoye < eahr!” llwnllizaepe (49)
which helps us to obtain
/%L(’wh) i (F) = HI) < wnllzeenz 1) = F) I z2ee - (50)
Inequalities (48), (49), and (50), together with (33), allow us to deduce from (45) that

lwhllirz@ee <C Y h;l/QV_IHUd—Ug||[L2(T)]2x2 + |75 (F) = Fllrece) -
T € we

Then, it follows from (44), taking into account (42), that

hl/? Hz/laz—i—lfI]] < Cy <V*1Had—agH[L2(w 2%
2 (L2 ()2 ‘
+ 3 mi) = Flary + br V@D = Dllpaaye) -
T € we
and we end the proof. O

Next, invoking again the discrete trace inequality (42), and noticing that w = g on I', we are able
to establish.

Lemma 16 There exists Cs > 0, independent of the mesh size, such that for any e € Er, an edge of
T. € Ty, there holds

h% g — wnllz2e2 < Cs (Hu —wpllp2yz + hr v o — 0l anyzxe + hr || - Fi(f)HLz(Te)) :
(51)
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Proof. Let e € Er, and T, € 7T the triangle having e as an edge. Since u = g on e, we have, after
applying (42), that

CT R |lg — unllzeeye < lJw —unllzenye + b ||V — V| |pe <

< lw—wnllirzr e + ha, vt loh — o222

1 -
v! O'g —Vup+-f1

+ ho, :

)

[LQ (Te)]2><2

where we have invoked (40) in the last bounding. The result is obtained once we use (30). We omit
further details. O

Lemma 17 Assuming in addition that g € [H'(T')]? is piecewise polynomial, then there exists Cg > 0,
independent of the mesh size, such that for any e € Er, an edge of T, € Ty, there holds

1 4 12 dg
il i O
<y0h+2f )

h1/2
€ dt

o < Cs (’/1”0'd —‘T?LH[LZ(TE)]?X2 + Hf—ﬂi(f)HL?(Te) (52)
L?(e

+ hrl|V(f ~ FZ(f))I![Lz(Te)P> : (53)

Proof. Let e € Er. By triangle inequality, we have

14 1z dg Liii_ siF
H<1/0h+ 2fI) H( f)I> t— It - + §||(f—7fh(f))t”[L2(e)]2
(54)
. 1 .
Now, we introduce wy, := ( oh + 7rh ) — — on e. Invoking (28), we obtain
1 . dg
Cy HwhH[L2(e 2 < |W1/2whHL2 / << oh + QWh(f)I) t— dt>

/wewh- (( ah+;f1>t—> /wewh- m(H- . (65)

d
Next, noticing that d—z = (Vu)t on I

/z/zewh- << oy + fI>t—C£) = 8TeweL(wh)'<iag+;fI—Vu>t

= —/ curl (v L(wy,)) : (Vlo'g + %fI — Vu> + [ e L(wy) - rot (1/10'2 + ;fI) . (56)
Te Te
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1 -
Since I/_IO'% + §fI — Vu = v} (a’,‘i — o-d), we derive, after integrating by parts

[ curt(veziwn) s (v ot g FT-va) = [ curt( L) (o - o).

e e

Replacing the latter back in (56), (55) reduces to
_ 1z
&5 llwnllfpz e < v /T curl (v L(wy)) : (0% = of) + /T e L(wy) - rot ( 1a;i+2f1>
1 o/ 7 ~
43 [vewn - () - Pt

Then, applying Cauchy-Schwarz inequality, inverse inequality (12) with ¢ = 0,m = 1, property (29)
and the fact that 0 < 1), <1 in T, we obtain

5 lwpll 2 < C (V_lhTel/Q llo® — ofl|ire(ryexe + b/

1 -
rot <1/_1crg + §f I)

[L3(Te))?
+ lm(f) - f|L2(e)> : (57)

Finally, applying (57) to bound (54), and after invoking (33), we conclude (53) and end the proof. (J

4 Numerical experiments

We begin this section by remarking that, for implementation purposes, the null media condition
required by the basis of Hg), can be circumvented by imposing this requirement through a Lagrange
multiplier. More precisely, we solve the following auxiliary discrete scheme: Find (o, un, ¢n) €
Yy = Hf X Hf! x R such that

A((on,up), (Th,vp)) + goh/Qtr(Th) = G(1h,vn),
(58)

™ /Q (o) =0,

for all (7h,vp, ) € Xp. A standard argument establishes the equivalence between the variational
problems (4) and (58). For more details see, for example, Theorem 6.1 in [7].

In what follows, we approximate a7, by elements of H(div; () that locally belongs to [RTo]? (row-
wise), while uy, is looking in [Po(73,)]%.

Then, we introduce DOF as the total number of degrees of freedom (unknowns) of (58) i.e.
DOF := 2 x (Number of edges of T5) + 2 x card(7,) + 1, which leads asymptotically to 4 unknowns
per triangle. This reflects the low computational cost of our scheme, almost the same than the required
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when considering the P;—isoP; approximation spaces for the standard velocity-pressure formulation,
whose degrees of freedom are asymptotically 4.5 (unknowns) per triangle. In addition, by setting
pp = ~%Wl( f) - %tr(ah), we obtain a reasonable piecewise linear approximation of the pressure
p=5f~— %tr(a).

Hereafter, the individual and total errors are denoted as follows

e(u) = |u—upli2@)2, e(@) = o —oulmdiv.o)-
9 9 1/2
e = () +[e(@)?) ", e®) = Ip—pullie)

where (o,u) € Hy x [H'(Q)]? and (o, up) € HS, x HY are the unique solutions of the continuous
and discrete formulations, respectively. In additioﬂ, if e and e stand for the errors at two consecutive
triangulations with N and N degrees of freedom, respectively, then the experimental rate of conver-
log(e/é)
log(N/N)
In the next examples, we concentrate in the iterative process to approximate the exact solution using
an adaptive algorithm in the mesh refinement based on an estimator ny. This algorithm reads as
follows following (see [24]):

gence is given by r := — . The definitions of r(u), r(o), and r(p) are defined analogously.

1. Start with a coarse mesh 7j.
2. Solve the Galerkin scheme (58) for the current mesh 7.
Compute nr (cf. (24)) for each T' € Tp,.

Consider stopping criterion and decide to finish or go to the next step.

ool W

Use Blue-green procedure to refine each element 7" € 7T, such that
1
npr > 3 max{nr : T € Tp}.
6. Define the resulting mesh as the new 7 and go to step 2.

4.1 Example 1: Laminar flow, with smooth divergence free solution

In order to exhibit the robustness of our scheme with respect to the viscosity parameter v, we consider
the two-dimensional analytical solution of the Navier-Stokes equations derived by Kovasznay in [21],
where the velocity, the pressure and the domain are given by:

— e cos(27
u(z,y) = (;em Sinéiy?) L py) = e o, Q= (1/2,3/2)% (0,2), (59)

where the constant pg is chosen to ensure p € L(Z)(Q), while the parameter A is setting as:

]2

-t +Vr 241672

A=
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We emphasize that here f = div(u) = 0 in Q and the solution is smooth. Then, we present the
results just for uniform refinement, ranging the viscosity from 1 to 1074, i.e. for moderate values of
the viscosity. Tables 1, 2 and 3 report the convergence histories as well as the respective rates of
convergence of individual errors and the total one, considering a sequence of uniform refinements, for
v=1,v=10"2 and v = 1074, respectively. Figure 1, in log-log scale, summarizes these results. In
each case, we notice that the scheme is convergent, with the expected optimal rate of convergence
O(h), in agreement with Theorem 2. We also notice that the index of efficiency e/n remains bounded,
for each one of the values considered for v.

4.2 Example 2: Non smooth benchmark solution

Here, we take the problem from [24], which is defined in Q := {(z1,22) € R? : 2} + 23 < 1} \ [0,1]x
[—1,0]. The data of this problem is given such that the exact solution, in polar coordinates, is

w(r,0) = ( (14 X) sin(0) ¥(0) + cos(6) ¢/ (6)] ) ) <r2 c032(9)> .
,0) - M —(1+ ) cos(0) ¥(8) + sin(h) ' (0)] r2 sin?(6) )

’I“/\_l
p(r0) = — 10+ X)W (0) + " (0)],

with

sin((1 4 \)#) cos(Aw) — cos((1+ A)O)

T—x sin((1 — A)#) cos(Aw) + cos((1 — N)6),

A :=0.54448373678246, w = gw.

We remark that / p = 0 and f # 0 in Q. Moreover, in this case the exact solution (u,p) lives in

Q

[HH(Q)]? x HNQ). The history of convergence of the method is displayed in Table 4, considering
sequences of uniform and adaptive refined meshes generated according to the proposed Algorithm.
We notice that due to the low regularity of the exact solution, the total error, when applying uniform
refinement, behaves as O(h?), which is in agreement with Theorem 2. On the other hand, when
performing the adaptive refinement algorithm, based on our a posteriori error estimator n, the quality
of approximation is improved, recovering the optimal rate of convergence, as it can be seen in Table 4
and Figure 2 (in log-log scale). In addition, this adaptive procedure is able to identify the singularity
of w and p at origin. This is shown in Figure 4, which contains some of the adapted meshes obtained
in this process. Concerning the index of efficiency, we observe that their values are bounded, when
considering uniformly refined meshes and the sequence of meshes obtained by applying the adaptive
refinement algorithm. These let us to state that our a posteriori error estimator 7, is reliable and
locally efficient, as stated in Theorem 10.
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4.3 Example 3: Another non smooth solution

We now specify the data of our third example. We set Q := {(x1,22) € R?: 2] + 23 <1} \ ([0,1] x
[—1,0]), and consider the data f, f and g such that the exact solution (u,p) is given by

e by Lo () 3 (7)) ()

p(7,0) = #2/3 sin <§0) — %,

where s = +/(v1 —2)2 + (22 —2)2, and the pressure p is given in polar coordinates (7,0). We
pointwise that in this case, f = div(u) = 2(z; + 3), and the exact pressure p lives in H't2/3(Q),
since their derivatives are singular at (0,0). In Table 5 we report the convergence history of the
method, considering uniform and adaptive refinements. Under the sequence of uniform refinement
meshes, we notice that the corresponding rate of convergence behaves as O(h%), due to the lack of
regularity of exact solution. This is still in agreement with Theorem 2. Moreover, we observe that the
L?-norm of the error of the pressure behaves as O(h), which is better than expected. Now, when we
consider a sequence of adaptive refinement meshes in the proposed Adaptive Refinement Algorithm,
based on 7, we improve the quality of the approximation, recovering the optimal rate of convergence
O(h), as can be seen in Table 5 and in Figure 3. In addition, the index of efficiency computed for
uniform and adaptive refinement, are bounded, confirming the validity of Theorem 10. Some adapted
meshes, generated by this adaptive procedure, are displayed in Figure 5.

dof e(u) r(u) e(o) r(o) e(p) r(p) e T e/n
337 0.647e+1 — 0.315e+3 — 0.273e+2 — 0.317e+3 — 0.8819
1313 0.285e+1 | 1.2060 || 0.203e+3 | 0.6452 || 0.167e+2 | 0.7190 || 0.204e+3 | 0.6459 || 0.8238
5185 0.135e+1 | 1.0860 || 0.111e+3 | 0.8831 || 0.883e+1 | 0.9325 || 0.111e+3 | 0.8835 || 0.7895
20609 0.663e+-0 | 1.0328 || 0.568e+2 | 0.9699 || 0.442e+1 | 1.0032 || 0.570e+2 | 0.9701 || 0.7684
82177 0.329e+0 | 1.0110 || 0.286e+2 | 0.9934 || 0.219e+1 | 1.0173 || 0.287e+2 | 0.9936 || 0.7570
328193 || 0.164e+0 | 1.0035 || 0.143e+2 | 0.9990 || 0.108e+1 | 1.0132 || 0.143e+2 | 0.9990 || 0.7513
1311745 || 0.822e-1 | 1.0012 || 0.716e+1 | 1.0000 || 0.540e+0 | 1.0070 || 0.718e+1 | 1.0001 || 0.7485
5244929 0.411e-1 | 1.0004 || 0.358e+1 | 1.0002 || 0.269e+0 | 1.0030 || 0.359e+1 | 1.0002 || 0.7472

Table 1: History of convergence and corresponding rates of convergence, Example 1, v = 1.0 (uniform

refinement)

5 Conclusion and final comments

In this paper, we have developed an a posteriori error analysis for the Stokes problem with non homo-
geneous source terms (in particular with f # 0 in Q). The system is approximated by a conforming
dual mixed technique, which is based on the so-called pseudostress-velocity formulation (see [3]). This
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dof e(u) r(u) e(o) r(o) e(p) r(p) e r e/n
337 0.104e+1 — 0.303e4-0 — 0.533e-1 — 0.108e+1 — 0.0438
1313 0.414e+0 | 1.3532 || 0.149e+0 | 1.0452 || 0.242¢-1 | 1.1607 || 0.441e+0 | 1.3234 || 0.0275
5185 0.186e+0 | 1.1667 || 0.743e-1 | 1.0086 || 0.113e-1 | 1.1110 || 0.200e+0 | 1.1467 || 0.0222
20609 0.894e-1 | 1.0605 || 0.372e-1 | 1.0049 || 0.540e-2 | 1.0671 || 0.970e-1 | 1.0526 | 0.0204
82177 0.442e-1 | 1.0184 || 0.186e-1 | 1.0027 || 0.265e-2 | 1.0306 || 0.480e-1 | 1.0161 || 0.0198
328193 0.220e-1 | 1.0054 || 0.929e-2 | 1.0013 || 0.132e-2 | 1.0116 || 0.239e-1 | 1.0048 || 0.0196
1311745 || 0.110e-1 | 1.0016 || 0.464e-2 | 1.0006 || 0.656e-3 | 1.0041 || 0.120e-1 | 1.0015 || 0.0195
5244929 || 0.550e-2 | 1.0006 || 0.232e-2 | 1.0003 || 0.328e-3 | 1.0014 || 0.598e-2 | 1.0005 || 0.0195
Table 2: History of convergence and corresponding rates of convergence, Example 1, v = 0.01 (uniform
refinement)
dof e(u) r(u) e(o) r(o) e(p) r(p) e r e/n
337 0.125e+1 — 0.349e-2 — 0.666e-3 — 0.125e+1 — 0.0409
1313 0.487e+0 | 1.3799 || 0.171e-2 | 1.0459 || 0.297e-3 | 1.1873 || 0.487e+0 | 1.3799 || 0.0250
5185 0.216e+0 | 1.1881 || 0.855e-3 | 1.0098 || 0.137e-3 | 1.1235 || 0.216e+0 | 1.1881 || 0.0197
20609 0.103e+0 | 1.0692 || 0.428e-3 | 1.0052 || 0.657e-4 | 1.0678 || 0.103e+0 | 1.0692 || 0.0179
82177 0.509e-1 | 1.0209 || 0.214e-3 | 1.0027 || 0.323e-4 | 1.0285 || 0.509e-1 | 1.0209 || 0.0174
328193 0.254e-1 | 1.0060 || 0.107e-3 | 1.0013 || 0.160e-4 | 1.0102 || 0.254e-1 | 1.0060 || 0.0172
1311745 || 0.127e-1 | 1.0018 || 0.534e-4 | 1.0006 || 0.800e-5 | 1.0035 || 0.127e-1 | 1.0018 || 0.0171
5244929 || 0.633e-2 | 1.0006 || 0.267e-4 | 1.0003 || 0.400e-5 | 1.0012 || 0.633e-2 | 1.0006 || 0.0171

Table 3: History of convergence and corresponding rates of convergence, Example 1, v = 0.0001
(uniform refinement)

approach is an extension of the classical one, previously introduced in [10, 11], where the study is
done assuming the classical incompressibility condition div(w) = 0 in Q. The analysis developed
here requires a nonstandard quasi-Helmholtz decomposition in H(div; ) (cf. Lemma 5). Moreover,
assuming a reasonable additional regularity of the exact solution (for example, u € [H!*$(Q)]?, for
some s > 1/2), we derive a reliable a posteriori error estimate (cf. (25)). In addition, introducing a
suitable approximation of the datum f , and assuming that g is a continuous piecewise polynomial on
I', we are able to establish the local efficiency of the estimator (cf. (26)), up to the presence of an
oscillation term of f , which is expected to be a high order term when it is smooth enough.
Furthermore, numerical examples show that our scheme converges and is robust for moderate
values of the viscosity v (cf. Example 1). In addition, when the exact solution is non smooth (cf.
Examples 2 and 3), the proposed Adaptive Refinement Algorithm, based on 7 (cf. Theorem 10), is able
to localize the singularities of the solution (see Figures 4 and 5 for Examples 2 and 3, respectively).
As a consequence, we notice that the quality of approximation is improved, recovering the optimal
rate of convergence of the method. Moreover, the index of efficiency in each case remains bounded,
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dof e(u) r(u) e(o) r(o) e(p) r(p) e r e/n
1015 0.263e4+0 | — 0.254e+1 — 0.155e+1 | — 0.299e+1 — 0.6090
3989 0.133e+0 | 0.9974 | 0.158e+1 | 0.6910 || 0.918e+40 | 0.7666 || 0.183e+1 | 0.7126 || 0.5316
15817 0.665e-1 | 1.0064 || 0.102e+1 | 0.6317 | 0.572e+0 | 0.6875 || 0.117e+1 | 0.6468 || 0.4975
62993 0.331e-1 | 1.0077 || 0.681e+40 | 0.5907 || 0.371e+40 | 0.6250 || 0.776e+0 | 0.5997 || 0.4821
251425 || 0.165e-1 | 1.0072 || 0.459e+0 | 0.5680 || 0.247e¢+0 | 0.5870 || 0.522e+0 | 0.5729 | 0.4749

1004609 || 0.822e-2 | 1.0064 || 0.313e+40 | 0.5562 | 0.167e+0 | 0.5661 || 0.354e+0 | 0.5587 || 0.4716

dof | _e(w) | rw) | el@) | @) | e | r® e r | e/
1015 0.263e4+0 | — 0.254e+1 — 0.155e+1 — 0.299e+1 — 0.6090
1209 0.236e+0 | 1.2306 || 0.183e+1 | 3.7699 || 0.107e+1 | 4.2005 || 0.213e+1 | 3.8577 || 0.4882
1373 0.233e+0 | 0.2437 || 0.148e+1 | 3.2987 || 0.847e+0 | 3.7315 || 0.172e+1 | 3.3601 || 0.4194
1903 0.216e+40 | 0.4523 || 0.117e+1 | 1.4644 || 0.644e+0 | 1.6840 || 0.135e+1 | 1.4940 | 0.3735
2769 0.199e+0 | 0.4299 || 0.927e+0 | 1.2204 || 0.492e+0 | 1.4288 || 0.107e+1 | 1.2426 | 0.3288
4937 0.154e40 | 0.8856 || 0.713e+0 | 0.9073 || 0.364e+0 | 1.0469 || 0.815e+0 | 0.9353 | 0.3113
7925 0.118e+0 | 1.1421 || 0.542e+40 | 1.1622 || 0.265e+40 | 1.3362 || 0.614e+0 | 1.1950 || 0.2952
10417 || 0.107e40 | 0.6723 || 0.457e+0 | 1.2428 || 0.217e+0 | 1.4777 || 0.517e+0 | 1.2626 | 0.2781
16573 0.879¢e-1 | 0.8646 || 0.367e+0 | 0.9406 || 0.170e+0 | 1.0481 || 0.414e+0 | 0.9557 || 0.2694
26823 0.671e-1 | 1.1216 || 0.287e+0 | 1.0250 || 0.130e+0 | 1.1192 || 0.322e+0 | 1.0448 | 0.2646
36225 0.585e-1 | 0.9092 || 0.242e+0 | 1.1319 || 0.108e+0 | 1.2437 || 0.271e+0 | 1.1398 || 0.2584
53423 0.493e-1 | 0.8795 || 0.200e+0 | 0.9798 || 0.876e-1 | 1.0578 || 0.224e+0 | 0.9872 | 0.2528
81727 0.402e-1 | 0.9608 || 0.164e+40 | 0.9421 || 0.712e-1 | 0.9802 || 0.183e+0 | 0.9488 || 0.2516
120813 || 0.322e-1 | 1.1429 || 0.134e+0 | 1.0394 || 0.577e-1 | 1.0731 || 0.149e+0 | 1.0494 || 0.2497
173047 || 0.271e-1 | 0.9627 || 0.111e+0 | 1.0404 || 0.475e-1 | 1.0764 || 0.124e+0 | 1.0421 || 0.2472
251237 || 0.229e-1 | 0.8861 || 0.924e-1 | 0.9767 | 0.395e-1 | 0.9973 || 0.103e+0 | 0.9753 || 0.2456
375075 || 0.185e-1 | 1.0629 || 0.761e-1 | 0.9679 || 0.325e-1 | 0.9780 || 0.848e-1 | 0.9740 | 0.2452
556483 || 0.150e-1 | 1.0618 || 0.623e-1 | 1.0214 | 0.265e-1 | 1.0277 || 0.693e-1 | 1.0242 || 0.2451
785543 || 0.128e-1 | 0.9505 || 0.521e-1 | 1.0308 || 0.221e-1 | 1.0495 || 0.580e-1 | 1.0297 | 0.2429

Table 4: History of convergence and corresponding rates of convergence, Example 2 with v = 1.0

(uniform and adaptive refinements)

showing that our a posteriori error estimator is reliable and locally efficient, despite the fact that in
all these examples the datum g is not piecewise polynomial on I', as required by Theorem 10. This
gives us numerical evidence that this requirement could be circumvented to derive a similar result as
Theorem 10. We leave this for a future work.
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dof [ e(w [ r(w) | el@) [ rlo) | ew [ rw) | e r | e/n
15817 0.196e-1 — 0.557e-1 — 0.160e-1 — 0.612e-1 — 0.2523
62993 0.982e-2 | 1.0021 || 0.311e-1 | 0.8438 || 0.789e-2 | 1.0198 || 0.336e-1 | 0.8695 || 0.2747
251425 0.491e-2 | 1.0013 || 0.178e-1 | 0.8033 || 0.393e-2 | 1.0065 || 0.189¢-1 | 0.8283 || 0.3073

1004609 || 0.246e-2 | 1.0007 || 0.105e-1 | 0.7675 || 0.196e-2 | 1.0022 || 0.109e-1 | 0.7900 || 0.3513
4016257 || 0.123e-2 | 1.0004 || 0.629¢-2 | 0.7380 || 0.982e-3 | 1.0008 | 0.648e-2 | 0.7565 || 0.4074

dof | _e(w) | r(w) | elo) | rlo) | e | rm) | e r | _e/n
15817 0.196e-1 — 0.557e-1 — 0.160e-1 — 0.612e-1 — 0.2523
16259 0.194e-1 | 0.9891 || 0.505e-1 | 7.1475 || 0.158e-1 | 0.8608 || 0.563e-1 | 6.0074 || 0.2343
34919 0.138e-1 | 0.8833 || 0.381e-1 | 0.7351 || 0.122e-1 | 0.6747 || 0.423e-1 | 0.7468 || 0.2386
59423 0.104e-1 | 1.0790 || 0.280e-1 | 1.1612 || 0.883e-2 | 1.2142 || 0.311e-1 | 1.1566 || 0.2384
71625 0.957e-2 | 0.8624 || 0.252e-1 | 1.1242 || 0.808e-2 | 0.9448 || 0.281e-1 | 1.0799 || 0.2318
145943 0.688e-2 | 0.9285 || 0.190e-1 | 0.7999 || 0.614e-2 | 0.7727 || 0.211e-1 | 0.8119 || 0.2339
239707 0.524e-2 | 1.0931 || 0.143e-1 | 1.1299 || 0.455e-2 | 1.2072 || 0.159e-1 | 1.1324 || 0.2345
308913 0.473e-2 | 0.8144 || 0.125e-1 | 1.0789 || 0.401e-2 | 0.9918 || 0.139¢-1 | 1.0422 || 0.2280
589989 || 0.345e-2 | 0.9701 || 0.958e-2 | 0.8212 || 0.309¢-2 | 0.8085 || 0.106e-1 | 0.8366 | 0.2311
971111 0.264e-2 | 1.0785 || 0.725e-2 | 1.1193 || 0.230e-2 | 1.1819 || 0.805e-2 | 1.1201 || 0.2315

1280317 || 0.235e-2 | 0.8351 || 0.623e-2 | 1.0966 || 0.199¢e-2 | 1.0369 || 0.695e-2 | 1.0627 || 0.2253
2374931 || 0.173e-2 | 0.9923 || 0.481e-2 | 0.8364 || 0.154e-2 | 0.8338 || 0.534e-2 | 0.8533 || 0.2288
3914411 || 0.133e-2 | 1.0699 || 0.364e-2 | 1.1153 || 0.115e-2 | 1.1617 || 0.404e-2 | 1.1143 || 0.2291

Table 5: History of convergence and corresponding rates of convergence, Example 3 with v = 1.0
(uniform and adaptive refinements)
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