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STABILIZED FINITE ELEMENT METHODS BASED ON
MULTISCALE ENRICHMENT FOR THE STOKES PROBLEM*
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Abstract. This work concerns the development of stabilized finite element methods for the
Stokes problem considering nonstable different (or equal) order of velocity and pressure interpola-
tions. The approach is based on the enrichment of the standard polynomial space for the velocity
component with multiscale functions which no longer vanish on the element boundary. On the other
hand, since the test function space is enriched with bubble-like functions, a Petrov—Galerkin approach
is employed. We use such a strategy to propose stable variational formulations for continuous piece-
wise linear in velocity and pressure and for piecewise linear/piecewise constant interpolation pairs.
Optimal order convergence results are derived and numerical tests validate the proposed methods.

Key words. Stokes equation, multiscale functions, SIMPLEST element, bubble function
AMS subject classification. 65N30

DOI. 10.1137/050623176

1. Introduction. Finite element solution of the Stokes problem poses the basic
problem of satisfying the discrete Babuska—Brezzi (or inf-sup) condition (see [24]
and the references therein). This is indeed a restriction from the point of view of
implementation since equal order velocity and pressure spaces do not satisfy this
condition. On the other hand, the minimal space to imagine, namely continuous
piecewise linear polynomials for the velocity and piecewise constant polynomials for
the pressure, does not satisfy this condition either.

Several solutions have been proposed to overcome this restriction, starting with
that in [11] and the first consistent method in [28]. Moreover, in [23, 27, 29, 34] the
possibility of considering discontinuous spaces for the pressure was considered and
justified. On the other hand, in [14, 13], the idea from [16] has been used to propose a
new kind of stabilized finite element methods, with stabilizing terms now containing
only jump terms across the interelement boundaries. For an overview of stabilized
finite element methods for the Stokes problem, see [19] and [5].

On the other hand, the theoretical justification of stabilized methods has become a
subject of interest in the last decade. In [2, 3, 4, 31], the connection between stabilized
finite element methods and Galerkin methods enriched with bubble functions has been
used to propose new stabilized finite element methods for Stokes-like and linearized
Navier—Stokes problems. Also, in [22] macro bubbles were used to derive a method
analogous to the locally stabilized method from [29] containing jump terms across the
interelement boundaries of the macroelements. In the resulting method, the stabilizing
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terms are defined over the macroelements, and there is no error analysis or numerical
validation of the method. All these works used the so-called bubble condensation
procedure, i.e., eliminating the bubble function at the element level and writing the
method as the Galerkin part, plus a term derived from the influence of the bubble
functions on the formulation. A particular kind of bubble enrichment of the velocity
space is the so-called residual-free bubble (RFB) method (cf. [7, 8, 12]), in which
the bubble function is now the solution of a problem containing the residual of the
continuous equation at the element level (see [9, 10, 32] for the a priori error analysis).
This bubble part may be analytically condensed or numerically computed. In the
latter case this procedure leads to the two-level finite element method.

The imposition of a zero boundary condition on the element boundary for the RFB
has led to some numerical problems. Solutions for these problems have been proposed
by relaxing the zero boundary condition, such as the discontinuous enrichment method
[18] (for the Helmholtz equation), and, more recently, the multiscale finite element
method; see [21], where the main idea may be found, and [20], where the a priori
error analysis is performed (for the reaction-diffusion equation, an a posteriori error
estimator based on this idea has been proposed and analyzed in [1]). A particularity
of such methods is that a Petrov—Galerkin strategy is proposed, in which the test
function space is enriched with bubble functions in order to have a local problem
containing the residual of the momentum equation on the right-hand side. A special
boundary condition (related to the one used in [25, 26, 15]) is imposed in order to
solve these local problems analytically. The resulting method is of Petrov—Galerkin
type, in which the trial function space is generated by a basis formed by the addition
of usual polynomial basis functions and enrichment functions from the solution of
the differential problem in each element (which are now, unlike the RFB, known
analytically, and hence the method is not of a two-level finite element method type),
and in which the test function space is the standard polynomial space.

The purpose of this work is to use the multiscale approach from [21, 20], combined
with the static condensation procedure, in order to propose new stabilized finite ele-
ment methods for the Stokes problem. We proceed as in [21], defining an enrichment
function for the trial space for the velocity that no longer vanishes on the element
boundary (and hence it is not a bubble function), and then we split it into a bubble
part and a function being a harmonic extension of the boundary condition. This
boundary condition comes from the solution of an elliptic ODE containing a part of
the differential operator at the boundary, and a jump term as the right-hand side.
Depending on the jump term chosen, this procedure will lead to different methods.
Both functions are condensed, and hence we obtain a method which includes the usual
Galerkin-Least-Squares (GLS) stabilizing terms at the element level, plus a positive
jump term on the interelement boundaries, each one with a proper stabilization pa-
rameter. One special feature of these new methods is that the previously mentioned
ODE at the element boundary may be solved analytically, and hence the stabilization
parameter associated with the jump terms is known exactly.

The plan of the paper is as follows. In section 2 we present the general framework
and derive a general form of the method. In sections 3 and 4 this framework is applied
to derive concrete stabilized finite element methods for two families of interpolation
spaces, namely P! /PY and continuous P! /P! elements. For both cases optimal order
a priori error estimates are derived for the natural norms of the unknowns, plus some
extra control on the norm of the jumps appearing in the formulation. As we already
mentioned, if we change the right-hand side on the boundary condition, we can derive
a new method. This is done in section 5, where we give an alternative enrichment
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strategy leading to another family of methods, whose analysis is analogous to that
of sections 3 and 4, and which contains a boundary term containing the residual
of the Cauchy stress tensor on the internal edges of the triangulation. Numerical
experiments confirming the theoretical results and comparing the performance of all
the methods are presented in section 6, and some final remarks and conclusions are
given in section 7.

2. The model problem and the general framework. Let 2 be an open
bounded domain in R? with polygonal boundary, f € L*(Q)? and consider the fol-
lowing Stokes problem:

(1) —vAu +Vp=f, V-u=0 in Q,
u=0 onJ9,

where v € R is the fluid viscosity.

Now let {7}, } >0 be a family of regular triangulations of 2, built up using triangles
K with boundary 0K. Let also &, be the set of internal edges of the triangulation,
hi = diam(K) and h := max{hk : K € 7,}. Let V},, be the usual finite element
space of continuous piecewise polynomials of degree k, 1 < k < 2 with zero trace
on JN. Let also Q) be a space of piecewise polynomials of degree [, 0 < [ < 1,
which may be continuous or discontinuous in  and which belong to L3(f). Let
H™(Tp,) and HJ*(7;,) (m > 1) be the spaces of functions whose restriction to K € 7y,
belongs to H™(K) and HJ*(K), respectively. Furthermore, (-,-)p stands for the
inner product in L?(D) (or in L?(D)? or L?(D)?*2, when necessary), and we denote
by || Ils,0 (|- |s,p) the norm (seminorm) in H*(D) (or H*(D)?, if necessary). As usual,
HO(D) = 12(D), and |- |o.p = |- o.p-

In order to propose a Petrov—Galerkin method for the Stokes problem (1), let
E;, C HY(Q) be a finite-dimensional space, called a multiscale space, such that V3, N
E, = {0}. Then, we propose the following Petrov—Galerkin scheme for (1): Find
uy +u, € [V, ® Ey)? and p € Q, such that

V(v(ul + U‘E)’ V'Uh)Q - (p7 V- Uh)Q + (qa V. (ul + ue))ﬂ = (.f7 vh)Q

for all vy, € [Vi & H}(73)]? and all ¢ € Q. Now, this Petrov—Galerkin scheme is
equivalent to the following system:

(2) v(V(ur + u.),Vui)g — (p, V-v1)a + (¢, V- (U1 + ue))a
= (f,v1)a Y(v1,q) € Vi? x Qn,
(3)  v(V(ur+ue), Vo) g — (0, V-vp)k = (f,vp)x Vv, € Hy(K)?VK €Ty,

Equation (3) above is equivalent to

(—vAuUe,vp)k = (f + vAuy — Vp,vp)g Yoy € H&(K)Q,
which, in strong form, may be written as
(4) —vAu, = f+vAu; —Vp in K.

Now, this differential problem must be completed with boundary conditions. For
reasons that will become clear in what follows, we will impose the following boundary
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condition on u.:
(5) u. = g, oneachZ C 0K,

where g, = 0 if Z C 01, and g, is the solution of

1
(6) —v 0ssg, = T [vOpuis +pI-n] in Z,
g. =0 at the nodes,

on the internal edges, where hy = |Z|, n is the normal outward vector on JK, Os,
and 0y, are the tangential and normal derivative operators, respectively, [v] stands
for the jump of v across Z, and I is the R?*? identity matrix.

REMARK 2.1. Both the shape of the jump term and the h}l coefficient on the
boundary condition have been suggested by the error analysis. On the other hand, if
we impose as the right-hand side in (6) the residual of the Cauchy stress tensor on
0K, we have another class of methods. This alternative will be analyzed in section 5.

Now, on each K € 7j,, we can write u.|x = uX 4+ u2% where

(7) —vAuX = f+vAu; —Vp in K,
uf¥ =0 onoK,

and

(8) —vAuK =0 in K,

ulk =g, ondK,
where g, is the solution of (6). Such differential problems are well posed, and (3) is
immediately satisfied.

In this way, we can define two operators My : L?(K)? — H}(K)? and By :
L?(0K)?* — H'(K)? such that

1
(9) ul = ;MK(f-FVAul —Vp) VKeT,
and

1
(10) ud = ;BK([[Vanul +pI-n]) VK eT,.

Next, since the enriched part u, is fully identified through (9)-(10) (or, equiva-
lently, by (7)—(8)), we can perform statical condensation to derive a stabilized finite
element method for our problem (1). First, integrating by parts, we have, on each
K €T,

V(vue7 Vvl)K = _V(u(i) A'Ul)]( + (uea Van'Ul)BKa
(Qa V. ue)K = _(uea VQ)K + (ue7 qI n)aK-
Using these identities we can rewrite (2) in the following way:
v(Vuy,Voy)g + Z [f (e, VAV Kk + (U, 1/8”'01)3;(} —(p,V-v1)q
KeT,

(1) e Veua+ D | = (e Va)k + (e, gl n)ax | = (f,01)0,
KeTy,
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which implies
v(Vui, Voi)a — (p, V-v1)o + (¢, V-ur)o

(12) + [_ (te, vAv1 + V) i + (ul™, VI 01 + qI'")aK] = (f,v1)a,
KeTy,

which, applying characterizations (9)—(10), becomes

v(Vui, Vor)a — (p, V-v1)o + (¢, V-ur)g

1
(13) + Z [; (Mg (—vAug + Vp) — B ([vOnur + pI-n]), vAvy + V) k
KeTy,

1
+ (Bk ([v Onuy + pl-n]) ,v0pv1 + qI~n)aK]
1
=(fiv1)o+ K;T > Mk (f),vAvi + Vq)k.

Using this form, in the next sections we will present concrete stabilized finite
element methods for both the simplest possible pair (P! /PY elements) and equal order
P! /P! continuous finite elements.

3. The simplest element P! /P°.

3.1. The method. For this case, the finite element spaces are given by
V= {veC®0)? : v|g e PHK)’VK €T} N H}(Q)?
for the velocity, and
Qh = {g€ L§(Q) : qlx ePU(K)VEK €T, }

for the pressure. Using these spaces, we propose the following stabilized method: Find
(u1,p0) € Vi, x QY such that

(14) Bo((u1,p0), (v1,9)) = Fo(v1,q0) V(v1,90) € Vi, x Q,
where
Bo ((u1,p0), (v1,40)) := v(Vui, Voi)a — (po, V-v1)a + (g0, V- u1)g

(15) + Z 7z ([vOnu1r + pol- 1], [V0nv1 + g0l n]) z,
Ze&y

(16) Fo(v1,q90) := (f,v1)a,

and 77 is given by

hz
(17) Tz ‘— @ .

REMARK 3.1. This method differs somewhat from other existing stabilized finite
element methods with discontinuous pressure spaces (see, for example, [23, 29, 34, 14]).
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First, since 177 is known exactly, we have no free constants to set. To the authors’
knowledge, this is the first time that the stabilization parameter corresponding to jump
terms is known ezxactly. Furthermore, and in contrast to [22], the jump terms are
derived without the use of a macroelement technique. Finally, another difference is
the nature of the jump terms, not only containing pressure jumps, but also the jump
on the normal derivative of u.

REMARK 3.2. One of the drawbacks of the RFB method for the Stokes problem
is that, due to the zero boundary condition on the element boundary, there is not a
bubble-based enrichment that makes stable the P! /PY element (see [6] for a discussion),
and hence, the use of a different boundary condition makes it possible to stabilize the
Pt /PO element.

3.1.1. Derivation of the method. First we note that, using spaces Vj, and
QY, (13) reduces to the following: Find (u1,pg) € Vj x QY such that

v(Vuy, Voi)a — (po, V-v1)a + (g0, V-u1)o

i  + 3 % (Bi ([v0nur + pol- 1)) , [0nvr + ol nl) 2 = (£, v1)0
Ze&y

for all (v1,q0) € Vi, x QY.
REMARK 3.3. Since By is the inverse of an elliptic operator, by denoting v =
B (g), we have, for all g € L*(0K)?,

(BK(Q);Q)BK = _('Uaassv)OK = (83'0783'0)8}( > 0;

and hence we are adding a positive term to the formulation.

Next we exploit the fact that [Opu1 4+ pol-n]|z is a constant function. To do
so, we define the (matrix) function by := (Bi(e1)|Bxi(ez)), where ej,es are the
canonical vectors in R?, and we remark that, from its definition, by = b1, where b
is the solution of

(19) —Aby =0 in K, bx = g(s) oneach Z C 0K,
where g = 0 if Z C 01, and ¢ satisfies
1
(20) — 0ssg(s) = s inZ, g = 0 at the nodes,
z

in the internal edges.
REMARK 3.4. The solution of (20) may be calculated explicitly and it is not
difficult to realize that

(bk.1)z _ hz
21 Wk, Dz _ hz
1) Z| 12
Finally, since [0nu;1 4+ poI- n]|z is a constant function we obtain

(BK([[I/an’Uq + poI- TL]]), [[z/anvl + qoI- n]])Z
= |;/ bqf(:| [[I/anul + pol- n]] . ﬂu&nvl + QQI'nH
z z z

b, 1
12 5+, s+
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and hence replacing this in (18) and using the previous remark, we obtain method
(14).

3.2. Error analysis. From now on, C will denote a positive constant indepen-
dent of h and v, and that may change its value whenever it is written in two different
places.

The next result states the consistency of the proposed method.

LEMMA 3.5. Let (u,p) € [H?*(Q)NH(Q))]> x [HL(Q)NL3(Q)] be the weak solution
of (1) and (u1,po) the solution of (14). Then,

(22) Bo((w —u1,p— po), (v1,9)) =0 V(v1,q0) € Vi x Q.

Proof. The results follows by noting that [vd,u + pI-n] = 0 a.e. across all the
internal edges. 0
Moreover, defining the mesh-dependent norm

2

(23) (v, q)lln = |[v[olT0+ D 72l[vdnv+alnllf 7|
ASIN

we have the following continuity and coercivity results.
LEMMA 3.6. Let be (v,q), (w,r) € [H*(7,) NH(Q))? x [H(T,) N LE(Q)]. Then,
bilinear form Bg satisfies

(24) By ((v,q), (w,7)) < [[(v,q)|ln](w,7)][n + (V-v,7)0 = (¢, V- w)a,

(25) By ((v,9), (v,9)) = (v, a7

Proof. The result follows immediately from the definition of By. a

In order to perform the numerical analysis of this method, we will consider the
Lagrange interpolation operator Ij, : C°(Q) — Vj, (if v = (v1,v2) € C°(Q)?, we denote
I, (v) = (In(v1), In(v2))) to approximate the velocity. Then, it is well known (cf. [17])
that

(26) v = I(V)|mx < ChE ™ |vlore Vo€ HA(K),
(27) v — Iz <ChL TV 0w, Vo€ HX(wz)
for all K € 7p,,Z € &g, where wy = U{K € T;, : Z C 0K}, and m =0,1,2, ¢t =0, 1.

Let us remark that to obtain the second estimate above, we used the following local
trace theorem (for a proof, see [33]): There exists C > 0, independent of h, such that

(28) [v

1
Bowe < € (g olBac + hc ol

for allv € HY(K).
In order to approximate the pressure we will consider IIj, : L*(Q2) — QY as the
L%(Q)-projection onto QY. This projection satisfies (cf. [17])

(29) la —I1h(q)]lo,0 < Chlghe
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if ¢ € H'(Q), and hence, using the local trace theorem (28), we obtain

(30) > hzlla- Hh(é])]]l%,z] < Chlghe
Ze&y,

for all ¢ € H(Q).
LEMMA 3.7. Suppose (v,q) € H?(Q)? x H* (). Then,

(31) 10 = Iu(v). g — Tu(@)ln < Ch (f|v|m+ f|q|m)

Proof. The result follows immediately from the norm definition and (26), (27),
(30). O

Using previous results we can establish the following convergence result.

THEOREM 3.8. Let (u,p) € [H*(2) N HE()]? x [HY(Q) N L(Q)] be the solution
of (1) and (u1,po) the solution of (14). Then, the following error estimate holds:

(32) . po>||h<0h(f ulaa + \[lphsz)

Proof. Let (@, pr) := (In(uw),Hx(p)) € Vi x QY. From Lemmas 3.5 and 3.6 we
know that

|(w—u1,p—po)| (u—uhp—l?o)a(u—uhp—po))
= BO( u_ulvp_po)a(u_ﬂ'h7p_ﬁh))
< Cl[(w —wu1,p—po)lln (v — @n,p — pn)lln
+ (V- (u—u1),p—pn)a — (V- (u— ), p—po)o
Now,
(33) (V-(u—wu1),p—pn)o = —(V-ur,p—pr)a = 0

since u is a solenoidal field and V-u; € Q?L. On the other hand,

(V-(w=a).p—po)o = Y. [~ (Vpu—an)i + (p—po, (w— ) m)ox]
KeTy,

= —(Vpu—an)a + Y ((p—po)l-n,u— @y)ox
KeTy,

Ipliellu —anlloq + Z ([(p = po)I-m],u — n) 7z
ZeEy

IA

3
< Ch? phalulae + C Z f” p—po)In]llo.zvVV|ul2w,

ZGE;L

< Ch?|pha

Z
5 Z - (e = po)Xn]l§ 7 + Cv Y BPrluli,,

zZe&y, AN

1 1 hy
<o (@anviuBot ko) + = 3 22 e - mEnlls,
Ze&y
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where v > 0. Now, using the local trace theorem (28) and the fact that Vj is
constituted by linear polynomials we arrive at

hz
> 22— po)L ml
Ze&y,

<2y hjz (I1ly On(uw —u1) + (p = o)L 0] |3 2 + [|[v On(w — w3 2)
ZeEy,

IA

h
C ( 3 [72 [ [0n (w0 —u1) + (p —po)I"n]]H(QLZ} +rju—ufig + vh? |u§7g>

Ze&y

IN

Cll(w —u1,p = po)li, + Cvh?lufsq.

Hence, choosing v = 2C' we obtain

1 1
(34) 3l —wp=mli < o (viuBo+ ko)
and the result follows by extracting the square root. O

REMARK 3.9. The last result gives a convergence result for the velocity, plus
a convergence result for the jump terms. More precisely, this result implies |u —

1
uil1o < Ch and [ZZES;L hz|[[On(u —ui) + (p — pO)I'nH”(Q),Z] 2 < Ch, which are
both optimal in order and regularity.

3.2.1. A convergence result for the pressure. The last result of the previous
section does not give convergence on the natural norm of the pressure. That is why
a convergence result for the pressure in the L?(Q) norm is now given.

In the proof of the next result we will use the Clément interpolation operator (cf.
(17, 24]), Cp, : H'(2) — V},. This operator satisfies

(35) [v = Ch(v)|ma < CR™ )1 q Yo e HY(Q)

for m = 0,1, with the obvious extension to vector-valued functions.
THEOREM 3.10. Let (u,p) € [H2(Q) N H(Q)]? x [HY(Q) N LE(Q)] be the solution
of (1) and (u1,po) the solution of (14). Then, the following error estimate holds:

(36) Ip = pollo.c < Ch |vIula + Iph.al

Proof. From the continuous inf-sup condition (see [24]), there exists w € H}(Q2)?
such that V-w =p—pp in Q and |w|1.0 < C|lp — pollo,o- Let wy, = Cp(w). Then,
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applying the consistency of the method we obtain
Ip = pollde = (V-w,p—po)a
= (V- (w—=wy),p—po)a + (V-wh,p — po)o

= > [~(w—wh, Vp)k + (w—wh, (p—po)T-n)ox]
KeTy,

+ v (V(u—u1), Vwp)o + Z 7z ([VOn(u — u1) + (p — po)I- n], [VOnw]) 7
ZeEy,

h2
< | X Elplix + Do 2l —pLall, + viu—wilig

KeTy, ZeEn

N

+ Y 1z l[v0n(u —w) + (p - po)I'n]]Ilﬁ,zl

ZeEy,

I/ —
| lz el —wild e+ 7 o — wnl

KeT, K ZeEn

2
+vlwlio + Y Tz|[[1/3nwh]]||3,z] :
ZeEy

Now, using the local trace theorem (28) and (35) we easily obtain

1
2

v _
S w3 7w - wnll g vwnl + Y mallonwl
KeT, K ZeEn ZeEn

<CVv|wlhia < CVrp—po

Hence, dividing by ||p — pollo,o and using (28) again we have

0,0 -

> — pollo,o

< CVv

h%{ 2 2
Z W Ipli x + viu—uilig
KeTy,

+ Y 7 [[¥On(u —ur) + (p— po)X- 0]l 5z + 72 | [VOn(u — Ul)]]”%,z]
Ze&y,

h2 2
< OV | ko + N wp -l + vl
1
> o2 |
< CVv > Ipliq + vhlulz |
and the result follows. |

3.2.2. An error estimate for ||u — u1||o,0. Throughout this section we will
assume that the solution of the following problem, where (u1,pg) is the solution of
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(14), belongs to [H?(Q) N HL(Q)]? x [H(Q) N LE(Q)]: Find (¢, m) such that

(37) —vAp —-Vrn=u—u, V=0 inQ,
=0 on 0f2.

We also assume that the following estimate holds:
(38) vl

THEOREM 3.11. Let (u,p) € [H*(Q)NHY(Q)]? x [HY(Q) N L(Q)] be the solution
of (1) and (u1,po) the solution of (14). Then, the following error estimate holds:

20 + [Tl < Cllu—wuiloq-

1
lu —usllo,0 < Ch? <U|2,Q + o |P|1,Q) .

Proof. Let (¢, m1) = (In(p),Ix(7)) € Vi x QY. Then, multiplying the first
equation in (37) by u— w4 and the second by —(p—pg), from the definition of bilinear
form By, the regularity of (¢, ) and the consistency of the method and Lemma 3.6,
we obtain

lu—wui[f o= v(Ve, V(u—u))g + (r,V-(u—w))a — (p—po, V- 9)a
= Bo((u —u1,p —po), (¢, 7))

Bo((u —u1,p = po), (¢ — @p, ™ — 1))

[(w —u1,p — po)l[nll(e — @pn, ™ —mn)lln

— (=10, V- (p—¢p))a + (m—mh, V- (u—u))o.

IN

Now, using (33) we see that (7 —m,, V- (u—u1))o = 0, and hence, using interpolation
inequalities (26), Lemma 3.7 and Theorems 3.8 and 3.10, we arrive at

HU—U1||37Q

< [Itw = w1, p = po)[nll(p = ns ™ = m)lln + Il = pollo.all V- (¢ = #n)llo.0
1
3

N

1
<[l = wap = mlR+ Lo = mlia] [Ite - gnm =TI +217- (o — ) B

1 1
<o |vluBat okl [vieBa+ s infal

1 1
<0t (Viluba + - lplia) - wilba.
and the result follows. O

4. The method using P! /P! continuous elements.

4.1. The method. For this case, the finite element space for the velocity is the
same as in previous section, but the pressure space is now given by

Qb == {aeC°(Q) : qlx e PHE)VE € T, } N LE(R).

As we will see in next section, the method coming directly from (13) is given by the
following: Find (w1,p1) € V), x @}, such that

(39) Bi((@1, 1), (v, q1)) = Flvi,q1) YV (v1,q1) € Vi x Q}
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where

% (Br ([vOnui]), Var)k ,

(40) Bi((ur,p1), (vi,a1)) = B((u1,p1), (v1,01)) = Y

KeTy,
with

B((u1,p1), (v1,q1)) := v(Vui, Voi)g — (p1, V-v1)a + (q1, V- u1)g
(41) + Z Tk (—vAuy + Vp1,vAvy + V1) k + Z 7z ([VOnua], [VOnv1]) 2,

KeTy, AN
(42) F(vi,q1) :== (f,v1)a + Z Tx (f,vAvi + V1) &,
KeT,
h2
(43) TK ‘— Cll s
v

where 77 is given by (17) and Cy = %. The value Cy = % has been suggested by the
error analysis of original method (39) (see Appendix A).

Now, for reasons that we will justify later (see Theorem 4.3 below), we will drop
the term

-y (ig,{(uyanul]]),wl)

KeTy, K
and analyze (and implement) the following simplified version of (39): Find (wu1,p1) €
V;, x @} such that

(44) B((u1,p1), (v1,q1)) = F(v1,q1) V(vi,q1) € Vi x QJ, -

REMARK 4.1. We see that method (44) has the form of a stabilized method of the
GLS class, plus a nonstandard jump term formed by the residual of the Cauchy stress
tensor on the edges of the triangulation. This will give us control of this residual,
which is exclusive to continuous pressure spaces, since in that case pressure jumps
vanish.

REMARK 4.2. The method is written as the restriction of a consistent method to
Pt /P! elements simply to avoid some technical difficulties. A monconsistent presen-
tation may be given and in that case we can prove that the consistency error does not
imply a loss of precision.

As we said before, we will perform the error analysis of method (44). This is due
to the fact that the error of method (39) is bounded by that of (44), as stated in the
following result, whose proof may be found in Appendix A.

THEOREM 4.3. Let (u,p) € H?*(Q)? x HY(Q) be the solution of (1). Then,
method (39) is consistent. Moreover, (39) has a unique solution (w1,p1) € Vi, x Q},
and the following error estimate holds:

~ 2 ~ 2
e — a1l + llp =l < C(lw—willy + llp = pall7)

where (u1,p1) € Vi, x Q} is the solution of (44), and the norms are defined as in
(49)—(50) below.
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4.1.1. Derivation of the method. Using spaces V, and Q}, (13) reduces to
the following: Find (u1,p1) € Vi, x @}, such that

v(Vuy, VUl)Q — (p1,V-v1)o + (q1, V-u1)o
+ Z (Mg (Vp1) — Bi([vdnui]), Var )

KeTh
(45) + Z (Bi ([vOnu1]), [vOnvi])z = (f,v1i)a + Z Mg (f), Var)k
ZeE KG'Th

for all (v1,q1) € Vi, X Q}L Since Vp1|x € R?, we have
Mg (Vp1) = (Mxk(e1), Mk(e2))Vpr =: bl Vp.

As in the previous section, we see that b, = b1, where b% is the solution of

(46) AW, =1 inK, W, =0 ondkK.
Hence
_ _ (bzl)(vl)K
(Mg (Vp),Va)k = {/K b];(] Vpl‘K'th‘K =K (Vp1,Vai)x

On the other hand, from the previous section we know that

(Br ([v0nui]), [v0nv1]) 2 = 72 ([vOnwr], [VOnv1]) 2,

where 7z has been defined in (17). Moreover, if we suppose that f is piecewise
constant, we have Mg (f) = b f, and hence, in the same way as before,
_ (Ve D
Mk (f),Vai)xk = (f,Va)k.
L
Summing all this up, we arrive at the following expression for (45): Find (uy,p1) €
V5, x @} such that

W1
v(Vuy, Voui)a — (p1, V-v1)a + (1, Voug o + Z (K|)K (Vp1,Vai)x
KeT, |
(b%,
— Z (B ([vOnui]), Var)x + Z T(Z| z ([vonui], [¥Onvi]) z
KET}L ZEE}L
(47) f7U1 Q+ Z f V )
KeT,

for all (vi,q1) € Vi, x Q;. Finally, since the mesh is regular by a scaling argument
(cf. [31]) we have that

1
K]

where C} is a positive constant independent of h and v. Hence, replacing (48) in (47)
and defining 7x appropriately, we obtain method (39).

REMARK 4.4. The assumption of the piecewise constant f on the right-hand
side is made simply to derive the method, but it does not affect the precision of it.
Indeed, if we consider a general f € H'(2)? and take its projection onto the space
of piecewise constant functions, we keep the same order of convergence of the method
(see Appendiz B).

(48) (Vi D ~ C1 i,
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4.2. Error analysis. Let us consider the mesh-dependent norms

2
(49) ol == v v+ > m2l[onvllf 2,
AN
(50) lall7 == Y 7xlalix-
KeTy,

The first results concern the consistency and well-posedness of stabilized method (44).
LEMMA 4.5. Let (u,p) € [H?(Q) N H(Q)]? x [HX(Q) N LE(Q)] be the solution of
(1) and (uy1,p1) the solution of (44). Then,

B((u—u1,p—p1),(v1,q1)) =0 V(vi,q1) € Vi x Q.

Proof. The result follows from the definition of B and the fact that [vd0pu] = 0
a.e. on the internal edges. 0
LEMMA 4.6. Let be (v1,q1) € Vi, x Q4. Then

2
B((vi, @), (v1,q1)) = [losll, + llaalf7-

Proof. The result follows from the definition of B and the fact that Av; = 0 in
each K € T;,. O

Now, in order to approximate the velocity we will consider the Lagrange interpo-
lation operator as in the previous section and for the pressure interpolation we will
use the Clément interpolation operator Cj, satisfying (35).

The following approximation result will be useful in what follows.

LEMMA 4.7. Let (v,q) € [H2(Q) N HL(Q)]? x [HY(Q) N LE(Q)] and G, := Ch(q) —
7(6’1({8"1)“. Then,

(51)
o =L@+ Y [ o= @) + vhkIA®@ = L@)IE x| < Ch2 v ol o,
KeTy,
(52) la = @ulln+ —lla — @ullo.n < € 2= g
q — 4nlln ﬁ q — 4nllo,Q > ﬁ ql1,Q-

Proof. The result follows from the norm definition and using ||¢ — Gnllo.o <
llg — Cr(q)|lo.o combined with (26), (27), and (35). O

Using Lemmas 4.5-4.7 we can establish the following convergence result.

THEOREM 4.8. Let (u,p) € [H*(2) N H(Q)]2 x [HY(Q) N LE(Q)] be the solution
of (1) and (u1,p1) the solution of (44). Then, the following error estimate holds:

1
(53) lw—will, +1lp = pilln < Ch |Vvl|ulz0+ 7 Iplial -

Proof. Let @y, := In(u),pn := Ca(p) — % and (n*,n?) := (w — @p,p — Pn).
Applying Lemma 4.6 and the consistency of the method, and integrating by parts we
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have

flur — ﬁhmi + llp1 = Bl = B((w1 — @, p1 — pn), (w1 — n, p1 — Pn))
= B((nuvnp)7 (ul - ﬁthl - ﬁh))
=v(Vn*,V(ur —ap))o — (", V- (u1 —an))o — (0™, V(p1 — Pu))e

+ Y TR (VAN V(o =Bk + Y T (VP V(01— r))k

KeT, KeTy
+ Y 72 (V0] [V0n(u1 — @n)]) 2
ZeEy

<

1 _
vl e + S50 + D (it I 15k + 7 7 [|A0*11F )
KeTy,

[N

+nelli + > 2 10115, 2
ZeEy

1

2

Bvlur —anlio +3 Y [V — )5k + Y 72 |[v0n(w —fth)]]H(z),z}
KeT, Ze&y

N

2 _ 1
< V3 lllln“llh + > [t 8 s + vhE I An 15 ] + (0”117 + — 1”13 0
Kej’h

1
- _ 3
il = @nlly + o2 = 5l
Hence, dividing by the last term and applying Lemma 4.7 we arrive at

1
2

- _ h?
50 Tur— il o= sl < © oo + ]

The result follows using triangular inequality and Lemma 4.7 once more. ]
REMARK 4.9. In particular, from the previous theorem we have an O(h) conver-

1
gence for lu —uq|1,0 and [ZZeEh hz ||[On(u — ul)]]H(?JZ] 2 which are both optimal in
order and regqularity.

4.2.1. A convergence result for the pressure. In the last result of the pre-
vious section we had an error estimate in the velocity, but, due to the norm definition,
we did not guarantee the convergence of the pressure. The next result shows that we
have an optimal error estimate in the natural norm of the pressure, which is indepen-
dent of v.

THEOREM 4.10. Let (u,p) € [H*(Q)NHY(Q)]? x [HY(Q) N LE(Q)] be the solution
of (1) and (u1,p1) the solution of (44). Then, the following error estimate holds:

(55) lp —pilloo < Ch [V lul2,0 + |plol-

Proof. From the continuous inf-sup condition (see [24]), there exists w € H}(Q2)?
such that V-w = p —p; in Q and |wl1,0 < C|lp — pilloa- Let wy, = Cp(w) € V.
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Then, applying the consistency of the method, (35), and previous theorem, we obtain

Hp—p1||(2),g = (V-w,p—p1)a = (V- (w—wp),p—p1)a + (V-wn,p—p1)a
- Z (w—wp, V(p—p1))x + v (V(u—u1), Vw)o
KEIZ—}L

+ > 7z ([von(u —w)], [vOnwi]) 2

ZeEy,

< Z |lw —whllo,xlp = pili,x + vIu—uiliolwslie
KeTy,

+ > 2 [[v0n(u — w)]llo.zll[VOnwh]llo.z

ZEeE

[N

<

Yool —mligtrviu-wlio+ Y 7 ||[[V3n(u—u1)]]||<2),zl
KET, Ze€y,

1
3
1y, 2 2 P 2
E T lw — w5 + vIwalio + E 7z |[[vOnwi] 5,z
KeTy, Ze&y,

1
2
< v [lu—wally +Ip ~ pulla] [[wl o + fonl o]

1
<o (Volulaa + 2 blia) 1= pilla,

where, in order to bound the term »_, .. Tzl|[[Vanwh]]||(2)7Z we have used the local

trace result (28) and wp, |k € P*(K)2. The result follows then by dividing by the last
term. 0

4.2.2. An error estimate for ||u — u1|/o,. Throughout this section we will
assume that the solution of the following problem, where (u1,p;) is the solution of
(44), belongs to [H%(Q) N HY(Q)]? x [H1(Q) N LE(Q)]: Find (¢, 7) such that

(56) —vAp —-Vrn=u—u, V=0 inQ,
=0 on 0f).

We also assume that the following estimate holds:

(57) vllp

20 + 70 < Cllu—wuifoq-

THEOREM 4.11. Under the hypothesis of Theorem 4.10 the following error esti-
mate holds:

1
lu—uilon < Ch? (|u|2,sz + " |P1,Q) .

Proof. Let (¢, m) := (In(e),Ch(m) — %) € V;, x @} Then, multiplying
the first equation in (56) by w — w1 and the second by —(p — p1), from the definition
of bilinear form B, the consistency of the method, the fact that [0,¢] = 0 a.e. on
the internal edges, interpolation inequalities (26), (27), and (35), and Theorems 4.8
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and 4.10, we obtain

HU_UIHE,Q

=v(Ve,V(u—ui))a + (1, V- (u—u1))a — (p—p1,V-9)a

= B((u—u1,p—p1),(@,m) = > Tk (~VvAm —u1) + V(p— p1), vAp + V)

KeTy,
B((u — U, p *p1)7 (‘P —Ph T — '/Th))

= Y & (VA —uy) + V(p—p1), vAp + V) k
KeTy,

<

1
viu— Ulﬁ,ﬂ + vV (u— Ul)”%,@ + > lp — p1 (2),9

+ > Tz von(u—w)]Ig, +2 > || VAquV(ppl)II%,K] :
Ze&y KeTy,

1
vie—eilio+ = Im—mlie + IV (e —@lta + > !V —m)lE x
KeTy,

1
2
+ > 2 vonle —e)lllbz + Y TKVA¢+VW3,K]
ZeEy KeTy,

2 % 2 2 h’2 2 %
Ba| [phleBa+ Tin

1
2
< C{luwlly + ol + o~ plf + 1o -1

0,Q 5

1 1
<C 7 h? (ﬁ|’u|29 + 7 |p|1,9> lu— |

and the result follows. O

REMARK 4.12. As we claimed before, the error analysis is independent of the na-
ture of the f on the right-hand side, and hence, we have actually justified method (44)
for a general f € L?(Q)2. In Appendiz B we will show that if f € H' ()2, then the dif-
ference between implementing method (44) and (f,v1)o+> ke, v I Mg (f), vAv +
Vq)k on the right-hand side is smaller than the order of the method. On the other

hand, method (44) has been justified for any constant C; > 0, even if it has been
presented with Cy; = %.

5. An alternative formulation including the residual on the boundary.
In this section we propose another class of methods arising from a different choice
of enrichment functions. We will denote by Rj the pressure space according to the
choice of elements, i.e., R, = Q} for P! /P! elements and Ry, = QY for P! /P° elements.
The proposed method reads as follows: Find (u”,p") € Vj, x Rj, such that

(58) B, ((u",p"),(v1,9)) =F(vi,q)  V(v1,q9) € Vi X Ry,
where
(59) B, ((u1,p), (v1,9)) = v(Vu1, Voi)o — (p, V-v1)a + (¢, V- u1)o
+ Z Ti (—vAu; + Vp,vAv, + Vq)k
KeT,

+ Z Tz ([-vOnui + pI- n], [vOnv1 + ¢I-n]) 2,
Ze&p
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F is given by (42), 7 by (43), and

- hz
(60) Tz = 1200 )

where a > 0 will be fixed in order to have a well-posed problem.

This method may be obtained in the same way as method (14) and (44) by taking
the enrichment function u. to be the solution of (4), together with the boundary
conditions

(61)

—V0gsUe = ﬁ[{‘”anu{ + p"I-n] on each Z C 0K, u, = 0 at the nodes,
z
on the internal edges, and u, = 0 on 0K NIN. In fact, using this choice of enrichment
we can perform the same derivation from sections 3 and 4, neglecting once more a
cross term appearing in P* /P! discretization.

REMARK 5.1. This method is different from (14) and (44) from two viewpoints.
First, the boundary term contains the residual of the Cauchy stress tensor on the trial
function. This fact comes from the choice of the enriched part as being a corrector
for the residual inside the element and on the boundary. The other difference is the
stabilization parameter on the edges. Now, this parameter contains a constant to set.

Now, let |||, be the mesh-dependent norm defined by:

2

62)  MNnall, = |rloilio + Y mxlaic + Do 72 IdlE 2
KEIZ—}L Zegh

Then, we have the following coercivity result.
LEMMA 5.2. Let us suppose that o > Cy/3, where Cy > 0 is the constant from
local trace result (28). Then, for all (vy,q) € Vi, X Ry, there holds

B ((v1.0).(v1.0) > +(wr.a)3.

Proof. Let (v1,q) € V}, X Ry,. Then, since Av; = 0 on each K € 7, applying
local trace result (28) and the definition of 7z we obtain

BT‘((vlaQ)7 (vlaQ)) = V|'vl|iﬂ

+ Y T&lIValg x + Y T2 (= [0nva]l5 2 + allF,2)
KeTy, ZeEy
Cy -
> vlvifig - 6o STlvilie + D mxldix + > Il 2
KeT, KeT, Ze&y,
1 2
2 5wyl
an the result follows. |

Once this method has been proved to be stable, following a procedure absolutely
analogous to those from sections 3 and 4 we can prove the consistency of (58) and
perform a complete error analysis of (58), obtaining the same results as in previous
sections.
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6. Numerical validations.

6.1. An analytical solution: Convergence validation. For this test case,
the domain is taken as the square 2 = (0,1) x (0,1), » = 1, and f is set such that
the exact solution of our Stokes problem is given by

ur(2,y) = —2562%(z — 1)*y(y — 1)(2y — 1),
’U,2(£L’7y) = —ul(y,x) )
p(z,y) = 150(x — 0.5)(y — 0.5).
We perform convergence analysis for methods (14), (44), and (58) using continu-
ous P! /P! and P!/P° elements.

6.1.1. The P!/P! case. For this case we first depict in Figures 1-2 the conver-
gence history for method (44). The results reproduce our theoretical results showing
an O(h) order of convergence for |u — u1l1,q,

[0 (u—wi)lln = | Y hzlllOn(u—u)]lf 2

Ze&p

and |[p — p1/lo.0, and an O(h?) convergence for ||u — u1||o.q-

== p-nloo —— [y
------ b —
01F E 1 E
;- u
001 E 0.1¢ E
0.001 M| M| L 001 Ll coul Lo
0.001 0.01 0.1 1 0.001 0.01 0.1 1
h h

FIG. 1. Method (44): convergence history for ||p — pillo,o and |u — u1|1 o.

= [u-uifog == (-]l
______ i p— Y
01F E
1k 4
y 001 ¢ 1 .
0.001 ¢ E
01F E
00001 - ]
1e05 vl Ll L 0.01 vl Lol L
0.001 0.01 01 1 0.001 0.01 0.1 1
h h

F1G. 2. Method (44): convergence history for ||lu — w1|o,o and [[On(w — w1)]|h.
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10 T ——
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F1G. 3. Method (58): convergence history for ||p — p1llo, and |u —u1|1 q.
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F1G. 4. Method (58): convergence history for |[u —w1l|o,q, and sensitivity of (58) with respect
to a.

Method (58) is tested next. The results are depicted in Figures 3—4 using « = 1,
where the results are in perfect accordance with the theoretical results. The justifi-
cation of this choice for o may be found in Figure 4 (on the right) where we have
depicted the behavior of the error in terms of a (using a mesh of around 2500 ele-
ments) and we see that for & > 1 the error is almost independent of «, showing that
the restriction of Lemma 5.2 is not only theoretical, but at the same time showing
that, once we are inside the region predicted by the theory, the performance of the
method is independent of .

6.1.2. The P'/P° case. For this case we first depict in Figures 5-6 the conver-
gence history for method (14). The results reproduce our theoretical results showing
an O(h) order of convergence for [u—u1l1,0, [On(u—u1)+(p—po)n]|x and [[p—pollo,;
and an O(h?) convergence for ||u — u1[|o.q-

Method (58) is tested next. The results are depicted in Figures 7-8 using o = 1,
where the results are in perfect accordance with the theoretical results, giving an
O(h) for |u — uil1,0, |[p — polln, and ||p — pollo.o, and an O(h?) convergence for
|lu — u1]jo,o. Concerning the choice of «, the situation now is quite different from
that in the previous section. As a matter of fact, since we only control the pressure




342

10

R. ARAYA, G. R. BARRENECHEA, AND F. VALENTIN

T

10

H 3
01 Lol L 01 Lol o
001 0.1 1 0.01 0.1 1
h h
F1G. 5. Method (14): convergence history for ||p — pollo, and |u — u1|1 q.
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F1G. 6. Method (14): convergence history for ||lu — w1llo,q and |[On(uw — u1) + (p — po)n]|s-

via the jump terms governed by «, we can expect the error to grow as o grows, as it is
shown in Figure 9 (for a mesh of 2500 elements) where we see that all the errors attain
a minimum at o =1 (i.e., using 7z = 7z), and then they present a growing behavior.
Values larger than 10 have been tested and the behavior is growing in all the errors.
Related experiments have been performed using the GLS method (cf. [27]), obtaining
similar results.

6.2. The lid-driven cavity problem. For this case we use the same domain
as in the previous section, we set f = 0, and the boundary conditions v = 0 on
[{0} x (0,1)]U[(0,1) x {0} U [{1} x (0,1)] and w = (1,0)! on (0,1) x {1}. In Figure
10 we depict the pressure isovalues for both P!/P? and P! /P! approximations (using
a mesh of around 1000 elements) showing, in both cases, the absence of oscillations.

7. Concluding remarks. In this paper we have analyzed and tested new sta-
bilized finite element methods for the Stokes problem. These new methods arise
from multiscale enrichment of the trial space for the velocity coupled with a Petrov—
Galerkin strategy. This Petrov—Galerkin strategy makes it possible to perform statical
condensation both at the element level and at the interelement boundary level, making
the method take the form of a classical stabilized finite element method, containing
jump terms on the interior edges of the triangulation, and with the corresponding
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F1G. 7. Method (58): convergence history for ||p — pollo, and |u — u1|1,q.
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F1G. 8. Method (58): convergence history for ||lu — u1llo,o and ||p — pollo,o-
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F1G. 9. Sensitivity of method (58) to a.
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Fi1G. 10. Pressure isovalues for P* /PO (left) and P! /P (right) approzimations.

stabilization parameter known exactly. Optimal order error estimates were derived
using the natural norms, results that were confirmed by the numerical experiments.

Our belief is that our general methodology may be applied to other mixed prob-
lems, namely the Darcy and Brinkman flow problems, and to the advection-diffusion
equation. This will be the subject of future works.

Appendix A. Proof of Theorem 4.3.

The consistency of the method is immediate from the fact that [v¥0,u] = 0 a.e.
on 0K. To prove the well-posedness of (39), we prove that By is an elliptic bilinear
form. Let (v1,q1) € Vi, x Q}; then from Lemma 4.6 we have that

1
Bi((v1,q1), (v1,¢1)) = Joally + laallz — — B ([v0nv1]), Var )k -
KeTy,

Now, in order to treat the last term above, let us denote by Z;, Z5, Z3 the sides of K,
and let, for i = 1,2, 3, b[Z( be the solution of

—AbZ =0 inK, b% = g; oneach Z C OK,

where g; = 0 if Z; C 09, and g; is the solution of

763391':7 in Z; g =20 OH@K*Zi,

otherwise. First, we remark that from the maximum principle, we have that 0 < bIZg <

% in K. On the other hand, it is easy to see that By ([vOnv1]) = Z?Zl bIZg [vonvi]lz,,

2
and then, using that |K| < hTK and the inequality ab < '7_1‘2—2 +7b% (7 > 0) (denoting
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|- g2 the Euclidean norm on R?) we arrive at

Z V(BK([[VB v1]), Va1)x Z Z [vonvi]lz, Va1)k
KeTy, KeTy, i=1
(0%,
=y Z O wonvi]lz Ve k
Zely, KCwyz
hz|K
<Yy %||nuanv1ﬂ|z||Rz||Vq1|K||Rz
Zely, KCwyz

|Z| [|Tv0nv: Hoz

|KH|Vq1||OK
DD DY
Ze&p KCwz zZe&, KCwy
hz II[[Va vl]]lloz W Vaillg
63 <75 -1 LRl IE
(63) < > +v ) <

AN KeT,
Hence, choosing v = % < 1 we arrive at

Bi((v1, 1), (v1,41)) = lorl, + llas 7 — Z ALZENPERES 7|q1

ZGSh KeT,
2
> Cilllvally, + larllz)

where C\ is a positive constant not depending on h or v. Now, for the error estimate,
applying the coercivity result and the consistency of the method we arrive at
~ 2 ~ ~ ~ ~ ~
O (Jur — 1]} + |lpr — p1l17) < Bi((wr — @1, p1 — p1), (w1 — @1, p1 — p1))
= Bi((u1 —u,p1 — p), (w1 — w1,p1 — p1))

(64) = = Y Br([vdu(ur —w)]). V(p1 = 1))k

KeTy,

Finally, proceeding as in (63) it is not difficult to see that

S Br([von(ur - w)]), V(pr - 1))k

KeTy,

C. -
<C Z 77 [|[V0n (w1 = ][5 2 + > Z T |p1 — Pt K

ZeEy KeT,

* ~ 2 ~
< (e = anlly, + llpr = 2ll7),

and hence, there exists C' > 0, independent of h and v, such that

2
< C(lw = uall, + llp = pal7) +

~ 2 ~ 2
lwr = @ally, + llpr = Bulli < € (lw = wally + llp = p1ll)

and the result follows by triangular inequality.

REMARK A.l. We have proved that the error of method (39) is bounded by the
error of method (44). The same analysis of Theorems 4.10 and 4.11 may be carried
out to prove error estimates on ||p — p1llo

Appendix B. The error if f is not piecewise constant. As we claimed
before, we have assumed that f is piecewise constant in order to derive (44), but this
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assumption does not affect the convergence of the method, and hence (44) may be
implemented as it is presented for a general function f € L?(2)2. Now, if we do not
suppose that f is piecewise constant in the derivation, then method (44) becomes the
following: Find (up,pr) € Vi, x @}, such that

(65) B((un, pn), (v1,q1)) = Frn(v1,q1)

for all (v1,q1) € Vi, x Q}, where B is defined in (41) and F), is given by

(66) Fulona) = (foa + Y~ (M), Vaic.

KeTy,

Clearly, (65) has a unique solution (us,pp) € Vi, x Q}. Moreover, the following result
holds.

THEOREM B.1. Let us suppose that f € HY(Q)2. Then, under the hypothesis of
Theorems 4.8, 4.10, and 4.11, the following error estimate holds:

1 1
60 lu= il + -l < Oh (Vi lulsa+ = o+l 7lha )
(68) lp —prlloo < Ch(vlulza+ [plia + | fllie),
1 1
(69) fuunlon < 8 (fulaa+ Lo+ > Ifl1n)

Proof. Let (u1,p1) be the solution of (44). First, applying [30, Lem. 5.3.1], we
see that

F(vi,q1) — Fr(vi,q1)

lwr = wnll, + llpr = palln < sup
" (v1,q1)EVLXQ}—{0} lvilln + llgrln
— sup Yrer, Tk — MK (f), V)
(v1,0)E V1 x QL —{0} lvilln + llaulln
(70) < sup ZKET;L I f — %MK(f) o.xlailx
a (v1,q1)EVLX Q1 —{0} lvilln + lla1lls

Now, let f, be the piecewise constant function given by

A

This function, which is the (local) projection on the space of piecewise constant func-
tions, satisfies (cf. [17]) ||f — Fullo.x < Chi|fli,x. Then, applying triangular
inequality we arrive at

.fh

Il f — Mk (f)

o < I (F = Fidlloe + e fn — - Muc(F) o
1
() 2 M~ Plloe.

The first term is easily bounded using the approximation properties of f; and the
definition of 7. Next, since Mg (f),) = Vi f;, in each K € Tj, the second term is
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bounded in the following way:

ALY
I | £,

1
T 1, — ;MK(fh)Ho,K < x|l fullo.x +
Ck |51,k
< frcllFulloc + S gy
v|K|z

where Cx > 0 is the constant such that ||v|o.x < Ck |v]1,x for all v € H}(K).
Furthermore, looking carefully at the behavior of the Poincaré constant Cx we can
see (cf. [30, Thm. 1.2.5]) that Cx < hgx. On the other hand, from the definition of

bi we have by |3 = (b, 1)k, and then, applying (48) we arrive at

M

14

Ck |V |1,k K
— s N [frllox = C

72 :
(72) VAL

[ frnllox <

£ nllox -

To bound the third term in (71) we remark that function e := Mg (f — f},) satisfies
—Ae=f— f, in K,e=0 on 0K, and hence

(73) lello.x < CxNF — Fullox < PN = Fullox < Chi|flix.

Hence, applying (70)—(73) (and assuming h < 1), we arrive at

hic
fur = w4l =il < ¢ s Zwen e Wlurdnle
(v1,q1)EVELXQL—{6} |v1lln + llg1ln

h
< O flhe.

and hence (67) follows by triangular inequality and Theorem 4.8. Estimates (68) and
(69) are proved as in Theorems 4.10 and 4.11 and by using (67). |
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