NUMERICAL DISCRETIZATION OF A
BRINKMAN-DARCY-FORCHHEIMER MODEL UNDER SINGULAR
FORCING*
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Abstract. In Lipschitz two-dimensional domains, we study a Brinkman—Darcy—Forchheimer
problem on the weighted spaces H(l) (w, Q) x L?(w, Q)/R, where w belongs to the Muckenhoupt class
Ag. Under a suitable smallness assumption, we establish the existence and uniqueness of a solution.
We propose a finite element scheme and obtain a quasi-best approximation result in energy norm a
la Céa under the assumption that €2 is convex. We also devise an a posteriori error estimator and
investigate its reliability and efficiency properties. Finally, we design a simple adaptive strategy that
yields optimal experimental rates of convergence for the numerical examples that we perform.
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1. Introduction. Let Q C R? be a bounded domain with Lipschitz boundary
0f). The purpose of this work is to study existence and approximation results for
a Brinkman—Darcy—Forchheimer problem under singular forcing. To be specific, we
will study the following system of partial differential equations (PDEs):

(1) —Au+(u-Vu+|uju+u+Vp=finQ, divu=0in, u=0ond.

Here, u and p represent the velocity and the pressure of the fluid, respectively, f is
an externally applied force, and | - | denotes the Euclidean norm. Our main source of
novelty and originality here is that we allow f to be singular, say a Dirac measure, so
that the problem cannot be understood with the usual energy setting.

Darcy’s law, u = —K'Vp/p, is a linear relationship that describes the creeping
flow of Newtonian fluids in porous media and is backed by years of experimental data
[30]. Since this linear relationship finds several applications in engineering, it is thus no
surprise that its analysis and approximation have been investigated by several authors.
However, Darcy’s law may be inaccurate for modeling fluid flow through porous media
with high Reynolds numbers or through media with high porosity [13, 37, 54]. As
an alternative model, in such a scenario, it is possible to consider the convective
Brinkman—Darcy—Forchheimer equations [32, 48, 52]. These equations incorporate
the well-known convective term (u-V)u [29] and the nonlinear modification of Darcy’s
law |u|u suggested by Forchheimer in [26].

While it is fair to say that the study of approximation techniques for (1) and
related models in a standard setting is matured and well understood [22, 23, 29, 30, 49],
recent applications and models have emerged where the motion of a fluid is described
by (1) or variation of it, but due to the singularity of forces f, the problem must be
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understood in a completely different setting and rigorous approximation techniques
are scarce. For instance, [36] models the motion of active thin structures by using
a linear model related to (1), where the right-hand side is a linear combination of
Dirac measures. A second example comes from optimal control theory. References
[12, 27] set up a problem where the state is governed by the stationary Navier—Stokes
equations, but with a forcing (control) that is measure valued. The motivation behind
this is what the authors denote as sparsity of the control. We finally mention [11],
where the authors study a class of asymptotically Newtonian fluids (Newtonian under
large shear rates) under singular forcing. The authors show existence and uniqueness
as well as some regularity results; see [42] for extensions to convex polyhedral domains.

In this work, we continue our program aimed at developing numerical methods
for models of fluids under singular forces. The guiding principle that we follow is that
by introducing a weight, and working in the ensuing weighted function spaces, we
can allow for data that is singular, so that (1) fits our theory. In [40] we developed
existence and uniqueness for the Stokes problem over a reduced class of weighted
spaces. The numerical analysis of such a model is presented in [5, 21|, where a
priori and a posteriori, respectively, error analyses are discussed. The Navier—Stokes
equations are considered in [41], where existence and uniqueness for small data is
proved. In the setting of uniqueness, an a priori error analysis for a numerical scheme
is also developed. A posteriori error estimates for suitable discretizations of such
a nonlinear model can be found in [6]. This brings us to the current work and its
contributions. Before presenting the main contributions of our work, we would like
to mention references [13, 16, 37, 44], where different solution techniques for problem
(1) with f smooth are discussed. To the best of our knowledge, this is the first work
that addresses the numerical approximation of (1) when f is singular.

Let us elaborate on the main contributions of our work:

e Ezistence and uniqueness of a solution: We introduce a concept of weak solution
within H}(w, Q) x L?*(w,Q)/R and show, on the basis of a fixed-point argument,
that the proposed weak problem admits a unique solution under a suitable smallness
assumption on f. To accomplish this task, we first establish the well-posedness of a
Brinkman problem on the space H}(w, Q) x L?(w,Q)/R by utilizing the continuity
method and the well-posedness of the Stokes problem derived in [40, Theorem 17].

e Finite element discretization: We propose a finite element discretization scheme
for problem (1) on the basis of the following two classical inf-sup stable pairs: the
mini element and the Taylor-Hood element. We show that the proposed finite element
scheme admits a unique solution and we obtain a quasi-best approximation result in
energy norm a la Céa. We must immediately observe that, since f is very singular,
it is not expected for the pair (u,p) to have any regularity properties beyond those
merely needed for the problem to be well-posed. Consequently, rates of convergence
in energy norm cannot be obtained from the derived quasi-best approximation result.

e A posteriori error analysis: Solutions to (1), because of the singular datum
f, are not expected to be smooth, and thus adaptive methods must be developed to
efficiently approximate them. We devise a residual-based a posteriori error estimator
for the proposed finite element discretization scheme. We prove that the devised
error estimator is globally reliable; see Theorem 14. In Theorem 16, we investigate
efficiency properties for the proposed local indicators. In addition, we devise an
adaptive finite element method based on the proposed error estimator and provide
numerical experiments in convex and non-convex domains.

The manuscript is organized as follows. In Section 2, we set notation, recall
basic facts about weights, and introduce the weighted spaces we shall work with. In
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Section 3, we analyze, as an instrumental step, a Brinkman problem on weighted
spaces. In Section 4, we introduce a weak formulation for problem (1) and establish
a well-posedness result. A numerical discretization scheme is presented in Section 5.
Here, we also obtain a quasi-best approximation result ¢ la Céa. Section 6 is one
of the highlights of our work. There we propose an a posteriori error estimator for
suitable inf-sup stable finite element pairs and introduce a Ritz projection on weighted
spaces. We prove that the energy norm of the error can be bounded in terms of the
energy norm of the Ritz projection and obtain the global reliability of the proposed
estimator. We also explore local efficiency estimates. We conclude the manuscript by
presenting, in Section 7, a series of numerical experiments that illustrate the theory.

2. Notation and preliminaries. Let us set notation and describe the setting
we shall operate with.

2.1. Notation. We shall use standard notation for Lebesgue and Sobolev spaces.
Spaces of vector-valued functions and their elements will be indicated with boldface.

If W and Z are Banach function spaces, we write W — Z to denote that W is
continuously embedded in Z. We denote by W’ and | - |y» the dual and the norm
of W, respectively. Given p € (1,00), we denote by p’ its Holder conjugate, i.e., the
real number such that 1/p 4+ 1/p’ = 1. The relation a < b indicates that a < Cb,
with a positive constant C' that does not depend on either a, b, or the discretization
parameters. The value of C' might change at each occurrence.

2.2. Weighted function spaces. A notion that will be fundamental and that
will allow us to deal with singular forcing and nonstandard rheologies is that of a
weight. A weight is a locally integrable, nonnegative function defined on R?. Given a
weight w and a measurable set £ C R?, we let w(E) = [, wdx. Given a measurable
set E2 C R? of positive Lebesgue measure, we define f, w(x)dx = (1/|E|) [, wdx.

Of particular interest to us will be the so-called Muckenhoupt A, weights: Let p €
[1,00). We say that a weight w belongs to the Muckenhoupt class A,, if [17, 18, 38, 51]

o T w(f) (fo) <= petoo

1
[w]a, = sup (7[ w) sup —— < 00, p=1,
B B x€EB W(X)

where the supremum is taken over all balls B € R?. In addition, A = UpcooAp.
We call [w]a,, for p € [1,00), the Muckenhoupt characteristic of w. We observe that,
for p € (1,00), there is a certain symmetry in the A, classes with respect to Holder
conjugate exponents: w € A, if and only if w’ = w/(=P) € A, [51, Remark 1.2.4].
Finally, we note that if 1 < p < ¢ < oo, then A, C A, [51, Remark 1.2.4].

The prototypical A, weights are the power weights: Let z € 2 be an interior
point in Q and o € R. For p > 1, the weight

(3) dy (%) := |x —2|*
belongs to A, if and only if a € (—2,2(p — 1)) [50, Chapter IX, Corollary 4.4]. We
notice that there is a neighborhood of 92 where dY is strictly positive and continuous.
This observation motivates the consideration of a restricted class of Muckenhoupt
weights [25, Definition 2.5].

DEFINITION 1 (class A,(D)). Let D C R? be a Lipschitz domain and p € [1,00).

We say that w € A, belongs to A, (D) if there is an open set G C Q and €,w; > 0
such that: {x € D : dist(x,0D) < ¢} C G, w € C(G), and @, < w(x) for allx € G.
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Let p € [1,00), w € Ay, and E C R? be an open set. We define LP(w, E) as
the space of Lebesgue p-integrable functions with respect to the measure w(x)dx.
We define W1P(w, E) as the set of functions v € LP(w,E) with weak derivatives
D% € LP(w, E) for |a| < 1. The norm of v in WP (w, E) is given by [51, Section 2.1]

1

P

(4) lollwrogo,m) = (10150 + 19012 )

We also define W, *(w, E) as the closure of C§°(€) in WP (w, E). When p = 2, we
set H'(w, E) := W'P(w, E) and H}(w, E) := Wy*(w, E).

If 1 < p < 0o and w belongs to A,, then LP(w, E), W' (w, E), and W, (w, E)
are Banach spaces [51, Proposition 2.1.2] and smooth functions are dense [51, Corol-
lary 2.1.6]; see also [31, Theorem 1]. In addition, [24, Theorem 1.3] guarantees a
weighted Poincaré inequality which, in turn, implies that over VVO1 P(w, E) the semi-
norm ||Vo|| e, g) is an equivalent norm to the one defined in (4).

3. A Brinkman problem under singular forcing. In this section, we study
the well-posedness of the following Brinkman problem: Find (u, p) such that

(5) —Au4+u+Vp=finQ, divu=ginQ, u=0 on 0,

where we allow the data f and ¢ to be singular. The analysis of problem (5) is a key
step to establish the well-posedness of the Brinkman-Darcy—Forchheimer model (1).

We begin our studies by proposing a weak formulation for (5). Given w € A,
fe H '(w,Q), and g € L?(w,Q)/R, find (u,p) € Hi(w, Q) x L?(w,)/R such that

(6) /(Vu:Vv+u~v—pdivv+qdivu):(f,v)—l—/gq,
Q Q

for all v e Hi(w™1,Q) and q € L?(w™!,Q)/R. Here, (-,-) denotes the duality pairing

between H™ ! (w, Q) := H} (w1, Q) and Hi (w1, Q). Notice that, owing to the bound-

ary conditions on u, we must necessarily have the compatibility condition fQ g=0.
To simplify the presentation of the subsequent material, we define the spaces

(7) X = H}(w, Q) x L}(w,Q)/R, YV:=Hj(w Q) x L*(w™, Q)/R.

The well-posedness of the Brinkman problem is established in the following result.

THEOREM 2 (well-posedness of the Brinkman problem). Let d € {2,3} and let
Q C RY be a bounded Lipschitz domain. Let w € Ao(Q). If f € H 1 (w,Q) and
g € L*(w,Q)/R, then there exists a unique solution (u,p) € H}(w, Q) x L?(w,Q)/R
of problem (6), which satisfies the estimate

8)  IVullLz,) + P22 < Cs (Iflla-1(w.0) + 9l L2@.0) - Cp > 0.

Proof. Inspired by the proof of [28, Theorem 6.8], we proceed on the basis of the
method of continuity presented in [28, Theorem 5.2]. We split the proof in four steps.

Step 1. A bounded linear map S associated to a Stokes problem. We define the
Stokes operator

9) S:xXx-=Y, (S(up)(v,q)):= /Q(Vu : Vv — p div v + q div u).
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We notice that S is a bounded linear operator. In fact, we have the bound

IS@p)lly =  sup SwP:Vv.d)

S IVullnzw.0) + Pl L2(w.0)-
©00<wvaey v,y () (,2)

We now introduce the following weak formulation associated with the Stokes op-
erator S. Given g € H '(w,Q) and h € L*(w,Q)/R, find (¢,9) € X such that
(S(p, ), (v,a)) = (g, V) + (h,q)r2(q) for all (v,q) € V. The well-posedness of this
Stokes system follows from [40, Theorem 17].

Step 2. A bounded linear map B associated to a Brinkman problem. We define

(10)B: x—=Y', (B(u,p),(v,q)) = / (Vu: Vv+4u-v—pdiv v+q div u).
Q
The map B is linear and bounded. In particular, we have [[B(u, p)|[y" < [[Vul|lL2(w,0)+
llpllL2(w,0)- With B at hand, problem (6) can be equivalently written as follows: Find
(u7 p) € X such that <B(u7 p)u (Vu q)> = <f7 V> + (gu q)LQ(Q) for all (Vu q) e
Step 3. The a priori estimate (8). Let us introduce, for ¢ € [0, 1], the operator

(11) Et X — y/, Et = (1 — t)S + tB.

Observe that Ly = S, £1 = B, and that £; is a linear and bounded operator from X
into )’. Let us consider the following family of equations: Find (u,p) € X such that
(Li(u,p), (v,q)) = (f,v) +(g9,9) 12(q) for all (v,q) € Y, where t € [0,1]. For ¢ € [0,1],
the solvability of this problem is then equivalent to the invertibility of the map L;.
Let (ug, pt) € X be a solution to such a problem. In what follows, we prove

(12) IVuellzw,0) + el 22 w,0) S Iflla-1w.0) + 119ll22w.0),

which is equivalent to ||(us, pe)|lx < ||£e(u, p)|ly7. An important observation is that
(ug, p) can be seen as a solution to the following Stokes problem: Find (u, p;) € X
such that (S(u, pt), (v,q)) = (£, v) +(9,9) L2(0) — t(us, V)2 () for all (v,q) € Y. We

can thus apply the estimate in [40, Theorem 17] to arrive at

(13) IVug Lz w,0) + 1Pl 22w, S 1fllH1 (0.0 + l9ll22w,0) + 0L w0

To obtain (12), we proceed by a contradiction argument. Assuming that (12)
is false, it is possible to find sequences {(ux,px)}tren C H(w, Q) x L*(w,Q)/R and
{(fx, g9k) bren € HH(w, Q) x L?(w,Q)/R such that (uy, pk, fx, gx) satisfies, for k € N,
<‘Ct(uk7pk)5 (Vaq)> = <fk5v> + (gkaq)L2(Q) for all (Vvq) € Y and ||vuk||L2(w,Q) +
Hpk”L2(w,Q) = 1, but ka”Hfl(w,Q) + ||gk||L2(w7(l) —0ask T 0. Since {(U_k, pk)}keN
is uniformly bounded in H}(w, Q) x L?*(w,Q)/R, we deduce the existence of a non-
relabelared subsequence {(ug, px)}xen such that u, — u in Hj(w, Q) and py, — p in
L?(w,N)/R as k 1 oo. The limit (u,p) satisfies £;(u,p) = 0 in )’. Consequently,
(u,p) = (0,0). On the other hand, the compact embedding H}(w, ) — L?(w, )
[33, Theorem 4.12], [41, Proposition 2] shows that u; — 0 in L?(w,Q). We can thus
invoke the Garding-like inequality (13) to deduce that

1=[VugllL2 (w0 Pkl 22,0 S Ifella-1 w0 +l9xll 2,0 FluklL2w,o) —0, k1 oo,

which is a contradiction. We have thus obtained the desired estimate (12).

Step 4. The method of continuity and the well-posedness of (6). With the estimate
(12) at hand, we invoke [28, Theorem 5.2] and the fact that Lo = S maps X onto )’
to deduce that £; = B maps X onto )’ as well, i.e., problem (6) admits a solution.
Since problem (6) is linear, estimate (12) guarantees the uniqueness of solutions. We
have thus proved that problem (6) is well-posed. d
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4. A Brinkman—Darcy—Forchheimer model. We now show the existence of
solutions for problem (1). We begin by recalling that, if v is sufficiently smooth and
solenoidal, then the convective term (v - V)v can be rewritten as div(v ® v). This
property will be used to propose a weak formulation for problem (1).

4.1. Weak formulation. For a given weight w in the class Ao, we define the
bilinear forms ag : Hy(w, Q) x Hi(w™!,Q) = R, a1 : L?(w, Q) x L?(w™1,Q) — R, and
by Hi(w®!, Q) x L2(wT1,Q)/R — R by

ag(w,v) := / Vw: Vv, a1 (w,v):= [ w-v, bi(v,q) = —/ q div v,

Q Q Q
respectively. With ag and a; at hand, we define a : Hj(w, Q) x Hj(w™*,Q) — R by
a(w,v) := ag(w,Vv) + a1(w,v). We now introduce forms associated to the nonlinear
terms (u - V)u and |uju in (1). We define ¢ : [H}(w,Q)]*> x Hi(w™,Q) — R and
d: H}(w,Q))* x Hi(w™, Q) — R by

c(u,w;v) := —/ u®w: Vv, d(u,w;v) := / lulw - v,
Q Q

respectively.
With these ingredients at hand, we consider the following weak formulation for
problem (1): Find (u,p) € X such that

(14)  a(u,v) +b_(v,p) + c(u,uv) + d(u,wiv) = (£,v), by(u,q) =0,

for all (v,q) € Y. Here, (-,-) denotes the duality pairing between H~!(w,Q) and
H}(w™1,€Q). We recall that the spaces X and Y are defined in (7).

In what follows, we will make use of the following inf-sup condition on weighted
spaces that immediately follows from the existence of a right inverse of the divergence;
see [20, Theorem 3.1], [45, Theorem 1], [1, Theorem 2.8], and [21, Lemma 6.1]:

b_(v,p
15) el S sup (v.p)

P e 2w, )R
ozveH(w-1,0) IVVL2@w-1,0)

We will also make use of the following weighted inf-sup condition for aq [40]:

ap(v, w)

(16) inf sup
0#veH} (w,Q) 0#AweH (w—1,Q) ||VV||L2(W79) ”vaLz(w*l,Q)

ap(v,w)

= inf sup

>0,
0£WEH (W 1,92) 02veHl (w.0) | VV[L2@wo)llVWL2(w-1,0)

which holds under the further restriction that w € A5(Q).
The following result guarantees the boundedness of the convective and Forch-
heimer terms on weighted spaces.

LEMMA 3 (boundedness of the convective and Forchheimer terms). If w € As,
u,w € Hj(w,Q), and v € H}(w™1,Q), then

(17) le(u, w; v)| < CEs IVUllL2w.0) | VW2 w.o) | VVILzw-1,0),
d(u, w; V)| < C7_5Co2]|VUllL2(w.0) | VW[L2(w.0) | VVIIL2(0-1,0)-

Here, Cy_,o and Ca_2 denote the best constants in the embeddings H(lJ(w,Q) —
LY(w,Q) and H}(w™1,Q) — L% (w™1,Q), respectively.



A BRINKMAN-DARCY-FORCHHEIMER MODEL UNDER SINGULAR FORCING 7

Proof. Since we are in two dimensions and w and w™! belong to Az, [24, Theorem
1.3] shows that there exists ¢ > 0 such that H(w®!, Q) — L% (wt! Q) for every
k € [1,2 + ¢]. Consequently,

le(w,w; V)| < [Jullpsw,o)lWilLewo VYL w-1,0)
< Ci ol VullLe o) IVWiLe o) VY2 @-1,0)-
Similarly, [d(u, w; v)| < C7,5Co 2| VullLzw,0) [ VWIL2 (w0 IVVIiL2@w-1,0)- 0

4.2. Existence and uniqueness for small data. Let us redefine the mapping
B:X =Y and define NL: X — Y and F € )’ by

<B(u7 p)? (V7 q)> a(uv V) +b- (Va p) + b-‘r (uu q)a
NL(u,p),(v,q)) = c(u,wv)+d(u,uv),

and (F,(v,q)) := (f,v), respectively. Here, (v,q) € Y. We recall that the spaces X
and Y are defined in (7). With this functional framework at hand, problem (14) can
be equivalently written as the following equation in )’: B(u,p) + N L(u,p) = F.

The map B is linear and bounded; see the proof of Theorem 2 for details. In
addition, if €2 is Lipschitz and w € A3(€2), then Theorem 2 guarantees that B has a
bounded inverse. This allows us to define the mapping

(18) T: X=X, (u,p) = T(w,r) = B~F = NL(w,1)].

Therefore, showing the existence of a solution for problem (14) amounts to finding a
fixed point of 7. In what follows, we prove that, if the datum f is sufficiently small,
then we have the existence and uniqueness of solutions. We begin the analysis with a
standard contraction argument; see, for instance, [43, Theorem 3.1], [46, Theorem 5.6],
and [41, Proposition 1]. To present such a result, we define A := (3C.|[B~!|)~! >0
and

(19) Bp = {w e Hj(w,Q) : divw =0, [|[VW|r2,0) <A},

where C, := C7_,5(1 + Ca—,2) and ||[B~1| denotes the }' — X norm of B~1. Let us
introduce, in addition, the map 7; : H}(w, Q) — H}(w, Q) defined as w — P, T (w,0),
where P, : X — H}(w, Q) corresponds to the projection onto the velocity component.

PROPOSITION 4 (contraction). Let Q be a bounded Lipschitz domain and w €
Ao (Q). If the forcing term £ is sufficiently small, so that

(20) Cel BTHPIE -1 (w0 < 5
then T1 maps Ba to itself and Ty is a contraction in Ba.

Proof. We begin the proof by noticing that, by assumption, we have the bound
1B~ Il -2 (w,0) < A/2. Let w € Ba. If v = Ti(w), then div v = 0 and

_ _ A A 5A
VYL < IB7HIIEla-1 w0 + CelBHIIVWE2(0.0) < s t3=%"
This shows that 71 maps Ba into itself. We now show that 77 is a contraction. Let
w1, Wa € Ba. Define v, = T;(w;) for i € {1,2}. We now invoke Holder’s inequality,

the definition of Ba, and the fact that w € A3(2) to arrive at

IV(vi = vo)lzwy < CellB7H [IVW1llL2w.0) + [VWalle@w.o)] V(W1 = wa)[[L2w.0)
2
< §|\V(W1 —wa)|lL2(w,0)-

This proves that 77 is a contraction and concludes the proof. a
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The existence and uniqueness of solutions for small data is as follows.

THEOREM 5 (well-posedness for small data). Let Q C R? be a bounded Lipschitz
domain and w € A3(Q). If £ is sufficiently small so that (20) holds, then there exists
a unique solution (u,p) of problem (14). Moreover, (u,p) satisfies the estimates

(21) IVullew,0) < 2B~ ElE-1 (0,0
(22) 1Pl 2w, S IVUllLew.e) + IVUllfz o) + IflH-1 @0,

where the hidden constants are independent of u, p, and f.

Proof. In view of of Proposition 4, we have the existence of a unique fixed point
u € Ba of T1. We now invoke the existence of a right inverse of the divergence operator
over As-weighted spaces [20, Theorem 3.1] to deduce the existence and uniqueness of
the pressure p. To obtain (21) we use the fact that u is the unique fixed point of 7y:

IVulre@we) < IB7IEla-1w0 +ACIB~VullLew,q)

IN

_ 1
1B Il ) + 31V l2(,0)-

Finally, to obtain (22) we utilize the weighted inf-sup condition (15). O

5. Finite element approximation: a priori error estimates. In this sec-
tion, we analyze a finite element solution technique that approximates solutions to
(14). To accomplish this task, we will begin the section by introducing some termi-
nology and a few basic ingredients [10, 14, 22]. In what follows, we operate under the
assumption that  is a Lipschitz polytope so that it can be triangulated exactly.

5.1. Basic ingredients and assumptions. We denote by 7 = {K} a con-
forming partition, or mesh, of Q into closed simplices K with size hx = diam(K).
We define h g := max{hx : K € 7}. We denote by T a collection of conforming and
shape regular meshes that are refinements of an initial mesh 9 [14, 22]. We define
.7 as the set of internal interelement boundaries v of 7. For v € ., we define h, as
the length of v. If K € .7, we define .k as the subset of . that contains the sides
of K. For v € ., we denote by N, the subset of .7 that contains the two elements
that have v as a side. For K € .7, we define the stars or patches associated with K:

(23) NK:{K'EQ:YKHYK/#(Z)}, NI*(Z{K/EQKQKI#@}

In an abuse of notation, below we will indistinctively denote by Nk, N}, and N,
either the sets themselves or the union of the elements that comprise them.

Given amesh 7 € T, we denote by V(.7) and P(.7) the finite element spaces that
approximate the velocity field and the pressure, respectively. The following choices
are classical.

(a) The mini element, which is considered in [22, Section 4.2.4] and is defined by

(24) V(7) = {vze€C{Q):VK € 7,vz|k € [W(K)’} N Hy(Q),
(25) P(7) = {az € LHQ)NCQ): VK € T, q7|x € P1(K)},
where W(K) := P1(K) @ B(K) and B(K) denotes the space spanned by a

local bubble function.
(b) The lowest order Taylor-Hood pair [22, Section 4.2.5], which is defined by

(26) V(7) = {vze€CQ):VK € 7,vz|k € [P2(K)]*} NH(Q),
27) P(7) = {az7 € L) NCQ):VK € T,q7|k € P1(K)}.
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We must immediately notice that if w € A, we have that the previously de-
fined spaces are such that: V(.7) ¢ W>°(Q) € Hj(w,Q) and P(F) C L®(Q) C
L?(w,Q)/R. In addition, these pairs of spaces satisfy the following compatibility
condition [21, Theorems 6.2 and 6.4]: There exists 8 > 0 such that

b=(vz,q7
(28)  Blasliewsm < sup 5(v7,47)

" VYqgz €P T).
0#v7EV(T) ||VV9HL2(w¥1,Q) ( )

As a final ingredient, we define the jump or interelement residual of a discrete
tensor valued function wo on an internal side v € . by

(29) wo v]i=wg v + W v g,

where T and v~ denote the unit normals on v pointing towards K+ and K, re-
spectively; KT, K~ € 7 are such that K™ # K~ and KT NOK~ = 7.

5.2. The scheme. Let w € A2(Q) and f € H™!(w, Q). We introduce the follow-
ing discrete approximation of (14): Find (ug,ps) € V(7) x P(7) such that.

(30) a(uz,vz)+b_(vz,ps) +c(luz,uz;vy) +dluz,uz;vy) = (f,vg),
b+(u<7,q9) = 07

for all vy € V() and qz € P(7), respectively.
Let us denote by B~ the discrete version of B induced by the discretization (30).
The results that follow are based on the following assumption.

Assumption 6. The operator B is a bounded linear operator whose inverse B}l
is bounded uniformly over all partitions .7 .

The fact that the operator B}l exists is not an issue. Notice that, since we
are in finite dimensions, the existence and uniqueness of solutions for the discrete
problem (30) are guaranteed by the compatibility condition (28). The main point in
assumption 6 is that B}l satisfies a suitable estimate in terms of the problem data
which is uniform with respect to discretization.

The existence of a unique discrete solution is the content of the following result.

THEOREM 7 (well-posedness for small data). Let Q C R? be a bounded Lipschitz
polytope, and let w € Ax(Q). If £ is such that (20) holds with B~ replaced by Bfl,
then there exists a unique pair (uz,pz) € V(T )xP(T) that solves (30). In addition,
we have the stability estimates

(31) IVuz e < 518 IEla-wa:
(32) Hp<7||L2(w,Q) N HV119HL2(W,Q) + ||Vuﬂ|\%2(w,sz) + ”f”H*l(w,Q)v
where the hidden constant are independent of uz, ps, and f.

Proof. The proof follows from the arguments developed in the proof of Theorem
5. Succinctly, we mention that instead of B~! we use the fact that B}l is bounded
uniformly with respect to discretization. ad

To present the auxiliary estimate of Lemma 8 and the quasi-best approximation
result of Theorem 9, we will operate under the following assumption: Let €2 be a
convex polytope, w € A3(Q2), and (u,p) € H}(w, Q) x L*(w,Q)/R with u solenoidal.
Let (Bzu, Bzp) € V() x P(J) be the Brinkman projection of (u, p), i.e., the pair
(Bgu, Bgp) is such that

(33) a(Bzu,vz)+b_(vay,Bzp) a(u,vz) +b_(vz,p),
b+ (B.?uu qﬂ) = 07
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forall vy € V() and qz € P(Z). Then, we have

(34) IVBzu| 2,0 + |1B7pll 2w S IVUllLzw.o) + 1IpllL2w,0),

where the hidden constant is independent of (u, p), (Bzu, Bsp), and hg. When the
Brinkman operator in (33) is replaced by the Stokes operator, the desired estimate is
available in [21, Theorem 4.1]. We notice that, in view of the arguments developed in
the proof of [21, Theorem 4.1] the only missing ingredient to obtain (34) is the error
estimate [21, estimate (3.9)] for a regularized Green’s function. If this estimate were
available for the Brinkman operator and the considered finite element paris (24)—(25)
and (26)—(27), then the desired estimate (34) would follow immediately.

LEMMA 8 (auxiliary estimate). Let Q C R? be a convex polytope, and let w €
A2(Q). Assume that f is sufficiently small so that (20) holds. Then, we have

(35) [[V(u— Bzu)|L2(w,) + P — Bzpllr2w0)

< inf V(u-— w inf - w, Q)5
nglefb(g)ﬂ (u—waz)llLz ,sz)+q9g7l)(g)||P a7 22(w.0)

where the hidden constant is independent of (u,p), (Bzu, Bzp), and ho.

Proof. The proof is rather standard; it follows, for instance, from the arguments
developed in the proof of [21, Corollary 4.2]. d

Since it will be useful for the analysis that follows, we define, for v € H(w™!, ),
(36) O(u,uz;v) :=c(u,u;v) — c(uz,uz;v) +du,u;v) —d(ug,uz;v).
Notice that ©O(u,ugz;v) = c(u,ey;v) + c(ey, uz;v) + d(u,u;v) — d(ug,uz;v).

We now obtain the following quasi-best approximation result.

THEOREM 9 (quasi-best approximation result). Let Q C R? be a convex polytope,
and let w € A3(QY). Assume that £ is sufficiently small so that problems (14) and (30)
admit a unique solution, with sufficiently small norms. Then, we have the following
quasi-best approximation result:

[V(u—uz)lr2@wa) + P —pP7llr2we)

< i f v - w + i f - w )
S [V(u—wz7)|L2(w,0) i IP—a7lL2(w.0)

where the hidden constant may depend on f and u, but is independent of ho .

Proof. Define ey := Bsu—ugz and €5 := Bgp — po, where (Bzu, Bgp) cor-
responds to the Brinkman projection of (u,p). Invoke the definition of the Brinkman
projection to infer that

aleg,vz)+b_(vay,ez) = —-0O(wuz;vy) Vvz e V(T)
bi(er,q7) = 0 Vazy € P(T).

We now utilize the stability bound (34) of the Brinkman projection to arrive at

(37)

[VellLzwo) + lezllzwe) S (IVullLzw,o) + [Vuzllizwa) [V —uz)llLzew.o)-

This bound and the one in Lemma 8 allow us to arrive at

||V(u_u9)”L2(w,Q) +lp— P3||L2(w,sz) < (||V11||L2(w,sz) + HVu?HL?(w,Q))
A% - w inf V(u— w inf - w,§2)-
[V(a—uz)lLe(w,0) +nger{f(9) V(a—wz)llL2(w.0) +q9g}3(9) IP—azllz2(w.0)
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The desired estimate thus follows from utilizing that ||Vul|p 2,0y and [[Vug||L2(w,0)
are sufficiently small so that the term ||[V(u — uz)|r2(w,0) appearing on the right-
hand side of the previous estimate can be absorbed into the left. This concludes the
proof. 0

6. Finite element approximation: a posteriori error estimates. In this
section, we design and analyze an a posteriori error estimator for the finite-dimensional
approximation (30) of the system (14). To accomplish this task, we will assume that
the external density force f has a particular structure, that is, f := FJ,, where 4,
corresponds to the Dirac delta supported at the interior point z € Q and F € R2. To
handle such a singular forcing term, we consider the weight d defined in (3) with
a € (0,2). We must immediately notice the following two important properties: First,
dF® € Ay and dg € A3(Q). Second, &, € HE(d;,Q)'; see [35, Lemma 7.1.3] and [34,
Remark 21.19].

In what follows, we will assume that F € R? is such that (20) holds. In addition,
we will also assume that F € R? is such that (20) holds with B~! replaced by B'. We
notice that, within this setting, problems (14) and (30) are well-posed; see Theorems
5and 7.

Let us begin our studies by redefining the spaces X and Y as follows: X =
H}(d2, Q) x L3(dg,Q)/R and Y = H}(d;*, Q) x L?(d;*, Q)/R. Let us define the
velocity error e, and the pressure error e, by

(38) ey :=u—ug € Hj(d2,Q), epi=p—pg € L*(dY,Q)/R,

respectively.

6.1. Ritz projection. As an instrumental step to perform a global reliability
analysis, we introduce a suitable Ritz projection (®,1) of the residuals. The pair
(®,1) is defined as the solution to the problem: Find (®,v) € X such that

(Vo, Vv)Lz(Q) = aley,v)+b_(v,ep)+O(u,uz;v) Vve H}(d;“,Q),
(1/}aq)L2(Q) = b+(eu7q) vq € L2(dz_0t?(2)/]R

Here, O(u,uz; V) is defined as in (36).
The following result establishes the well-posedness of problem (39).

(39)

THEOREM 10 (Ritz projection). Problem (39) admits a unique solution (®,1) €
X. In addition, we have the estimate

(40)  [|IV®|L2(de,0) + [[¥llL2@e.0) S [VeullLz@e,0) + llepll L2 o)
+ [ Veullr2@e,0) (IVullLz@e,0) + IVuz|lL2@e.0) »

where the hidden constant is independent of (®,1), (u,p), and (uz,ps).
Proof. We begin the proof by introducing the linear functional & as follows:

(41) & :Hy(d;*, Q) — R, &(v) :=aley,v) +b_(v,ep) + O(u,uz;v).

Let us show that & belongs to H}(d; <, Q). To accomplish this task, we first control
the nonlinear term ©(u, uz;-) defined in (36). Owing to the estimates of Lemma 3,
we obtain the bound

(42) [©(u,uz; ')|‘H[1)(d;o‘7ﬂ)/ < C§%2(1 + O2ﬂ2)||veu”L2(dg,Q)A(uv uz),



12 A. ALLENDES, G. CAMPANA AND E. OTAROLA
where A(u,uz) := ||[Vu|r2(ge,0) + [[Vuz|L2 (e 0)- Consequently,

||®HH(1)(d;°‘,Q)/ < (1 + Ca2)[[VeullLz(ae o) + llepll 24,0
+ CF (14 Coso)|IVeu|L2e oyA(u,uz) =: T(u,uz, p).

Since d2 € A3(Q2) and & € (H}(d,,Q))’, we are thus in position to invoke the results
of [40] to deduce the existence and uniqueness of ® € H{(d2, Q) satisfying the first
equation of problem (39) and the estimate

(43) ||v®||L2(d§‘,Q) S F(uu u.?up)

Finally, since e, € H}(d2, ), by (ey,-) defines a linear and continuous functional in
the space L?(d;“,Q)/R. As a consequence, we deduce the existence and uniqueness
of ¢ € L2(d%, Q) /R satisfying the second equation in (39) and the estimate

(44) 1Vl 2242 ,0) < |div eu|lL2(de,0)-
The desired estimate (40) thus follows from collecting the bounds (43) and (44). This
concludes the proof. 0

6.2. An upper bound for the error. We now prove that the energy norm of
the error can be bounded in terms of the energy norm of the Ritz projection. This
key step will allow us to provide a computable upper bound for the error.

Let us begin by introducing the map § : Hy(d; %, Q) — R as

(45) F(v) = (V®,VV)L2(0) — O(n,uzr;v),

where ©(u,uz;v) is defined in (36). It is clear that, for u and uz given, the map §
is linear. In addition, in view of (42), ¥ satisfies the estimate

(46) ISl 4y =0y < IV®IlL2(ag,0) + Cina(l + Cos2)||VeullLz (g o) Alw, uz),

where A(u,uz) := ||[Vu|r2ge,0) + [[Vuz|lLe e 0)-

Having introduced the linear map §, we observe that, in view of the equations
in problem (39), the pair (ey, ep) can be seen as a solution to the following problem:
Find (ey, ep) € X such that, for every v € H{(d;®,Q) and q € L*(d; %, Q)/R,

(47) aleu, V) +b-(v,ep) =F(v),  bi(ew,q) = (¥,9)12()-
With all these ingredients at hand, we present the following result.

PROPOSITION 11 (upper bound for the error). Let F € R? be such that
(48)  1—CpCi (14 Cosa)(IVullL2g.0) + [[Vuz|Le@g.o) > A >0,
where A < 1. Then, we have the following upper bound for the error (eu,ep):
(49) [VeullL2ae o) + lepllz2@e,0) S IVR[L2@e .0 + 1Yl L2@e.0),

where the hidden constant is independent of (u,p), (uz,pz), and (®,).
Proof. Invoke the estimate in Theorem 2 and the bound (46) to deduce that

[VeullLzg.0) + llepllL2(@e.0) < CB (HSHHé(d;a,g)/ + ||¢|\L2(dg,sz))
<Cs (||V‘I’||L2(dg,ﬂ) +CF 0+ Ca2)||Veul|L2 e ,0)A(u,uz) + H1/)||L2(dza,ﬂ)) .

With this bound at hand, we invoke the smallness assumption (48) to conclude. O
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6.3. A residual-type error estimator. In this section, we introduce an a
posteriori error estimator for the finite element approximation (30) of problem (14)
on the basis of the discrete pairs (V(.7), P(7)) given as in (24)—(25) or (26)—(27).
To present it, we first introduce, for K € .7, the local distance

(50) Dy := max |x — 2.
xeK

We thus define, for K € .7 and v € ., the element residual R and the interelement
residual J, as

(51) R = (Auy—ug—(ug-V)ug—ugdiVuy—|uy|uy—pr)|K.
(52) Iy = [(Vug —psl)-v],

where (uz,pz) denotes the solution to the discrete problem (30) and I € R2?*2
denotes the identity matrix. The jump [(Vug — poI) - v] of the discrete tensor
valued function Vug — pzI is defined as in (29). With Rx and J, at hand, we
define, for a € (0,2) and K € .7, the element error indicator

(53) Ealuz,piK) = (WA DEIRKI a0, + v w3 s

1
2

+hic DT, Rz 000 + i [F2#({z} N K))

For a set E, by #(F) we mean its cardinality. Here, we must recall that we consider
our elements K to be closed sets. The a posteriori error estimator is thus defined as

(54) 5a(uy,py;9) = (Z gi(uy,py;K)> .

Keo

6.4. A quasi-interpolation operator. As it is customary in a posteriori error
analysis, in order to derive reliability properties for a proposed a posteriori error
estimator it is useful to have at hand a suitable quasi-interpolation operator with
optimal approximation properties [53]. We consider the operator I : LY(2) —
V(.7) analyzed in [39]. The construction of Il is inspired in the ideas developed in
[15, 19, 47]: it is built on local averages over stars and thus is well-defined for functions
in L1 (); it also exhibits optimal approximation properties. In what follows, we shall
make use of the following estimates of the local interpolation error [5, 39)].

PROPOSITION 12 (stability and interpolation estimates). Let o € (—2,2) and
K € 7. Then, for every v e HY(df*,N}:), we have the local stability bound

(55) HVH?VHU(d}O‘,K) S ||VV||L2(dzia,N;()
and the interpolation error estimate

(56) HV_HyV”L?(dziQ,K) < hKHVVHL?(dziQ,NI*()'
In addition, if a € (0,2), then we have

(57) ||V—H9VHL2(K) S hKDIE(”vv”L%d;a,NI*()'

The hidden constants in the previous estimates are independent of v, K, and 7.
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Proof. See [5, Proposition 4]. O

PROPOSITION 13 (trace interpolation estimate). Let a € (0,2), K € , v C Yk,
and v € HY(d,; %, N}.). Then we have the following interpolation error estimate

~

1 3
(58) IV =T15V]ee(r) S i DEIVVIpas ps )

where the hidden constant is independent of v, K, and the mesh 7.
Proof. See [5, Proposition 5]. O

6.5. Reliablity. In what follows, we obtain a global reliability property for the
a posteriori error estimator &, defined in (54).

THEOREM 14 (global reliability). Let o € (0,2), (u,p) € H}(dy, Q)x L*(d2, Q)/R
be the solution to the continuous problem (14), and (ug,pz) € V() x P(T) be
its finite element approzimation obtained as the solution to (30). Assume that the
intensity of the forcing term F is sufficiently small so that (48) holds. Then

(59) [VeullLze,0) + llepllz2@e.0) S Ealuz, pa; 7),

where the hidden constant is independent of (u,p) and (ug,ps), the size of the ele-
ments in the mesh 7, and #.7 .

Proof. To provide the computable upper bound (59), we will utilize the fact that
the energy norm of the error can be bounded in terms of the energy norm of the Ritz
projection and proceed in three steps.

Step 1: Let v € H}(d2, Q) be arbitrary. We utilize the first equation of problems
(39) and (14) to conclude that

(60) (V®,VV)L2q) = (Fdz, v) — Z / (Vug :Vv+4ug v
Keg 'K

—uzy ®@ug :Vv+|uzluz v —pzdivv).

Applying a standard integration by parts argument, on the basis of the fact that, for
yeZ, ([ug ®ug -v],v)r2¢y) =0, yields the identity

(61) (V‘I’,VV)Lz(Q) = <F5Z,V> + Z /j'y -V + Z /KRK - V.

yes Y Keo

We recall that the element residual Rx and the interelement residual 7, are defined
as in (51) and (52), respectively.
Let us now observe that, for every (vo,qz) € V() x P(7), we have

(Foy,vz) —alug,vy) —b_(va,p7) —cluz,uz;vy) —dluzy,uz;vy) =0,

which follows from rewriting the first equation in (30). Set vy = Ilzv into the
previous relation, apply again an integration by parts formula, and invoke the relation
(61) to arrive at

(62) (V®,VV)Lo(q) = (Fo,,v—Tov)+ Y | Ri-(v—TIzv)
Keg 'K

+ > [ Fy(v—Tgv) =T+ +1IL
yes v
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In what follows, we control the terms I, II, and III following the arguments de-
veloped in [6]. Let us begin with the control of the term I. To accomplish this task,
we invoke the local bound of [2, Theorem 4.7], the interpolation error estimate (56),
and the stability bound (55) as follows: If K € .7 is such that z € K, then

a_q a
I S|F (hﬁ [v— HﬂVH}ﬂ(d;a,K) +hi|V(v - Hﬁv)”m(d;a,K))
S |F|hl_2(||vvl|L2(d;a,N;()'

To bound the terms II and III, we invoke Holder’s inequality and the interpolation
error estimates (57) and (58) to obtain

5 Z hKD?(HRKHL%K)HVVHU(d;a,N;()v
KeT

< 3 DT o) 9V ez s
yES

Having bounded the terms I, II, and III, we invoke the inf-sup condition (16) and
the identity (62) to obtain an estimate for ||[V®||p2(go q):

(V®,Vv)
(63) HV(I)”%,?(dg,Q) N [ sup IN2d
0£AveEH(d *,Q) L2(d; *,Q)

S > (DT e omrom + W D IRk e ) + B IFIP# ({2} N K)))
Keog

upon utilizing a finite overlapping property of stars, which guarantees that

2
Z HVVHL2(C| “NE ] SVl re o)
Keo

Consequently, we have [|[V®||L2ge,0) S Ea(ug,pr; 7).

Step 2: Let v € L%(dg, Q). A basic computation reveals that the function ¢ :=
doyp € L3(d;*, Q). Deﬁne q = 4+ ¢, where ¢ € R is such that ¢ € L?*(d;,Q)/R.
Setting ¢ in the second equation of problem (39) yields

190172400y = (Vs @) L2(0) = b4-(€u,q)
=bi(ew,dz) = —bi(ug,d;v) < |[|div ug| p2e,0)ll¥lL2@e,0)

upon utilizing that [, ¢ =0 and [, div ey, = 0. We have thus obtained the estimate
Y]l 2(g,0) < 1div uz |24,

Step 3: The desired estimate (59) thus follows from (49) and the estimates derived
in steps 1 and 2. This concludes the proof. a

6.6. Local efficiency bounds. To derive efficiency bounds for the local indica-
tor Ey(ug, pa; K), defined in (53), we utilize standard residual estimation techniques
but on the basis of suitable bubble functions, whose construction we owe to [2].

Given K € 7, we introduce an element bubble function ¢y which satisfies the
following properties: 0 < pr <1,

(64) ox(@) =0, |K|< /K ore | Vor e < b
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and there exists a simplex K* C K such that Ry := supp(¢x) C K*. Notice that,
since @k satisfies (64), we have the bound

1
(65) 101z2(ri) S lek0ll2(ry) V0 € Ps(Ri).

Second, given vy € ., we introduce a bubble function ., that satisfies the follow-
ing properties: 0 < ¢, <1,

(66) ¢~ (2) =0, |7|5/%= IVeoy Lo (r,) S 57
v

and R, := supp(p) is such that, if N, = {K, K'}, there are simplices K, C K and
K| C K' such that R, C K,UK, C KUK'.

The following estimates are instrumental in the efficiency analysis that we will
perform.

PROPOSITION 15 (estimates for bubble functions). Let K € Z and @k be the
bubble function that satisfies (64). If a € (0,2), then

(67) helV Ok )@y k) S D 102y V0 € Ps(K).

Let v € .7 and ¢., be the bubble function that satisfies (66). If a € (0,2), then

1 _a
(68) WAV (0o )llezn ney S Dt 16llzacyy V8 € Pa(),

where 0 is extended to the elements that comprise Ny as a constant along the direction
normal to ~.

Proof. See [2, Lemma 5.2]. 0
We are now ready to derive efficiency properties for the local error indicator
Ea(ug,pz; K) defined in (53).

THEOREM 16 (local efficiency). Let (u,p) € H{(d2, Q) x L?(d2,Q)/R be the
solution to the continuous problem (14), and let (ug,pz) € V(T )xP(T) be its finite
element approzimation obtained as the solution to (30). Assume that the intensity of
the forcing term F is sufficiently small so that (48) holds. Then

(69) Ealuz, py;K)2 S ||veu||i2(dg,/\/;<) + ||€p||2L2(dza,/\/K) + h%{”‘au”i?(dg,/\&()
) eulge e+ S B DRl s — T (jufus) 2,
K'eN}
where N is defined in (23), Ik is the orthogonal projection operator onto [Po(K)]?,
and the hidden constant is independent of (u,p) and (ug,pz), the size of the elements
in the mesh &, and #7 .

Proof. We estimate each contribution in (53) separately. We proceed in five steps.
Step 1: We begin the proof by bounding, for K € .7, the term h%(D?(HRKH%z(K).
To accomplish this task, we define

7?,}( = (Aug —ug — (uy : V)ug - ugdiv ug — HK(|u,9|ug) - Vpg)h(.

Notice that R = Rx + luz|ugy —Ik(Jluz|ug). A simple application of the triangle
inequality yields a first estimate for [| Rz |r2(x):

(70)  Rklla) < IRk lLzx) + Mk (luzluz) — luzlugllia .
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It thus suffices to control ||7~3K||L2(K)- To do this, we define ¢y := ¢xRi, and
observe that (65) guarantees the bound

(71) 1Rl S / RacPox = / R - by
Ry K

Let us now utilize that ¢ (z) = 0 to immediately deduce the relations ¢ (z) =
¢r(z)RK(z) = 0. We thus set v = ¢y as a test function in identity (61) and utilize
that ¢y |, = 0, for every v € Sk, to arrive at

(72) /Kﬁxwﬁxz(V<I>,V¢K)L2<Q>+/}<(Iu,9IUy—HK(Iuﬂlu,9))~¢K-

We now control |(V®, V)12 (k)| To accomplish this task, we set v = ¢ as a test
function in the first equation of problem (39) and utilize the property supp ¢ C K
and Holder’s inequality to obtain the bound

(73) [(V®, Vi) )| < [VeullLzag, i) [VOk L2z k)

+ Heu”L?(dg,K)||¢K|‘L2(d;a,1<) + ”epHL?(dg,K)|‘V¢K|‘L2(d;a,1{) + ||euHL4(dg<,K)
g, + sl 0] 1965 luwse 0 + 10k Lm0 -

We now notice that, in view of [24, Theorem 1.3], we have the bounds: [|u([p1(ge,x) S
[VullL2(ge,0) and [[uz||Li@e, &) < [IVUz|lL2(@g,0)- On the other hand, the estimate
(67) and the estimate (5.6) in [2] allow us to conclude

||V¢K||L2(d;°‘,K) N hz}lDz_f ||7éK||L2(K)a ||¢K||L2(d;°‘,K) S Dl_(iH,}iKHL%K)v

respectively. With these bounds at hand, estimates (71) and (73) combined with the
the relation (72) and the smallness assumption (48) allow us to deduce the local a
posteriori bound

(74) W DRk i2x) S IIVeullfee, k) + lepll7zs x)
+h%(|‘eu||i2(dg,l<)+(1+h%()”eu”i4(dg,K)+h%( ?(|||u9|u9—HK(|U3|U9)H%2(K)-

The desired estimate for the term h%(D?(HRKH%Z(K) thus follows from (70) and (74).

Step 2: Let K € 7 and v € k. In what follows we bound hx D% || 7, |Fz .- To
accomplish this task, we proceed by using similar arguments to the ones that lead to
(74) but now utilizing the bubble function ¢. Define the function A, = ¢, 7, where
Jy and ¢, are defined in (52) and (66), respectively. We utilize the construction of
the bubble function ¢~ to deduce the bound

(75) 10 S [ 1P = [ Ao
Y Y

Now, set v = A, in the identity (61) and use that A,(z) = 0 and that supp(A.,) C
R, =supp(py) C K, UK, C U{K': K' € N, } to arrive at

(76) /Jw-sz(V@,VAW)p(Q)— > Rrc - A,
v K'eN, I K

+ Z / (luglugy — g/ (jluzjuz)) - A,.

Kl
K'eN,
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In view of this identity, similar arguments to those developed to obtain (73) yield

(77) /j7~A7 <|(V®,VA,)L2v)|
Y
+ 3 (IRiclleuen + il s = T (usfus) e ) 185l
K'eN,

N Z (HveUHLZ(dg,K’) + HepHLQ(dg,K’))HVA'yHL2(d;a7K/) + ”eUHL?(dg,K’)
K'eN,

A g e, + lealleg, iy (1A lgase sy + 1A g e i)

+ 3 (IReleien + s ug = T (b)) 1Ay oo
K'eN,

The terms [[VA,[[p2(g-e gy and | Ay [z o gy can be controlled in view of (68) and
[2, estimate (5.8)], respectively. In fact, we have

1l _a 1 —a
(78) HVA’YHL2(d;O‘,K’) S hi? D? 1 T3l HAW”L%d;"‘,K/) S hie D2 |51 )

1
We also observe that [|Ay||L2(x) = K|z ||~ 2 A5 ]|L2(y) = A | AS |lL2(4), as a con-
sequence of |K’| &~ h%,, |y| ~ hk+, and standard arguments. With these ingredients
at hand, the inequalities in (77) allow us to arrive at

_1 _a
/j”'A75 Y (IVeullae, iy + llepllzag 1) hi? Dic? | AsllLe )
v K'eN,

1 _1 1 _a
+ Z [||euHL2(dg,K’)h}2</ + [leullLa g, &y (g7 + hf«)} D7 | Ay L2y
K'eN,

1 ~
+ Y hi IRk ey + ug ey = i (jugfug) e o) 1A, e
K'eN,

The desired control for the term h KD?(HJVH%Z( follows from replacing the previous

estimate in (75):

7)

(79) A DENT T2y S D ('veu'i(dg,K’)+||eP”2L2(dg,K’) + hiclleallfz e, o
K'eN,

+ (14 hio)llewllfae, k) + hi D llluzlug — HK’(|u<7|u9)|i2(K’)>'

Step 3: Let K € 7. The control of ||div uz| 2o k) follows easily from the
mass conservation equation div u = 0. In fact,

(80) [|div 119||L2(dg,1<) = ||div eUHL2(dg,K) S HveuHL2(dg,K)-

Step 4: Let K € 7. We now control the term associated with the singular source
0. Let us first notice that if K N {z} = @, then the desired estimate (69) follows
directly from the estimates derived in the previous three steps. If, on the other hand,
K N {z} = {z}, we must obtain a bound for h%|F|? in (53). To accomplish this task,
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we invoke the smooth function p introduced in the proof of [2, Theorem 5.3], which
is such that

(81)  p(z) =1, 12l oo () = 1, [VnllLe@) < hE supp(p) C N

With p at hand, we define v, := Fu € H}(d;®, Q). Let us now invoke the fact that
(u,p) and (®, 1)) solve problems (14) and (39), respectively, to obtain

(82) |F|2 = <F5Za V;L> = a(u, V,u) +0- (Vua p) + C(u, u; V,u) + d(ua u; Vu)
=(V®,Vv,)L2 ) +a(uz,vy) +b_(vy,pz) +clug,uz;v,) +dlug,uz;v,).

Since supp(p) C N}, similar arguments to the ones utilized to obtain (73) yields
(83) (V8,9 )u] S leullasni Value -
+ [Hveu”L?(dg,N,’;) + ||€P||L2(dg,./\/}*()} ||VVu||L2(d;a,N;)
leales vz [I9VillLagar= g + IVallgs@se ) -

In view of the identity (82), the bound (83), and basic estimates on the basis of an
integrations by parts arguments, we obtain

P2 5 [IVeulluagaz + lepllaag az | 19V lpaaze arg) + leulluag Az
MVallgs@ze v + leallse g 19Vl e ag) + Wallgs@ze ]
Y (IRl + llluslusy - M (g us) e ) 1Valuee)

K'eT:K'CN},
+ > Yo 1T e Vallee)-
K'€eT:K'CN} veSL 1 v ONK

We now use the estimates

w2

1 1—
Il S hE Milizovg) S hres Iillpase py S e

and [|Vpllpeg-o ney S hl_(% together with the fact that, since z € K, we have that
z Vi
hix =~ Dg, to conclude that

(84) [FP S hy? |F [HVeun%z(dg,N,w||ep||%z<dg,N;;> + BlleallZa g )

1 k<%
> > hEDE|T e

K'eT:K'CN}, yeSL v ONG:

1

2 a
0 ealag |+ E

+ Z hK’D?{/ (Hﬁ,K/HLz(K/)+|||u9|uy—HK/(|uy|uy)|L2(K/))].
K'e7:K'CN}:

Replacing the estimates (74) and (79) in the previous bound allows us to conclude.
Step 5: Collect the estimates derived in the previous steps, i.e., estimates (74),

(79), (80) and (84) to arrive at the desired local efficiency estimate (69). This con-

cludes the proof. a



20 A. ALLENDES, G. CAMPANA AND E. OTAROLA

7. Numerical experiments. In this section, we present a series of numerical
examples that illustrate the performance of the devised error estimator &,.

The numerical examples that will be presented have been carried out with the
help of a code that we implemented using C++. All matrices have been assembled
exactly, and the global linear systems were solved using the multifrontal massively
parallel sparse direct solver (MUMPS) [7, 8]. The right-hand sides, local indicators,
and the error estimator were computed by a quadrature formula which is exact for
polynomials of degree 19. To visualize finite element approximations, we have used
the open-source application ParaView [3, 9].

For a given partition 7, we solve the discrete system (30), within the Taylor—
Hood discrete setting (26)—(27), with the help of the iterative strategy described in
Algorithm 1. Once a discrete solution is obtained, we compute, for each K € .7, the
local error indicator £, (ug, pa; K), defined in (53), to drive the adaptive procedure
described in Algorithm 2. A sequence of adaptively refined meshes is thus generated
from the initial meshes shown in Figure 1.

(A1) (A.2) (A.3)
FIG. 1. The initial meshes used in the adaptive algorithm, Algorithm 2, when (A.1) Q = (0,1)2,
(A.2) Q= (—=1,1)2\[0,1) x (=1,0], and (A.3) Q = ((—1.5,1.5) x (0,1)) U ((—0.5,0.5) x (=2, 1)).

Finally, we define the total number of degrees of freedom as Ndof := dim V() +
dim P(7).

Algorithm 1 Iterative Scheme.

Input: Initial guess (u%,p%) € V(7) x P(7), interior point z € Q, F € R?, and
tol=10"8. Set i=1;

1: Find (u'y,p’y) € V(7) x P(7) such that

a(u’y,vz) +b_(vz,ply) + cul upsve) +dul s ve) = (Fog,va),
b+ (ulga q?) = Oa

for all v € V() and q7 € P(.7), respectively.
2: If |(uly,p'y) — (u',p5 ") > tol, set i < i+ 1 and go to step 1. Otherwise,
return (uz,ps) = (u'y,p’y). Here, |- | denotes the Euclidean norm.

7.1. Convex and non-convex domains. We explore the performance of the
devised a posteriori error estimator in problems with homogeneous Dirichlet boundary
conditions on convex and non-convex domains.

7.1.1. Convex domain. Let Q@ = (0,1)?, z = (0.5,0.5)", and F = (1,1)".
We explore the performance of the a posteriori error estimator £, (uz, pz;.7) when
driving the adaptive procedure of Algorithm 2. In particular, we investigate the
effect of varying the exponent « in the Muckenhoupt weight. To accomplish this task,

we consider a = {0.25,0.5,0.75,1.0,1.25, 1.5, 1.75}.
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Algorithm 2 Adaptive Algorithm.

Input: Initial mesh %, interior point z € 2, « € (0,2), and F € R?;

1: Solve the discrete problem (30) by using Algorithm 1;

2: For each K € .7 compute the local error indicator £,(ug, ps; K) defined in (53);
3: Mark an element K € .7 for refinement if;

1 /
Ea(uz,p7; K) > 55}@@%@9&9% );

4: From step 3, construct a new mesh, using a longest edge bisection algorithm. Set
1< 1+ 1 and go to step 1.

In Figure 2, we report the results obtained for Example 1. We observe that the
devised a posteriori error estimator £, attains optimal experimental rates of conver-
gence for all the values of the parameter o that we have considered. We also observe
that most of the refinement is concentrated around the singular source point.

Ea(ug,pr; T)

(B.2) (B.3) (B.4)

Fi1c. 2. Ezample 1: Ezperimental rates of convergence for the error estimator Ea(ug,pa; T)
considering « € {0.25,0.5,0.75,1.0,1.25,1.5,1.75} (B.1) and the meshes obtained after 20 adaptive
refinements for o = 0.5 (156 elements and 85 vertices) (B.2); oo = 1.0 (192 elements and 105
vertices) (B.3); and a = 1.5 (804 elements and 167 vertices) (B.4).

7.1.2. Non-convex domain. Let Q = (—1,1)2\[0,1) x (—1,0] and F = (1,1)T.

In Figure 3, we report the results obtained for Example 2. We observe that opti-
mal experimental rates of convergence are attained for all the values of the parameter
a that we have considered: a € {0.25,0.5,0.75,1.0,1.25,1.5,1.75}. We also observe
that most of the refinement is concentrated around the singular source point and that
the geometric singularity is rapidly noticed for values of o such that a > 1.

7.2. A series of Dirac delta points. We consider = ((—1.5,1.5) x (0,1)) U
((—0.5,0.5)x (=2, 1)) and go beyond the present theory and consider nonhomogeneous
Dirichlet boundary conditions and a series of Dirac delta sources on the right-hand
side of the momentum equation:

(85) —Au+(u~V)u—|—|u|u—|—u—|—Vp:ZFZ(SZ in Q,
zEZ

where Z C ) denotes a finite set with cardinality #2Z > 1 and {Fy},cz C R% In
particular, we consider F, = (1,1)7 for all z € Z. Let us introduce the weight

dy, JzeZ: |x—z < 4z,
o) = { =2l < 5

(86) 1, |x—z|2d73,Vz€Z,
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Ea(ug,pr; T)

=]
(IR ’
T oo
s [t 1]

102 10° 104
(B.1) (B.2) (B.3) (B.4)

Fi1c. 3. Ezample 2: Ezxperimental rates of convergence for the error estimator Ea(ug,pa; T)
considering « € {0.25,0.5,0.75,1.0,1.25,1.5,1.75} (B.1) and the meshes obtained after 40 adaptive
refinements for o = 0.5 (534 elements and 280 vertices) (B.2); a = 1.0 (1917 elements and 994
vertices) (B.3); and a = 1.5 (2401 elements and 1247 vertices) (B.4).

w = (0,0)"
Z1
w=(y(1 —y), 0T o w=(y(1 —v), 0T
w = (0,0)" w = (0,0)T
Z2
wu=0T ° w=(0,0T
w = (0,0)T

Fic. 4. Ezample 3: T-shaped domain with Dirac delta source points located at z1 = (0,0.5)
and z2 = (0, —1).

where dz = min{dist(Z,9Q), min{|z — 2’| : 2,2’ € Z,z # z'}}. With this weight at
hand, we modify the definition of the spaces X and ) as follows:

X =Hj(p, Q) x L*(p,)\R,  Y=Hy(p ", Q) x L*(p~", Q) \R.

It can be proved that the weight p belongs to the Muckenhoupt class As (see [4, Theo-
rem 6]) and to the restricted class A2(Q2). Define Dk z := minge z {maxxex |x — z|}.
We thus propose the following a posteriori error estimator when the Taylor-Hood
scheme is considered:

(87) Da(ugz,pz; 7) = | Y Diluz,priK)| |
Keo7

where the local errors indicators are such that

(83) Di(uz,pz; K):=hi Dy | Riclizx) + hi Dk 2l T4 |20k 00)

Hlldiv uzlFem. + D> hilFal®.
z€ ZNK

In Figure 5, we report the results obtained for Example 3. We present the adaptive
mesh obtained after 60 adaptive iterations, the streamlines associated with the velocity
field u s, pressure contours, and velocity and pressure elevations. It can be observed
that the devised a posteriori error estimator attains an optimal experimental rate
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of convergence and that most of the refinement is concentrated around the singular
sources and the involved geometric singularities.

Do(ug,pg;T)

(C.2) (C.3)

(C.4) (C.5) (C.6)

Fi1c. 5. Ezample 3: Ezperimental rates of convergence for the error estimator D1.o(ug,pa; T)
(C.1); the mesh obtained after 60 adaptive refinements (4378 elements and 2263 vertices) (C.2);
streamlines for lug| (C.8); elevation for |ug| (C.4); pressure contour (C.5); and elevation for the
pressure pg (C.6).
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