AN OPTIMAL ADAPTIVE FINITE ELEMENT METHOD FOR THE
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Abstract. A new adaptive finite element method for solving the Stokes equations is developed,
which is shown to converge with the best possible rate. The method consists of 3 nested loops. The
outmost loop consists of an adaptive finite element method for solving the pressure from the (elliptic)
Schur complement system that arises by eliminating the velocity. Each of the arising finite element
problems is a Stokes-type problem, with the pressure being sought in the current trial space and the
divergence-free constraint being reduced to orthogonality of the divergence to this trial space. Such
a problem is still continuous in the velocity field. In the middle loop, its solution is approximated
using the Uzawa scheme. In the inmost loop, the solution of the elliptic system for the velocity field
that has to be solved in each Uzawa iteration is approximated by an adaptive finite element method.
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1. Introduction. Often the solution of a boundary value problem exhibits sin-
gularities, e.g., due to a non-smooth boundary. Then, because of the lacking (Sobolev)
smoothness of the solution, finite element methods based on quasi-uniform partitions
converge with a rate that is smaller than is allowed by the polynomial degree that is
applied. This can be repaired when suitable refinements are made near those singu-
larities. The optimal size of the elements as function of the distance to a singularity
depends on the strength of the singularity, which is generally unknown.

With adaptive finite element methods (AFEMs), a sequence of nested partitions
is created, where, when creating the next partition, the decision where to refine is
made on basis of an a posteriori estimator of the error in the current finite element
approximation. Although being successfully in use for more than 25 years, in more
than one space dimension, even for second order elliptic equations, their convergence
was not shown before the works of Dérfler ([D6r96]) and that of Morin, Nochetto
and Siebert ([MNS00]). Convergence alone, however, does not show that the use
of an adaptive method for a solution that has singularities improves upon, or even
competes with that of a non-adaptive one. Recently, after the derivation of such a
result by Binev, Dahmen and DeVore ([BDD04]) for an AFEM extended with a so-
called coarsening or derefinement routine, in [Ste06b] we could prove that standard
AFEMs converge with the best possible rate in linear complexity. So this rate is equal
to that of finite element approximations with respect to the sequence over N € N of
the best partitions with N elements.

In this paper, as a model saddle point problem, we consider the Stokes equations

—Au+Vp = f onQCRY
divu = 0 on €,
u 0 on 09.
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(Although, in this introduction, we write equations in strong form, actually we always
mean the corresponding variational formulations). In [DDU02], Dahlke, Dahmen and
Urban analyzed an adaptive wavelet method for solving these equations. The starting
point was the application of the Uzawa iteration on the continuous level, i.e., given
some pg, to compute for 7 =0,1,...

—-Aujy; = £-Vp; onQ o i
{ u =0 on 00 [’ Pi+1 = Py — divuy.

Of course, this iteration cannot be performed exactly, and in each iteration the
solution of the elliptic system was approximated using an adaptive wavelet method
within decreasing tolerances as the iteration proceeds. Convergence was shown, and
by the inclusion of coarsening steps, even optimal rates and linear complexity were
demonstrated. Since nowhere Galerkin discretizations were formed of the mixed prob-
lem, the so-called LBB stability was not required.

In [BMNO2], Bénsch, Morin and Nochetto studied above solution method with
the adaptive wavelet method replaced by an AFEM. They proved convergence, and
despite of the fact that they did not include coarsening, in numerical experiments
they observed optimal rates, at least when the elliptic problems were solved not too
accurately. When prescribing an a priori tolerance of the form 47 in the jth iteration,
it was needed to take v in the range [~ .95,1). By the addition of coarsening to this
method, in [Kon06] optimal computational complexity was demonstrated.

When starting this work, our aim was to prove optimal computational complexity
of basically the method from [BMNO2], so without coarsening. For a reason that will
be indicated later (in Remark 6.8), we didn’t succeed to do this. Instead, for a some-
what more complicated algorithm involving an additional outer loop, we will prove
optimal rates, and under some mild assumption (Assumption 6.4), also optimal com-
putational complexity. Below we briefly describe the loops of our algorithm starting
from the outmost one.

The pressure p can be found as the solution of the Schur complement equation that
one obtains by eliminating the velocity u from the Stokes equations. This equation is
elliptic, with corresponding energy norm equivalent to the Ly (2)-norm. Given a finite
element space P,,, where o; denotes the underlying finite element partition, the best
approximation from this space to p with respect to this energy norm is the Galerkin
solution p; € P,,. With Q,, denoting the La(§2)-orthogonal projection onto P,,, this
p; can be shown to be the unique solution of

—Au® +Vp, = f onQ,

Qo divu® 0 on(,
u® = 0 ondQ,

i.e., the Stokes equations in which the divergence-free condition has been relaxed. We
refer to this system as the reduced Stokes equations.

Concerning u”, this is still a problem posed over an infinite dimensional space,
but for the moment let us assume that we can solve it exactly, or more precisely, with
a sufficient accuracy. The energy norm of p — p; can be shown to be equivalent to
the a posteriori error estimator ||diva® | Lo(0)- Furthermore, for any refined partition
oi+1, the energy norm of p; 41 —p; is equivalent to [|Q,, , ,divu® | Lo (0). Now following
the lines of [D6r96, MNS0OQ] for Poisson type problems, if, for some 6 € (0,1], 041
is selected such that ||Qq,.,diva ||z, > 0[|divu®||;,q) (“bulk criterion”), then
the so-called saturation property is guaranteed, and a linearly convergent sequence
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(pi)i towards p is obtained. Moreover, if, depending on the efficiency index of this a
posteriori error estimator, 6 is small enough, and ;41 is selected with quasi minimal
cardinality, then following the lines of [Ste06b], we can show convergence of this
adaptive finite element method with optimal rate.

Compared to the adaptive methods for Poisson type problems, a complication
is that to find such a 041, it is generally not sufficient to search it within the set
of partitions that can be created by refining each element of o; only a small, fixed
number of times. For our theoretical considerations, we studied the adaptive tree
algorithms by Binev and DeVore from [BD04], whereas in our experiments actually
we relied on the easy implementable greedy approach.

For solving the reduced Stokes problem for given i, we follow the approach from
[BMNO2] for the full Stokes problem. That is, we apply Uzawa, where the pressure

update then reads as pﬁl = pg-i) — Qo divugi), and where we solve the inner elliptic

systems fAugi_zl =f- Vpgi) on 2, u = 0 on 01, with a standard AFEM. Know-
)

ing that pjZ € P,,, and having already control over #o;, we are now able to prove
also optimal rates of the velocity approximations towards u. Note that other than
in [BMNO02], we have two different partitions underlying pressure and velocity ap-
proximations. Throughout the algorithm, both partitions become increasingly more
refined, i.e., no derefinements are made.

This paper is organized as follows: In Section 2, we recall some properties of the
Stokes problem. In Section 3, we define the finite element spaces that we will use. We
give some properties of a procedure for refining partitions, which is a generalization
to arbitrary space dimensions of the newest vertex bisection method in two space
dimensions. An overview of the solution method will be given in Section 4. In
Section 5, a posteriori error estimators are derived for the various problems that occur
in our solution method. In Section 6, the adaptive refinement routines for pressure
and velocity partitions are given. In Section 7, we give the detailed description of
the adaptive method in the simplified situation that the right-hand side f is piecewise
polynomial with respect to the initial partition. We prove convergence with the
optimal rates. In this section, we assume that the arising finite dimensional linear
systems are solved exactly, ignoring the question of computational complexity. In
Section 8, we give the method for general right-hand sides, and replace the direct
solvers by iterative solution methods, with which we end up with a method of optimal
computational complexity. Finally, in Section 9, we present numerical results, and
compare them with those obtained with the method from [BMNO02]. As we will see,
in this example both methods give similar results.

In this paper, by C < D we will mean that C' can be bounded by a multiple of
D, independently of parameters which C' and D may depend on. Obviously, C = D
is defined as D < C,and C = D as C < D and C 2 D.

2. Stokes problem. Let Q be a polygonal domain in R%. We consider the
Stokes problem in variational form: With

V= H(Q)Y, P:=Lyo(Q) :={q€ La(N) : / q =0},

and given an f € V', throughout this paper u € V (the velocity) and p € P (the
pressure) will denote the solutions of

U

(2.1) ‘a(mv) +0(v,p) +b(u,q) =£f(v), (veV,qgeP)
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where ¢ : VXV — R, b:V xP— R are defined by

a(w,v) = / Vw: Vv, b(v,q):= f/ qdivv.
Q

Q

It is well-known that
1
[vllv = a(v,v)2 = vz, (veEV),

b is bounded, and

(2.2) B:i= inf bv. 9)

sup ——2Y S g,
0£a€P oxvev VIVl o)

As a consequence, the Stokes problem is well-posed, meaning that

a(w,v)+b(v,r) + b(w,
@23) Wiy + il = sup AWV EIMDHIWG) oy ey,

0#£(v,q)EVXP [vilv + llgll L.
Remark 2.1. Since a(-,-) is elliptic on the whole of V instead of only on the space
of the divergence free velocities, clearly the Stokes problem (2.1) with P replaced by
any subspace is also well-posed, uniformly in the choice of such a subspace.
Defining A : V-V,  B:V - P and B : P — V' by (Av)(w) = a(v,w),
(Bv)(q) = b(v,q) = (B'q)(v), the problem (2.1) can be equivalently written as

A B u| | f
B 0 p| |0}
and, with the Schur complement S := BA~'B’, p is also uniquely determined by

Sp=DBA™lf.

2 1
LemMA 2.2 (Sq)(q) = Oiupvlff(vv’?ﬁ), and ||qlle == (S9)(0)2 ~ ll4llr.) (@ €P).
ve

Proof. With (,) = (, )y (or (,) =a(,)), let R:V — V' be the mapping
such that g(v) = (v,Rg) (v eV, g€ V). Writing B’ = RB’, A = RA, we have

b(v,q)? (B'q)(v)? (v, B'q)? (w, A2 B'q)?

= L = = su
ozvev a(V, V) ozvev (AV)(V)  ozvev (v, Av) o;éwzw (w, w)

= (A"2B'q,A"3B'q) = (A"'B'q,RB'q) = (Sq)(q) (g € P).

The second statement follows from the ellipticity of a, the boundedness of b, and (2.2).
a

For g € V', we set ||g|lv = S %. Equipped with norms | - ||y and
I - |, respectively, A : V — V’ is an isomorphism.

Functions g € Ly(0)? will be interpreted as functionals by means of g(v) :=
Jog-v.

3. Finite element approximation. Given some fixed m € N, and partitions
7 and o of Q2 into essentially disjoint (closed) d-simplices, we will search approxima-
tions for u and p from the finite element spaces

Vo=V [] Pu(@)? and Py :=Pn0 [] Pua(T),

Ter Teco



respectively. For doing so, furthermore we will approximate the right-hand side f by
functions from

V=[] Pna (D)™
Ter

At any moment in our algorithm we will have that 7 O o, meaning that 7 = o or that
it is a proper refinement of o. Note that (V,,P;) is not an LBB stable pair.

Sometimes, we will view V and P formally as finite element spaces corresponding
to the infinitely fine partition oo, and denote them as V., and P, respectively.

Remark 3.1. The fact that the approximate pressure is a piecewise polynomial
of degree not larger than m — 1 will only be used in the forthcoming Proposition 5.2.
It is most likely that also there higher degree polynomials can be permitted at the
expense of having a more complicated refinement rule for the velocity partitions (it
will be needed to create more interior vertices, cf. Figure 5.1). On the other hand, at
least for our analysis, it will be essential that P, D divV, (cf. Remark 6.1).

We will exclusively consider partitions that can be created by a certain recursive
bisection procedure starting from some fixed conforming initial partition 79. The
procedure we consider is a generalization to any space dimension of the well-known
newest vertex bisection rule in two space dimensions (cf. [Mit89]). Here we recall a
few properties of this generalized newest vertex bisection method that are relevant for
the current exposition, and refer to [Ste06a] for a complete description of the method.

The way of bisecting any simplex in any partition that can be created by the
method is uniquely determined. It only depends on a local numbering of the vertices
of the simplices in the initial partition 79. As a consequence, any partition can be
represented by a subtree of the infinite binary tree having as roots the simplices of
70, and in which the parent-children relation corresponds to the unique bisection of
the parent. The partitions that can be created are uniformly shape regular, only
dependent on .

For applying a posteriori error estimators, we will need that the partitions 7
underlying the velocity approximation spaces V., are conforming. So in the following
7, 7', T etc. will always denote conforming partitions.

Bisecting one or more simplices in a conforming partition 7 generally results in a
non-conforming partition p. Conformity has to be restored by (recursively) bisecting
any simplex T € ¢ that contains a vertex v of a T’ € g that does not coincides with
any vertex of T' (such a v is called a hanging vertex). This process, called completion,
results into the smallest conforming refinement of p.

Our adaptive method will be of the following form
forj:=1to M
do create some, possibly non-conforming refinement o; of T;_1

complete p; to its smallest conforming refinement 7;
endfor

As we will see, we will be able to bound ij\il #0; — #7j—1. Because of the
additional bisections made in the completion steps, however, generally #7a; —#719 will
be larger. The following crucial result shows that these additional bisections inflate
the total number of simplices by at most an absolute constant factor. It is valid with
a proper local numbering of the vertices of the simplices in the initial partition 79,
which we will assume in the following. In two dimensions such a numbering exists for
any conforming partition. In more than two dimensions, it always exists after some



initial refinement that inflates the number of simplices by not more than a constant
factor.
THEOREM 3.2 ([Ste06a], generalizes upon [BDDO04, Theorem 2.4] for d = 2).

M
#rar — #10 S Y H#oj — #7j1,

Jj=1

only dependent on 1y, and in particular thus independent of M.

Remark 3.3. Note that this result in particular implies that any descendant ¢ of
7o has a conforming refinement 7 with #7 < #p, only dependent on 79 and d.

We end this section by introducing a few more notations. The smallest partition
that is a refinement of partitions o7 and g9, i.e., their smallest common refinement,
will be denoted as g1 U g2. For a partition 7 (thus a conforming one), E, will denote
the set of all internal (d — 1)-dimensional hyperfaces in 7. For T € 7, F.(T) denotes
the union of T" and the set of its neighbours in 7, i.e., those simplices that share a
(d — 1)-dimensional hyperface with T'.

4. Overview of the solution method. For a partition o;, we consider the
Galerkin problem of finding p(¥) € P,, such that

(SpD)(q) = (BA'f)(q), (q €Py,).

With u® := A=1(f — B’p()), this problem is equivalent to the semi-discrete problem
of finding (u®, p() € V x P,, such that

(4.1) a(u?,v) +b(v,p) +b(u?,q) = £(v), (veV, geP,).

Since this is just the Stokes problem in which the divergence-free constraint has been
relaxed, we will refer to this problem as the reduced Stokes problem. The solution
p is the best approzimation to p from Py, with respect to || - ||p, and by creating a
suitable adaptively refined sequence of partitions 79 =: 09 C o1 C ..., a convergent
sequence (p(?); towards p is obtained.

The reduced Stokes problem however cannot be solved exactly. With the Riesz
operator R,, : P’ — P; being defined by g(q) = (¢, Ro.9)1.0) (¢ € Po,), it can
be written as R,,SpY) = R,,BA~'f. Equipping P,, with (, )L2(q), the operator
Ry, S : Py, — P,, is symmetric, bounded, and positive definite, with spectrum in
[3%,1] (cf. [NP04]). So to solve the reduced Stokes problem approximately, we may
apply Richardson’s iteration

il =) = (Ro,Sp\) = Ro, BATY),  (j=0,1,---).

With Q,, : P — P,, denoting the Ly(Q2)-orthogonal projector onto P,,, we have

R,;B = —Q,,div. Writing uy) = ATYFf - B’py)), we arrive at the equivalent
formulation
a(w).v) = (V) —b(v.p"). (veV),
(4.2) W SN0
Pjt1 = Dy —Qgidlvuj,

known as the Uzawa iteration. The properties of R,, S show that

(4.3) 1pD — P\ o) < L= BAIPD — 8 La0)
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Also the Uzawa iteration for solving the reduced Stokes problem cannot be per-
formed exactly since it involves solving an elliptic problem posed over V. To solve
this problem approximately, we will again consider Galerkin approximations: Given

a partition 7;2, let uy,)c S VT(i) be the solution of
, ; e

J

(4.4) a(uyl)c, v)=1f(v) — b(v,p(i))7 (ve VT;i]z).

(

It is the best approximation to u ji) from V_¢:) with respect to || -||v, and by creating a
g,k

suitable adaptively refined sequence of partitions o; C T](Zg C T](jil) C ..., a convergent
sequence (ugz,)c) , towards ug-l) is obtained. To guarantee that uy,)c 41 is indeed a better
approximation than u§i,)€, we will need that f € V' can be sufficiently well approx-

imated by a vector field from V* @ - To implement the latter requirement, instead
T k

of working with f, we will replac]é it by suitable piecewise polynomial vector fields
of degree m — 1, that should become increasingly more accurate when the iterations
proceed.

Finally, instead of solving the finite dimensional linear systems (4.4) exactly, in
order to obtain a method of (quasi-) optimal computational complexity, we will use
approximate solutions obtained by employing optimal iterative solvers.

In order to stop each of the nested loops on time, as well as, for both Galerkin
problems, to create adaptively refined partitions such that the corresponding approx-
imations converge towards the solution, and such that these partitions have quasi-
optimal cardinalities, we need a posteriori error estimators that will be discussed in
the next section. On the one hand, stopping a loop on time means that it should
not stop too early in order to guarantee convergence of the overall process. On the
other hand, the iterations should not proceed too long in order to control both the
cardinalities of the partitions, that grow by the refinements, and the computational
complexity.

In view of our solution method, we fix some notations. Throughout this paper,
given some r € P, where we have in mind an approximation to p, and a partition 7,
ul € V. will denote the solution of the (discretized) elliptic problem

(4.5) ‘a(u:,vT) =f(v.) = b(vs,r), (vr€V;) ‘

As a special case of (4.5), u” = ul, € V denotes thus the solution of
(4.6) a(u”,v) =f(v) —=b(v,r), (vevV).

So the subscript 7 in the notation u] refers to its membership of the finite element
space V., whereas the superscript r in the notations u] and u” refers to their de-
pendence on the approximate pressure 7 in the right-hand side. Note that u = uP.
Often we will consider (4.5) and (4.6) for r = r, € P, for some o C 7 giving rise to
notations ul° and u'.

Given a partition o, (uP?,p,) € V x P, will denote the solution of the reduced
Stokes problem

‘a(ul’“,v) +b(v,ps) +b(uP,q,) =f(v), (veV, g, €Ps,) ‘

Note that a(uPs,v) = f(v) — b(v,p,) (v € V) so that the notation u”~ is consistent
with (4.6).



5. A posteriori error estimators.

5.1. A posteriori error estimator for the inner elliptic problem. For
given right-hand side f, partitions 7 O o, and r, € P,, we study an a posteriori error
estimator for ||[u”™ —ul”||ly. Since even the Galerkin problem (4.5) will be solved only
inexactly, whenever possible we even estimate |[u”"> —w. ||y for some general w, € V..

For T € 7, we set the local error indicator

nr(f,74,w,) = diam(T)?||f—Vr,+Aw, ||%2(T)d+ diam(7T)||[ron—Vw,-n]or ||%2(8T)d,

where [-Jor denotes the jump of its argument over 9T in the direction of n, being a
unit vector normal to 9T. This jump is defined to be zero over 2. We set the elliptic
error estimator

gE(Ta f7 TG'aWT) = [Z nT(f’ TU’WT)]%‘

TeT

Note that the definition of the error estimator requires f € Lo(Q)?, that we therefore
assume here.

In the following Proposition 5.1, for 7/ D 7 it is shown that the sum of the local
error indicators corresponding to the simplices that were refined when creating 7’
from 7, or those that have non-empty intersection with such simplices, is an upper
bound for |[uls —ul||3. Substituting 7/ = oo, it generalizes the known upper bound
for [[u" — ul”|lv ([BMNO02, Lemma 5.1(5.4)], [Ver96]).

PROPOSITION 5.1. Let 7/ D 7 D o be partitions, 1y € Py, f € Lo(Q)?, and

F=F(r,7"):={Ter:TNT #0 for some T € T that has been refined in 7'}.

Then we have
1
[uls —al v < CL [ > nr(f,re, )] %,
TeF

for some absolute constant C; > 0. Note that #F < #1' — #7.
In particular, by taking 7 = oo, we have |[u™ —u” |y < C1EE(r, £, 7y, ul").

a(u'? —ul" v )
Ivorllv
v, € Vo, fromuj7 —uls L, )V, the definition of ul7, and integration by parts, we

have

Proof. We have |[u? —u”[lv = supgsy_,ev_, . For any v, € V.,

a(uly —ul7,vy) =a(uls —ule, vy —v;)
(5.1)
= Z (£ (ver = vi) + 1odiv(vey —ve) = Vul” : V(vy — vy )]
Ter’T
(5.2)

— Z/T(ffvn,+ﬁu£")~(vr/—vf)+ > /[[Tan*Vui“ ‘nfe - (Ve —vr).

Ter ecE, V€

We will select v as a quasi-interpolant of v,.. For any T € 7, let Ny = {x €
T : kAr(x) € N4}, where A () denotes the barycentric coordinates of z with respect
to T. Corresponding to the local nodal basis {¢r, : v € Nr} of P, (T), defined by
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¢7,0(w) = dpw (w € Nr), there exists a dual basis {¢7, : v € Nr} of P, (T'), defined
by (DT,0, DT ) Lo(T) = Ovw (w € N7). A scaling argument shows that [[¢7 || L,(1) <
meas(T)~ /2. For any nodal point v € Upe, Nz, v & 98, we now select a T}, € T with
v € Ty, and define v, € V, by v, (v) = fTv v @1, Its key properties are: For any
v € Ure, N7, v (v) = v (v) when Ty, € 75 forany T € 7, (| VoL, rya S Vel Lor) 4
where Qp == U{T € 7: TNT #0}.

This first property shows that the sums in (5.2) vanish for any T or e for which
all T € 7 with TNT # 0 or TNe # 0 are also in 7. It also shows that the interpolator
is actually a projector onto V.. From the second property, and either the fact that
our interpolator reproduces any constant together with the Bramble-Hilbert lemma,
or, in case TN AN # () so at least one of the T that form Qr has a true hyperface on
01, the Poincaré-Friedrichs inequality, we have

(5.3) diam(T)71||V'r’ - VT||L2(T)d + [ver — V'r|H1(T)fl S |VT/|H1(QT)d7

where also a homogeneity argument was used. For each e € F; and either T" € 7 on
both sides of e, from the trace theorem and (4.2), we have

[vrr — VTHLz(e)d < diam(e)_% [[vrr — VT||L2(T)d + diam(e)% |V — VT|H1(T)d

(5.4) < diam(e)? [Vl 1 (p)e

By applying the Cauchy-Schwarz inequality to both sums from (5.2), and then sub-
stituting (5.3) or (5.4), the proof follows. O

Next we study whether the error estimator also provides a lower bound for the
error |[u”™ — ul7||y and, when 7’ is a sufficient refinement of 7, for |[u’y — ul~|lv.
In order to derive such estimates, for the time being we restrict further the type of
right-hand sides to piecewise polynomials of degree m — 1 with respect to 7. We will
call 7/ D 7 a full refinement with respect to T € T, when

all T € F-(T), as well as all (d — 1)-dimensional
hyperfaces of T contain a vertex of T’ in their interiors,

see Figure 5.1 for an illustration for the case d = 2. The following proposition was

F1G. 5.1. A refinement 7' of T, which is a full refinement with respect to a triangle T € 7. The
arrows in 7' emanate from the newest vertices.

shown in [BMNO02, Lemma 5.3] [Actually, there a somewhat stronger condition on the
refinement was imposed, but not used; a more general f was considered at the expense
of an additional “oscillation” term in the expression; and, finally, there our general
w, € V, reads as ul” whose additional property of being the solution of (4.5) was
not used though].
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PROPOSITION 5.2. Let 7 O o be partitions, v, € P,, and let us assume that
f e Vi Let 7/ D 7 be a full refinement of T with respect to T € 7. Then for any
w, € V., we have

nr(f, 7o, wr) S Z |u:—7 7WT|§{1(7~“):1'
TeF(T)

As a straightforward consequence we have
COROLLARY 5.3. In the situation of Proposition 5.2, let " D 7 be a full refine-
ment of T with respect to all T from some F C 7. Then

1
02[ Z nr(f, me'r)] ? < = welv,
TeF

for some absolute constant co > 0. In particular, we have

(55) CQEE(T; f7 To, w‘l‘) S ||uTo - WTHV'

Finally in this subsection, we investigate the stability of the elliptic error estima-
tor.

PROPOSITION 5.4. Let T D o be partitions, v, € Py, f € Lo(Q)?, and v,,w, €
V.. Then

02|5E(7—7 fa rUaVT) - EE(Tv fa rO’awT)| S ||V7- - WTHV'

Proof. For g € La()%, q, € P,, by two applications of the triangle inequality in
the form ||| - || — | - ||‘2 <|| - —-? first for vectors and then for functions, we have

|5E(T,f,ra,v.,.) - EE(Tvgz%raW'r)' < 5E(7-,f — 876 — 4o, V7 — WT)'

By substituting g = f and ¢, = 7, and by applying (5.5) the proof is completed. O

5.2. A posteriori error estimator for the (reduced) Stokes problem. For
given f € Ly(2)9, partitions 7 O o and g, where we think of either o = oo (full Stokes)
or o = o (reduced Stokes), r, € P, being an approximation for p,, we study an a
posteriori error estimator for ||uPe —ule ||y + ||p, — rs||p, or whenever possible, for this
quantity with ule replaced by a general w, € V.. We set the estimator

ES(Qv T, fa To, WT) = gE(Ta f7 To, WT) + ||Q9diVWTHL2(Q)

PROPOSITION 5.5. For partitions 7 2 o and o, 7o € Py, and f € Ly(Q)?, we
have

Hupg - u:UHV + ||pQ - TU”P < 0358(97 T, f’ TU’uTrd)v

for some absolute constant Cs > 0.

Proof. The proof given in [Ver96] (cf. [BMNO02, Lemma 4.1]) for ¢ = oo easily
generalizes to o C oco. Since it can be derived by a variation of the proof of Proposi-
tion 5.1, we only sketch the idea.
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For any (v,q,) € V x P,, v, € V., we have

a(uPe —ule,v) 4+ b(v,p, — 7o) + b(uPfe —uj7, q,)

=a(uPe —uls,v—v;)+b(v—vp, —75) —bul?, qp).

Together the first two terms in the second line are equal to (5.1) with v, reading as
v. By estimating them in the same way using that r, € P, C P, and applying the
obvious estimate for b(u’<,q,), and, finally, by invoking (2.3) the proof follows. O

The first statement of following proposition was shown in [Ver96] (cf. [BMNO02,
Lemma 4.3]) for the case p = oo, but the proof generalizes immediately to general
partitions p. The second statement follows easily by using that Q ,divufe = 0.

PROPOSITION 5.6. Let 7 O ¢ and o be partitions, r, € Py, w, € V.., and let us
assume that £ € VZ. Then

nr(f, 70, wr) < Z [|upg - W'rﬁ{l(f)d + [lpe — TUHQLQ(f)d]a (T er),
TeF,(T)
and
0458(97 7, f, 75, wr) < |[uPe —wrllv + ||pp — 7ol

for some absolute constant cq > 0.

The last result in this subsection provides an a posteriori error estimator for the
outer elliptic problem.

PROPOSITION 5.7. For a partition o, and r € P, we have

c6]|Qodivu”|| L) < |lpp — rllp < C5|Qdivu”|| L, (),

for some absolute constants Cy,cg > 0.

Proof. Use supgyey % = SUPpy ey % = |[uPe —u"||y, and thus
uPe —u”
(5.6) pe i —wly oy
Ipe — 7lle
and

Ipe = rllp + [lu”s —u"|[v
a(uPe —u",v) +b(v,p, —r) + b(uPe —u”, q,)
~ sup
0£(V,q0) EVXP, [vIlv + llgelle

= ||Qodivu”||L,()-

a
Clearly, the evaluation of this estimator ||Q,divu”||,q) is not feasible, and so
later u” will be replaced by an approximation.

6. Adaptive refinements resulting in error reduction. For both elliptic
problems Sp = BA~!f and a(u”,v) = f(v) — b(v,r) (v € V), the latter for some
given r € P, we construct adaptive refinement routines based on the a posteriori error
estimators. Given (approximate) Galerkin solutions from P, or V,, respectively, they
produce refinements 6 O ¢ or 7 D 7 such that the Galerkin solutions with respect
to these partitions have strictly smaller errors. Moreover, we will give bounds on
the number of refined simplices which eventually will lead to the conclusion that our
adaptive Stokes solver generates quasi-optimal partitions.



12

6.1. Adaptive pressure refinements. With C5, cg being the constants from
Proposition 5.7, for some absolute constants
c

6.1) de(l —1}, D>1, 96(0,[1

B B 1703/052}%)
cz :

d

we assume that we have the following routine available. We think of its arguments 7,
and w as being approximations to p and u”’, respectively.

REFpres[o,7,, W] — &
% o is a partition, ro € Py and w € V.
Select a partition 6 2 o with

(6.2) [Qsdivwl|, () = 0||divw| 1, @),
such that
#6 — #0 < D(#5 — #0)
for any & 2 o with |Qsdivw| 1,0) > /1 — d(1 — 62)||divw]| 1, (q)-
(Note that /1 —d(1 — 62) > 6.)

Remark 6.1. Eventually, we will make calls 6 := REFpres|o,r,,w] only for
the argument w from V. for some 7 O o. Since then divw € P., in those cases
we may always assume that ¢ C ¢ C 7. The fact that the partition underlying the
pressure approximation is always contained in or equal to that underlying the velocity
approximation will be essential for the forthcoming adaptive refinement routine for
reducing the error in the inner elliptic problem.

The benefit of REFpres appears from the following two lemmas:

LEMMA 6.2. Let o be a partition, andr, € P,. Then for 6 = REFpres|o,r,,u"],
we have

2,2
cgb

1
Ip— palle < [1 = %21 % Ip — role.

Moreover,

#0 — #0 < D[#0 — #m0]

for any partition & for which

. cz 2\y] 2
(6.3 nt o~ aoll < [1— G011~ %)) 2o~ e

2
(Note that (6.1) implies that %(1 —d(1-6?)<1.)
6
Proof. Recall that ps denotes the solution of a reduced Stokes problem, i.e., it
is the best approximation to p from Pz with respect to || - ||[p. Therefore, the first

statement follows from

Ip—rol2 = llp — psl3 + lIps — 712

and [|lps — 7o lp > c6]|Qadiva ||, () > cefl|divu||,) > E[lp — ro|lp by Propo-
sition 5.7.
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For a & satisfying (6.3), let & = 0 Ug. Then from ||p —ps|p < infy ep, |0 — ¢z llps

with X := 5—5(1 —d(1 — 6?)) we have
6

CE|Qsdivu™ 17,0y > s — 70 l15 = P = 7017 — Ilp — psI?
> Mlp — 7ol > Acglldivu" (|7, -

2
Noting that % =1—d(1 — 6?), by construction of &, we conclude that
5

#06 — #t0 < D[#0 — #0] < D[#0 — #70).

O

Now we generalize Lemma 6.2 to the practical relevant situation that we have
only an approximation to u”> available:

LEMMA 6.3. Letw € (0,0) be a constant, o a partition, v, € Py, and w € V with

||diV11T° — diVW”LZ(Q) < w||diVW||L2(Q).
Then for 6 = REFpres|o,r,,w|, we have

c2(0—w)?

1
Ilp —pslle < [1 - E(E)m_—wy} *llp=rsle.

1—d(1-02)

Moreover, if w is sufficiently small such that ot < é—‘;, then

1—w

#6 — #0 < D[#6 — #70]
(/T o211
1—w Ce

7

for any partition & for which with £ .= [1 —

(6.4) inf [[p—gsllp < &llp — 7ollp.
95 €P5

Proof. Similar to the proof of Lemma 6.2. For the first part use that

1Qsdivu’ ||, ) > |Qadivw| 1, ) — wlldivwl|p,) = 52]divu"™ || Ly,

and, for the second part, with any & satisfying (6.4) and &§ = o U 7, that

Cs[|Qsdivw|| 1, () + wl|divw| L)l > C5(|Qsdivu’ || 1,) > [Ips — o |lp

1
=[llp=7ollg = llp —psllE]* = V1—Elp —rollp > co /1 — €2[|divu"|| L, (0
> (1 —w)esy/1 = E2||divw|| 1, (),

or equivalently, ||Qsdivw||1,q) > /1 —d(1 — 62)[|divw|| 1, (). O

As we said, we will make calls ¢ := REFpres|o, r,, w| only for the argument w
from V., for some 7 O o, so that divw € P.. Obviously, if REFpres is implemented
as the selection for some 6 € (0,¢5/Cs) of the smallest partition & O o such that
(6.2) is valid, it satisfies its requirements with d = 1 = D. Yet, in any case a naive
implementation of this algorithm would require computing [|Qsdivw]| 1, ) for all
partitions o C ¢ C 7, which is prohibitively expensive.

Recalling that any partition corresponds to a subtree of the infinite binary tree
that is determined by the initial partition 7p, alternatively one may apply the adaptive
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tree approximation algorithms from [BD04]. Prescribing a 6 € (0, 1), these algorithms
are shown to fulfill the requirements on REFpres for some absolute constants 0 <
d <1 < D. After precomputing the values inf,cp, (1) [[(divw)|r — ||z, (1) for any
simplex T from any partition ¢ C & C 7, which can be done in O(#7) operations,
these algorithms produce & as in (6.2) in O(#6) additional operations.

Unfortunately, it might be that the constant d derived in [BD04] is not larger than
1 — c%/C2 as it should be in view of (6.1). So far, we have not verified whether the
statements from [BD04] can be shown for any given d € (0,1) (likely at the expense
of D — oo when d T 1). Therefore, the statements in this paper concerning the cost
of our adaptive algorithm are valid under the following assumption:

ASSUMPTION 6.4. For w € V., the call REFpres[, -, w| takes O(#71) opera-
tions.

Remark 6.5. Actually, so far in our experiments we used the easy implementable
greedy algorithm: Starting from o, we bisect that simplex T or those simplices T’
with maximum inf,ep, (1) [|(divw)|r — ¢l z,(r) until (6.2) is satisfied. Although
there exist inputs w for which this greedy approach results in an output partition &
that is not quasi-optimal in the sense described in the REFpres algorithm, “usually”
it works well (in any case when for all T' € o, (divw)|r is sufficiently smooth).

6.2. Adaptive velocity refinements. For some fized

);

C2

€0, =
e
we will make use of the following routine to determine a suitable adaptive refinement
for an update of the velocity:

REFvel[r,g, 75, Ww,| — T
% T is a partition, g € L2(Q)?, ry € P, for some o C 7, and w, € V..
Select a set F C T with, up to some absolute factor, minimal cardinality such that

(6'5) Z nT(gvrmWT) > C2 EE(TvgvraaWT)Q-
TeF

Construct the smallest T O 7 which is a full refinement with respect to all T € F.

The next lemma will show the benefit of REFvel. It applies under the (unreal-
istic) assumptions that f € V¥ and that the Galerkin problems are solved exactly. In
Lemma 8.2 given in the next section, inexact Galerkin solutions will be allowed, and
the given right-hand side f € V' will be replaced by an approximations from V* and
V%, respectively.

Note that when f € V%, the computation of all np(f,r,,w,) (T € 7) can be done
in O(#7) operations. By doing an approzimate sorting of the nr(f., 7., w,) by their
values, REFvel[r,f, -, ] can be implemented in O(#7) operations (cf. [Ste06b]).

LEMMA 6.6. Let 7 O o be partitions, £ € V%, and r, € P,. Then for 7 =

REFvel[r, f,r,,ul"], we have

2,2 1
S ]2 e - upely.

s — ey < [1 -
Moreover, if ( < 8—21, and, for some absolute constant ¥ > 0,

(6.6) [u" —uZ|ly = dflu—u" |,
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then for the set of marked simplices F inside REFvel, we have

(6.7) #F S HT + #6 + #o

for any partitions T and G for which

2,2 1

(6.8) vfirelgh lu—vzllv < 3[1- Cégc 17 ue —ule |y
. CZ 2_ 1

(69) nt = gl < 300 - ZETH e - we

Remark 6.7. Note that the bound on #F in terms of u and p (via 7 and 7),
and o can only be shown when (the variational formulation of) —Au" =f — Vr? is
solved not too accurately, which is enforced by (6.6). By assuming that u and p are
in certain approximation classes, i.e., that these functions can be approximated with
certain rates by finite element functions with respect to the best partitions, later we
will derive quasi-optimal bounds for #7 and #a, as well as for #o0 via Lemma 6.3,
and so in the end on #F. Without imposing (6.6), we would only arrive at a similar
bound on #F when we would assume that all approximations u”> to u corresponding
to all approximate pressures r, that are created in the adaptive method are similarly
easy to approximate as u itself, which is an unverifiable assumption.

Proof. The first statement follows from

= g [ = o — w4~ w

and [[ul” —ul|ly > c2(E8(r,f,rp,ule) > Erllu™ —ul7fly by Corollary 5.3 and
Proposition 5.1.
Let 7 be a partition for which

2,21
(6.10) Jof Ju™ —villy < [1- Cégg 1 [la" =iy,

and let ¥ = 7 U7. Then with F' = F(7,7) from Proposition 5.1, we have

C? Y nr(f re,ur)

TEF

o = v = e = e

Y

Y

Ll —upe | > CRCE (r g uie)
By construction of F, we infer that
(6.11) #E SF SH#HF —#7 < #7 — #70.

It remains to bound #7 — #7p for a 7 as in (6.10). With & as in (6.9), we write
u" = (u" — uP?) + (uP? — u) + u, and approximate each of the three terms within
2,2 1
tolerance 3 [1— Cé—zc] 2 with finite element functions (the second one with zero). From
2
(5.6), we have

[

~ CZ 2
=l < llp = polle < §[1 = ZEHfure - wpe v
The vector field w = u”= — uP? solves

a(w,v) = —=b(v,7, —p5), (vevV).
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With 6 = o0 U &, the error in its best approximation ws from V4 can be bounded by

lw = wslv < [wlv < 0™ = ully + [[u—u? |y
_ 1 02 2 1
< (19 1+—[17 12€ ]2)”11%711:,,”\/.
3 s

With 69 = 7, for kK = 1,2,... let 6 D Gx—1 be the smallest partition that is a full
refinement with respect to all T' € 6;,_1. Then using the fact that r, —ps € Ps,, as in
o2 k
v < [1=-F]* [w-ws

the first part of this lemma with now ¢ = 1 we have |w—wg, v,

where ws, denotes the best approximation to w from V,, . With k being the smallest
2_k 2,2 1 2,2 1
integer with [1 — &} 2 (19’1 + %[1 IS } 2) <1 [1 — Cé—zc] 2 we conclude that
2

2
[ [ 3

inf [[u" — (vs +we,)||v < [[u" —uP? —ws,

P __ . f R
v-EV- v+ [[a ully +V?Helv? lu—vz|v

szl
< [T e — e

Since vz +ws, € Vzug,, and #(TUGy) — #7170 S #7 + #0 + #0 (dependent on k and
thus on ¥), in view of (6.10) and (6.11) the proof is completed. O

Remark 6.8. If in (6.6), ¥ > [1 — %]75, then by a simplification of above
proof, instead of (6.7), one obtains that

#LE S #T — #70

for any 7 with

N

or¢
.2

€3

]

which bound on #F is in particular independent of the pressure p. It is, however, not
clear whether under the condition ||u”™ — ul<|ly > J|lu — u” ||y for such ¥, the inner
elliptic problem is sufficiently accurately solved to obtain a convergent inexact Uzawa
algorithm for solving the reduced Stokes problem of finding (u?<,p,). Knowing that
we can control #o because our outmost loop producing Galerkin approximations to p,

2,2 _ 1
Lemma 6.6 provides a way to avoid the condition that ¢ > [1 — 0224 } 2. This point

inf, [l = vellv < ({1~ — 97w =y v,

vz

is the exact reason why we did not succeed to prove quasi-optimality of the Uzawa
iteration for solving the full Stokes problem, so without our outmost loop. Indeed,
with that method there is no separate control over the partitions that underly the
pressure approximations.

7. An adaptive method for the Stokes problem in an idealized setting.
For s > 0, we define the approximation class

Ay ={v €V :|v|s :=supe inf [#7 — #70)° < o0},
>0 {rinfy, ev, [v_vsly<c}
and equip it with norm |[v|4s := [[v[lv + [v]as. So Ay is the class of vector fields
that can be approximated within any given tolerance € > 0 by a v, € V.. for some
partition 7 with #7 — #79 < 5’1/5|u|}4/€. Similarly, we define

Ay ={q € P |qlas = supe [#o — #70)* < oo},
e>

n
0 A{o:infg,ep, lla—gollp<c}
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and equip it with norm [|q||.4s := [|q|lp + |q|.as-

Because of the polynomial degrees of our approximations, only for s < m/d
membership of u € A, or p € A} can be enforced by imposing suitable smoothness
conditions on u or p, respectively. These smoothness conditions, however, are much
milder than requiring that u € H'**4(Q)? or p € H*%(Q2), that would be needed when
only uniformly refined partitions were considered. The approximations classes can be
(nearly) characterized as certain Besov spaces (see [BDDP02] for details). In any case
for d = 2, polygonal domains, and sufficiently smooth f, it is known (see [Dah99])
that u and p have sufficient Besov smoothness so that they are in A5 or Aj for any
s < m/d, so also in the presence of re-entrant corners.

The results derived in Section 6.2 concerning adaptive velocity refinements were
valid under the assumption that f was piecewise polynomial of degree m — 1 with
respect to the current partition. In order to make our exposition not too complicated,
in this section we will assume that f is piecewise polynomial of degree m — 1 with
respect to any partition that we encounter, i.e., that is in V7 . In the next section, we
will remove this restriction. Furthermore, in this section we assume that the arising
finite dimensional linear systems are solved exactly, i.e., we do not care about the
computational cost. In the next section, by applying iterative solvers, we will show
quasi-optimal computational complexity.

The following algorithm is an implementation of the solution method that was
announced in Section 4 with the simplifications mentioned above. Note that the
do-loop in the algorithm actually consists of 3 nested loops over i, j and k. The
loop over i concerns an adaptive method for solving p from the Schur complement
equation. The loop over j concerns the Uzawa method for solving p?¢ from the reduced
Stokes problem. Finally, the loop over k concerns an adaptive finite element method
for approximating the solution w”’ €V of a(upy),v) = f(v) — b(v,p; )) (v eV
We have formulated these loops as one loop to deal efficiently with the complicated
stopping criteria. E.g., the innermost one stops when either EF(---) < a&5(a;,---)
or (i, ) < kES(00,-++) or £3(00,---) < €, i.e., when either

(i) ; i
[ fu@||v<clac4 [lpo, —»" ||u»+||upwu<-”||v1 or
lp7 = P [lp + [luPe — ul¥) v < Csrer o — P\ [lp + u—ul)[lv] or

lp = p$ e + lu — uli)|lv < e.

STOKESSOLVE|f,e] — [0\”,p{", 70 u'")]

% For this preliminary version of the adaptive solver it is assumed

% that f € V7 .

% Let the pammeter ¢ from REFvel satisfy ¢ € (0, C—2), and 0 from REFpres
% satisfy 6 € (0,[1 — M] 2). For some w € (0,0) small enough such that
% %ﬁfliez) <& ﬁa: some sufficiently small constants k,a > 0 such that
% k<1, Cit% <w H01<C4, [1—@%5&]’ [1753%] <1, aCi < ¢y,
% and 1 — 32 + %<1.

(O) =0, 09 : —Tgoo) =T
i:=j:=k:=0

Pl i '
do uy;)c =u” u) % i.e. U-gl)c ev “” (u;f;c,v) =f(v) - b(v,p;-z)), (ve VTJ(Z’i)

if C’gc‘fs(oo,'r]l,z,f,p§Z ,u l)) < ¢ then stop
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elseif ES(O’“TJ(Z]z,f,py), ;zi) < KkES (o0 ) g p(z) (1)) then

gk J
Oi+1 ‘= REFpI‘eS[UZ,pg )a (Zk]

i+1 7 z+1 7
o )_p§>7 (0
it ji=k =0

elseif &F( Jz,i,f,pgz), (Z)) < afS(ay, ](z,z,f p(z), (1)) then

J
pﬁl = pg.’) - Qs d1vu§lzC
© L
Tj+)1,0 = T‘,lz

j++,k:=0
(¢ % 7 %
else 7; 11-1—1 := REFvel| J(k,f pj)a iy k)
k++
endif
enddo

TuEOREM 7.1. (I) Letf e Vi, then [0\, p\” 717 ul]] := STOKESSOLVE|f, ]
termmates and ||lu — u ||V +lp — pj)||P < e. (II) If, for some s > 0, p € A3,
then #O'j — #19 < 5_1/5|p|A5 , only dependent on 19 and on s when it tends to
0 or infinity. If, in addition, for some § > 0, u € A$, then with 5 = min(s, 3),
#ri) = Hro S e
to 0 or infinity.

Remark 7.2. In view of the assumptions, note that #U(-i) — #70 is at most a
(4)

1/5 + ||u||1/—§), only dependent on 1o, and on § when it tends

constant multiple larger than this expressmn for the best partition o~ giving rise to

such an error in the pressure. Similarly, #'r — #71p is at most a constant multiple

larger than this expression for the best parmtzon T( ]z on which p and u can be approxi-

mated by piecewise polynomials of degree m — 1, or continuous piecewise polynomials
of degree m with errors less than or equal to € in || - ||p or || - ||v, respectively.

Proof. (I) Given ¢ and j, k = k(i, j) will denote the maximum value attained by
k for those i and j. Given an i, j = j(i) will denote the maximum value attained by j
for that i, and k = k(i) := k(i, j(¢)) is the the maximum value attained by k for that
i. Finally, ¢ will denote the maximum value attained by i.

If O35 (o0, ]z]z,f pgz), (Z)) < ¢ is passed, i.e., if the loop over © and thus the

algorithm terminates, then (i, j, k) = (i, j(2), k(7)), and [[u — u ||V +lp— pj )||[p> <e
by Proposition 5.5.

The inequality £5(o;, ](Zk,f pj’) §z ) < RES(OO,TJl]Z,f pjl), ]l,)c) is equivalent to

E5( fi,fvpf ;u l)) < (1-r)" ('i||d1Vugk||L2(Q) - ||Q01dlvu]k||L2(Q)) So if this
test is passed, i.e., if the loop over j terminates, then (j,k) = (j(i),k(i)), and by
Propositions 5.1, 5.6 and 5.5,

\QA \QA

@ i
() ot —afly < €5 £ ul)) < 2 fdival) o),

(i)
(r2) ' -
(73) cglnpm -

y (7.1), [|div - || z,0) < || - [lv on V, and C; 7% < w, Lemma 6.3 shows that

Ll < mert(la=al v + o — 25 [l),

(
U,

N’ IIE'V IIE'V

)
k
e < wer (la =}y + o = p”le).

\h/\

cs (0 1
(7.4) 1= Doy lle < [1— 5221 o — 27 I,
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w4/1—d(1—62)

and furthermore, since -

< & and in view of the definition of Ag, that

(7.5) #oi1 — #0i S llp— 01 lpls

y (7.2), K < ¢4C7 Y, and (5.6), we have

() (4) .
p; C p;
e = ufy v [ < lha =™ [y + 5% (fa = w2 v+ [lp = p}l2)

(7.6) <| 2% p—p{|lp |

— | ca—rCy

and so by (7.3),

(7.7) Ipo = P llp < 222 |Ip — p"|Ip-
With py = [1— =26Ca_]-1[1 — GC—91% 1 combining (7.7), with ¢ reading as i+ 1
pP1 - ca—rCh Z(14w)? s gllr.0), g ’
and (7.4) shows that
i+1 [
(78) =2t e < prllp — o) e |
Since 0458(00,7'](1,)6,f,p§z), @ p) < llu— ||v +|lp — p] )|lp, together (7.8) and (7.6)

show that indeed the algorzthm termmates assuming each loop over j does, which we
show next.

IfSE( T, k, ,pgz),u(zi) < a&S(oy, ](]z,f pgz), 5,)6) is passed, i.e., if the loop over k
terminates, then k = E(z, ), and

) _ i o, i
(7.9) [u?s” —ul) v < aCici  (Ipe, — P\ [lp + [u” —ul)[l+).

O
Estlmatlng |u® — u; i”v < fu% — u? HV + [[uPi —u} ;Hv, applying (7.9) and
a7 — " [l < o, — p"|lz ((5.6)), we obtain that

(7.10) lu” —ul) v < @xeCrjp,, —piP g,

and by substituting this in (7.9), that

(%)
(7.11) 2" =)l < 22 |Ip, — " |

— cy4—aCl

With py == 1 — 32 + 229 < 1, by the statement (4.3) concerning convergence of

., ca—aCy o
the exact Uzawa iteration, we infer that

(7.12) po; — P01 le < p2llpe; — 1 llp |

Since ¢,&3(0;, ](z]z,f pgz), ( ) < |l — (.i) LV + 11Pos —p;i)”p, together (7.11) and
(7.12) show that indeed each loop over j termmates by either £5(c;, ;2, f,py), ;z;@)
HES(OO,T]l,Z,f pjl), ]k) or O3E5(o0, Jk,f pjl) §z ) < &, assuming each loop over k
terminates, which we show next.



20

With p3 :=[1 — ]% < 1, Lemma 6.6 shows that
713 p{” (@) < ) (@
(7.13) u?" —agy llv < psfa® —ugidly
Since ¢2E"(7;’ ,z,f pgl), Yk < ||up (i,)c||v, from (7.13) we conclude that indeed

each loop over k terminates by either EE( T k,f,pjl), §z ) < aES(oy, J(Z,z,f @

7pJ 9 ]k

)

or E3(ay, 7). 8,07 uf) < kS (o0, 71 £,p ) or CuES (o0, 7)) £ 0 ) < e

7]k’

v gk
With this, part (I) of the theorem is proven.

Before starting with the second part, we collect some estimates for ||p — p(((%) e,

; @
lpo, —pél)Hp and |[ufi — uj O||v, i.e., the initial values for the recursions (7.8), (7.12),

and (7.13) over 4, j and k, respectwely
From (7.7) we infer that

0 kCa 1— kCa 71—
(7.14) lp = ol < 11— 25C52) " [Ip — prg e < [1 = 225] 7" -
For j = 0 and ¢ = 0, we have that

0
(7.15) 1Pee — 2 e < IPoe — Dl + Iplle < 2[|p]le,

and for j = 0 and ¢ > 0, that

e = 6" Il = lIpo, = Pi1)lIp < lpoy = plle + 1o = 51l

c2(0—w)? (i—1)

(7.16) < ([1- W} Py 1)p— Pl-(iq)”IP’

by (7.4).

For k = j =i =0, we have
©)
(7.17) " —afDly < [ [l = ]l
For k= j =0 and i > 0, we have po) = pgl(zﬂ) and T( T;Ez 11)) k(1) and so

O i 1
(7.18) ||up0 - uo o|| = ||u ]( b 51( ))éz 1)||V = 54291}&2'1 lp— Pj(z 1)||IP’,

by (7.2) and (7.6). For k =0 and j > 0, we have

(z
- 1k(] 1) v

(%) (%)
< e =y =

o
R P

Now using that by (5.6)

(3) (i)
Hup _ upj71||V < ||pj _pj 1||IP’ < ||u<71 _ ;1)1 k(i—1) HV
< ot = =, < B = ol + 5 =,
and

(@) i ;
o= =l ol < 228 I, — P e

HVa
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by (7.11), we find that

(i) i aCy i
(7.19) lu?s” —ulQllv < (1+ 22260 ) Ipo, — 2, [lp-

Cq4 —OtCl

(IT) At the moment of a call 0,41 := REFpres[al,pg ), § %), we have

I =" lle = ea€5 (o0, 7 £, ul)) > enCite,

so that in view of (7.5) and (7.8), we have

i
Hoi — #10 < Y Hos — #oi 1 S plL
1=0

At the moment of a call T;j12+1 = REFvel[T;flz, f,pgz), (Z)] we have

() 3 3 1 1 1
o —ul)ly > 2% £, ul)) > 2088 (07, 717, £, 52)

(@

> coakES (00 ,jk,fpgz) m)ZCQaFaC [lu— u ||V,

where for the first time in this proof we used the fact that innermost iteration is
stopped on time. In view of the definitions of Aj and A, Lemma 6.6 now shows that

the set of marked simplices F' F inside REFvel[T(i, f, pgz), ;Z,)C] satisfies

L4k —
) —
(7.20) #E; 50 S 00 =15 (Nl + bl + #o — #70 + #r0.
F P} () P <
rom [[u”s” —ul)[ly < [u”” ||y S Jullv + [p]le, we have
(2)
#r0 S1S us — 0l 155 (S + lpll).

For i > 0, we have #0; — #79 < |lp — p“ Olls ol |1/s by (7.5). By (7.18), (7.16)

and (7.19), and the decrease of ||p,, —pj ||p and ||up —u; k”V as function of j or k,
respectively, we have

(i)
1 [urs” — ufy[lv
||pp§.zii)||wz{ ;” o ot ,
- IIPO—Z—po e > [Ipo; — &4 [lp 2 u?s —ujollv (j>0)

> u” = a9y
uniformly in 4, j, k. We conclude that
—1 1 1
#E, 0 S ot =Sl + o)1),

and so, by Theorem 3.2 and (7.13), that

1/5 1/s5 — i) —1/s8
#70 w0 — 0 S Ul + el s’ — a7

1/s5 1/5 — Y Q) —1/35
< (s + 11 s —aff) I
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We will bound this expression by using that each of the three nested iterations is
stopped on time.
For any ¢ and j, by definition of k, we have

B 0 ul) ) > a8(o, 70 £ ul) )
>ou-£ES(oo,T](Zk s p]l), gzk ) > akCyle,

or

i)

(4
Y ] e Y PR PR

2 —ufh v+ o =25 e 2 <
Similarly, for any ¢, by definition of j we have

(i, 7 o 0 0l ) > k€800, 7 8D ul ) > ke,

or
Ipo. = {24 [lp = 7 — ] Dy elly 4 1pes = 524l 2 - u] Ll e =l 2 e,
where for “<” we used (7.10). Finally, by definition of i, we have

&5(o0, i Ve DY i) > o5 e,
or
(i— 1)”P

1
lp =25l = lla = uf Vv + o =i le 2 e,

where for “<” we used (7.6). By using in addition (7.12) and (7.8), we find that

i J0) o
v i 1/5
[u?i — gx)g(J) v s
i=0 j=0
i l(l) 1 i—1
7 1/s5 7 1 —1/5
< o, =2 12" + 3 Mo = S0 I/ 271
=0 j=0 =0
: 1 z 1 1/s5 —1/5
S pes =2 alle "+l = o I+
=0
i—1
1/5 —1/s5 —1/5
Sl =pi g+ pes =250 Il 7
1=0
i—1
1/5 —1/5 — s
SO e =pillp T+ e TS e E
=0

which completes the proof of the theorem. O
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8. A practical adaptive method for the Stokes problem. In the previous
section, we assumed that with respect to any current partition 7, the right-hand side
f was in V7. This led to the severe limitation of f being in V7 . In the practical
method, given a general right-hand side f and any current partition 7, f is going
to be replaced by a sufficiently accurate approximation from V7, or when such an
approximation does not exist, by an approximation from V*, for some 7/ D 7. We
assume the availability of the following routine RHS.

RHS[Tv 77] - [Tlv f‘r’]
% n > 0. The output consists of an £, € VX, where 7/ = 7, or, if necessary,
% v D1, such that ||f — £ |y <.

Assuming that p € A3 and u € A, for some s, § > 0, the cost of approximating the
right-hand side f using RHS will generally not dominate the other cost of our practical
adaptive method only if there is some constant ¢g such that, with § = max(s, ), for
any n > 0 and any partition 7, for [7’, ] := RHS|[r, 7], it holds that

#r! — 7 < o TV,

and the number of arithmetic operations required by the call is O(#7'). We will call
such a RHS to be §-optimal with constant cg. Obviously, given §, such a routine can
only exist when f € Aj,, defined by

Ay ={g eV :supe [#7 — #70]° < 00}.

inf
e>0 {Tﬁinfg,.e\v;i lg—g-llv <e}

Knowing that f € A, is a different thing than knowing how to construct suitable
approximations. If 5 € [1/d,(m + 1)/d] and £ € H51(Q)?, then f € A§,, and £/
constructed as the best approximation from V*, to f with respect to L2(2)? using (the
smallest common refinement of the input partition and) uniform refined partitions 7’
are known to converge with the required rate. For general f € fl@,, however, a
realization of a suitable routine RHS has to depend on f at hand.

The maximal values of s, §, and § for which membership p € A§, u € A@, and
f € A3, can be expected are m/d, m/d and (m+1)/d, respectively. Therefore, usually
one can expect that asymptotically calls of RHS will not give rise to refinements.

Remark 8.1. Instead of replacing f by a piecewise polynomial approximation both
for setting up the Galerkin system for the inner elliptic problem, and for computing
the a posteriori error estimators, one may work with the original f. In that case,
generally one commits quadrature errors, that one may view as a consequence of an
implicit replacement of f by a piecewise polynomial approximation. This approach,
however, is restricted to f € L2(Q)?, since otherwise the error estimators are not
defined.

Since we are going to consider modified right-hand sides, we introduce the fol-
lowing notation: Given r € P, g € V', and a partition 7, ul»® € V. will denote the
solution of the Galerkin problem

(8.1) a(ur®,v,) = g(v,) — b(v-,7), (v, €V,)]

So in view of the notation introduced in (4.5), we have u’>f = u”. Note that [[ul —
ey < || — gl

In the previous section, we solved the arising Galerkin systems exactly. When
aiming at a method of optimal computational complexity we cannot effort this. There-
fore, we assume that we have an iterative solver of optimal type available:
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GALSOLVE([r, £, 7., w' 0] — W,
% T is a partition, £, € Vi, r, € P, for some o 2 T, WSO) € V.., the latter being an
% initial approximation for an iterative solver, and n > 0.

% The output w, € V. satisfies
Juf= ™ —wollv <.

% The call requires < max{1,log(n=!|lur=f — W-(,—O) v) }#T arithmetic operations.
~ T

Additive or multiplicative multigrid methods with local smoothing are known to be
of this type.

In Lemma 6.6, the adaptive refinement routine REFvel was analyzed. For a call
7 = REFvel[r, f,r,,ul°], it was shown that ||u"> — u%”||v was strictly smaller than
[[u"™ — ul7|ly, and for u’s being not too close to u™, a bound for the number of
marked simplices inside the call was given. In the following lemma, these results are
extended to the situation that we work with approximations to f, and that we only
have inexact Galerkin solutions available.

LEMMA 8.2. There exist constants x1 = x1(¢,C1,¢2) > 0, and A = A(x1,C1,¢2) €
2,2 1
(0, % [1 — C;ﬁ ] 2] such that if for £ € V', partitionst D 0, ry € Py, £, € VE w, €V,
2

(8.2) I1f — £ [l + [[0f " = welly < xa&(r fry 7m0, wr),
and, for some absolute constant ¢ > 0,
[0 = wrlly = dfu—u" |y,
then the set of marked simplices F inside the call T := REFvel|r,f,, r,, w.| satisfies
#E S #T +#06 + #0
for any partitions T and & for which

(8.3) inf flu—vzlly <AJu" —welly,  inf [[p—gsllv < Au"™ —wrlv.
FEVz 95 €P5

7

Furthermore, given a

pe ([1-451%1),

there exists an x2 = x2(u, ¢, C1,c2) > 0, such that if (5.6) is valid with x1 reading as
X2, and for 7' D7, £, € V' and w, € V.,

I — £ flvr + 107 = wolly < x2E7(7, £y 70, W),
then

[a" = wolly < pla"™ = welly.

Proof. Following the lines of [Ste06b, proof of Lemma 6.1], for suitable constants
X1 and A, one can show that #F < #7 — #1 for any partition 7 with infy_ ey, |[u" —
vi|lv < Allu” — w|lv. Then, following the proof of Lemma 6.6, we infer that #7 —
#70 < #T + #7 + #0, with 7 and #5 from (8.3).

The second statement can be proven as in [Ste06b, Lemma 6.2]. O

Now we are ready to formulate our practical adaptive Stokes solver STOKES-
SOLVE.
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STOKESSOLVE[f,¢] — [0\, p{", %) w'!)]
% Let the parameter ¢ from REFvel satisfy ¢ € (0, 6—21), and 0 from REFpres
% satisfy 6 € (0,[1 — %]l). Let k, 8, a,x > 0 be sufficiently small constants.
op = T(go) =170, D (O) =0, W(()Og =0,0~ |f|lv,i:=7:=k:=0
do [£17), 7] := RHS[6/2 ™)
w!’) .= GALSOLVE|7 {) A, Wl 6/2)
if C5E8 (00,7 £ pgg, 511) + (1 4+ C3(2¢;* +1))§/2 < ¢ then stop

s ik Y ko
elseif £5(oy, ](le,fj(l,z,p]l), )+ § < kES (o0, T(le,f](llz,pgz ,W (Z ;) then
Oit1 1= REFpres[al,p§ ) w (?)]
i+1) | 7 (41 ) (i+1) . __ (s
( p])’ o ). T(k’ wis ) . Wj,]l

5 = 5(53(00,7](2, fj“,z, py), ) +6)
it+, ji=k =0
elseif &F( ]llz,fj(l,z,pj), l)) + 6 < a&5(oy, ]llz,fj(l,z,p]l), l)) then
pgll = pj) ledlval)C '
TJ+1 0-=7T; 2: §Z+1 0= W(l)
5= B(ES (o, ji,ffz,pi”, ) +9)

Jt++, k _0

creest s AL )
T]2+1 = REFvel[T k,f p] W k] Wﬁ',ll)cﬂ — wgzl)c
§:= BE¥( f;z,fj(zk,pj), )+5)
k++

else 6;:5/2

endif

enddo

Compared to the preliminary version STOKESSOLVE,, in STOKESSOLVE
thg exact solution uy,)c of the inner elliptic problem is replaced by an approximate one
W§-Z])c, which is moreover computed using an approximation f ;2 € V*,, of the right-

s ? Tik
hand side f € V'. As a consequence, the results on the a posteriori error estimators
from Section 5 cannot be applied directly. Using the stability of the problems defining
u and p with respect to perturbations in f, and the stability of the error estimator
&Y demonstrated in Proposition 5.4, for sufficiently small a and &, stopping by either
EB(-- )46 < alS(oy,---), E3(04,- -+ )+ < KES(00,---) or E3(o0, - - )+ (14C3(2¢5 * +
1))0/2 < e, means that

s = wlly < Di(@)[[lps, —pt” nwnupw wOllv],
lp7 = PSP e + luPe — wiih |l < Da(w)lllp — p\lp + u — W'l Iv] or
lp = [lp + lu — Wi [ <,

respectively, with Dj(«), Da(k) > 0 being some constants that tend to zero when o
or  tend to zero.

Since the tolerance §/2 for the approximations for the right-hand side and for
the approximate solution of the inner Galerkin problem decreases until § < xE=(---),
where, for § small enough, the next § respects the same bound, the second pfzmr)t
() ) (i
7,

of Lemma 8.2 shows that for each i and j, w., converges linearly towards u”s .
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Here, we silently assumed that by halving §, at some point § < yEE(---) is valid.
This, however, is not necessarily true since £¥(---) changes as well. E.g., think

()
of the (unlikely) situation that we have reached a partition on which u?s can be

represented exactly. Yet, in that case we also have linear convergence of wy,)c towards

Q)
u?s . Indeed, if during the process of halving ¢ it remains larger than yEE(--+), then

XEE(--+) + 8, being up to some constant factor an upper bound for Hupy) - wy,)CHV,
decreases linearly. 7
Based on these observations, similarly as in the proof of Part (I) of Theorem 8.3,
for sufﬁciently small k and «, one shows convergence of STOKESSOLVE, with
lp — p; )HIP’ +flu—w; k”V < ¢ at termination.
When REFvel is called, from § < xE¥(-- ) for sufficiently small x, E¥(---)+§ >
a&S(os,--) and E5(ay, -+ ) + 6 > KES (00, -+ + ), we have

[u” —wiillly 2 5 ) =6 2 E5(+) + 82 €80y, -+) +6 2 E5(c0 ~->+6
2w = wi v,

meaning that we may apply the first part of Lemma 8.2 to bound the cardinality of
the set F, ; ;. of marked simplices. Assuming that p € A and u € A3, as in (7.20)
we find

l/s

) 5 .
#LE; 5 Sl —wy k||V1/ (Ju 1/ ) + H#Ho; — #710 + #70.

Other than in STOKESSOLVE,, in STOKESSOLVE refinements can also
be made by calls [f(zlz, ](2] := RHSI)/2, ~(Zk]. Assuming that RHS s-optimal with

constant cg, then #Tj7 #T(Z) <c _1/5 (6/2)~'/%. Using that such a call can only be
made when

62 EB()+02E5%0s, ) +62E%00, )+ e,

by applying similar techniques as in the proof of Theorem 7.1 one can prove that
STOKESSOLVE outputs quasi-optimal partitions.

Finally, one can prove that STOKESSOLVE is of quasi-optimal computatlonal
complexity. The main point is that with a call GALSOLVE] j(%,z,pgz), fj(zk, w k, 5/2],
it holds that ||upﬂ R ij”V < §/2, so that the error has to be reduced by a
constant factor only. 7

Along the lines indicated above, we end up with the following theorem. We have
chosen not to include a full proof, since this would require another level of technicalities

on top of those from the proof of Theorem 7.1.
THEOREM 8.3. (1) [0\, p\", 71", w!)] .= STOKESSOLVEf, ] termmates,

9 ]ka
and |lu— w |\V+||p pj lp <e. (IX) If, for some s >0, p € A5, then #0‘ —#70 S

_1/5|p|As , only dependent on 19 and on s when it tends to 0 or infinity. If, in

addition, for some § > 0, u € A5 and, with 5 = min(s,3), RHS is 5-optimal with
constant cg, then #Tj(zlz —#10 S 5_1/§(||p||1/S + ||u||1/S 1/5), only dependent on 7o,
and on § when it tends to 0 or infinity. Under Assumptzon 6.4, and when & < ||f||y,
the number of arithmetic operations and storage locations required by the call is also

l/s l/s 1/§).

bounded by a multiple of e=1/%(
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9. Numerical experiment. We consider d = 2, the L-shaped domain 2 =
(0,1)%\(3,1)%, £ : x — 25(4x2 — 1,1 — 4x), and m = 1, i.e., continuous piecewise
linear approximation for the velocity, and piecewise constant approximation for the
pressure. The initial partition 7y is illustrated in Figure 9.1.

FiG. 9.1. Initial partition 1o

The “bulk chasing” parameters 6 and { inside REFpres or REFvel were chosen
to be 0.7 and 1/0.3, respectively. Since f is smooth, we followed the approach discussed
in Remark 8.1, and skipped the calls of RHS. Furthermore, instead of solving each
arising finite dimensional linear system within tolerance 6/2 for the first value of §/2
obtained by successively halving that is less than y&&( ](Zk, f](zlz D ;z), w§ ,)C) we always
approximately solved it by 3 multigrid iterations with local smoothing (cf. [WCO03])
starting with the previously computed approximate velocity. The parameters x and
« are chosen to be 0.88 and 0.9, respectively.

For comparison, we also implemented the adaptive Uzawa method for solving the
full Stokes problem, i.e., STOKESSOLVE without the outmost loop over i, i.e.,
without the part starting from the first elseif-statement until the second one, and
all remaining occurrences of o; replaced by oco. In particular the pressure update
p§z+1 = pJ ) 4 ledIVW( " then reads as Dj+1 = p;j +divw; ;. This is the algorithm
studied in [BMNO02], apart from the replacement of a priori prescribed tolerances by
a posteriori ones.

In Figure 9.2 (left), we plotted the full Stokes error estimator £°(co, 7 l,)c, f, pgz , w(Z )

vs. #TJ@ (or E5(00,Tjk, £,pjy Wik) vs. #7jk). Ignoring the fact that generally
Pl

(Z ;é u (Z) (or wjp # uT '), modulo a constant factor this estimator is an upper

bound for |[u wiklv + lp =2 lle (or u—wixllv + lp = pjlle) (For £ € V7,
(or £ € VI ), it would also be a lower bound). In Figure 9.2 (right), we plottéczl
the pressure error estimator ||diVW-§»7j)EHL2(Q) vs. #o; (or ||divw; gkl n,) Vs #Tj0)-
Ignoring that generally wgz)ﬁ £ u” i (or wj # uP’), this estimator is equivalent to

prpgi) |l (or |[p—pjllp). As predicted by the theory, the approximations produced by

STOKESSOLVE converge with the best possible rates. In this example, we observe
that the same is true for the adaptive Uzawa method.
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— - Ideal line

¥ —#+— STOKESSOLVE
~~ Uzawa

FiGc. 9.2. Estimated Stokes error (left) and estimated pressure error (right) vs. cardinality
underlying partition

Our implementation is partly written in C, and, for our convenience, partly in
MATLAB making use of the PDE toolbox. This toolbox was modified such that it
performs newest vertex bisection. Due to the data-structures used in the MATLAB
part, our code is not of optimal computational complexity; the time needed for a call
of REF'vel is not proportional to the cardinality of its output partition. Subtracting
the times spent for this routine, we observed computing times that are proportional
to the cardinality of the final partition.

In Figure 9.3 we show two partitions o; that were produced by STOKESSOLVE.
Note that these partitions are nonconforming. In Figure 9.4 we give two partitions

N\
Ny,
(RN
N
1>

F1G. 9.3. Pressure partitions with 1965 or 4235 triangles

T](zli Finally, in Figure 9.5 plots of p and u are given.

Acknowledgment. The authors are indebted to Dr. Haijun Wu (Nanjing Uni-
versity, China) for making available to us his code implementing multigrid on locally
refined partitions.
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