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ABSTRACT. This paper is concerned with the analysis of the inf-sup condition aris-
ing in the stationary Stokes problem in exterior domains and applications to the
derivation of computable bounds for the distance between the exact solution of the
exterior Stokes problem and a certain approximation (which may be of a rather gen-
eral form). In the first part, guaranteed bounds are deduced for the constant in the
stability lemma associated with the exterior domain. These bounds depend only on
known constants and the stability constant related to bounded domains that arise
after suitable truncations of the unbounded domains. The lemma in question implies
computable estimates of the distance to the set of divergence free fields defined in
exterior domains. Such estimates are crucial for the derivation of computable majo-
rants of the difference between the exact solution of the Stokes problem in exterior
domains and an approximation from the admissible (energy) class of functions satisfy-
ing the Dirichlet boundary condition but not necessarily divergence free (solenoidal).
Estimates of this type are often called a posteriori estimates of functional type. The
constant in the stability lemma (or equivalently in the inf-sup or LBB condition)
serves as a penalty factor at the term that controls violations of the divergence free
condition. In the last part of the paper, similar estimates are deduced for the distance
to the exact solution for nonconforming approximations, i.e., for those that may vio-
late some continuity and boundary conditions. The case where the dimension of the
domain equals 2 requires a special consideration because the corresponding weighted
spaces differ from those natural for the dimension 3 (or larger). This special case is
briefly discussed at the end of the paper where similar estimates are deduced for the
distance to the exact solution of the exterior Stokes problem.

§1. INTRODUCTION

1.1. Notation and nomenclature. Throughout the paper we consider domains in R%,
d > 2, with Lipschitz boundaries. The symbol w is used for bounded domains and the
boundary of such a domain is denoted by v (typically, the latter is composed of two
open and disjoint parts yp and vy associated with the Dirichlet and Neumann parts).
Exterior domains (i.e., those having the form R\ @) are denoted by €. By the letter D,
we denote domains which may be bounded or unbounded depending on the context (if
this property is not necessary to outline).

For Lebesgue and Sobolev spaces of functions (scalar, vector, or tensor valued) with
generalised square integrable derivatives of the first order we use the standard notation
L?(w) and HY(w) (or L%(Q2) and H!(Q)), respectively. The standard inner product, norm,
and orthogonality in L?(w) will be denoted by (-, -)ow, || - llow, and Lo. If vp # 2,
then the homogeneous Dirichlet boundary conditions are encoded in the space H}w (D),
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which is defined as the closure of compactly supported smooth functions vanishing on
vp in the norm of H.
Also, for bounded domains we use spaces with vanishing mean values!

L2 (w) = L2(w) N R0 = {qs €L2(w) : (6, 1)00 = 0} - {qs € L2(w) : /

w

6=0},
H! (W) == H'(w) N L2 (w) = {qs e H' (w) : /

w

¢ = o}.
To handle the special case of yp = @ using a unified notation, we introduce the space

2 .
L’QYD (w) — L2(w) 1f YD 7& v
Ll(w) lf YD =7,

and for the case where vp = @ redefine Hlm (w) by setting

Hl, (W) = H] (w).

To further unify our definitions and extend them to exterior domains, we consider a
domain (an open and connected set) D C RY d > 2. This domain may be bounded
or unbounded. It has a Lipschitz boundary B, which consists of two relatively open
and disjoint parts Bp, By C B (such that B = Bp U By) associated with Dirichlet
and Neumann boundary conditions. As before, we denote the standard Lebesgue and
Sobolev spaces by L?(D) and H! (D), respectively. If Bp # @, we introduce homogeneous
Dirichlet boundary conditions in HzlgD (D) defined as the closure of

Cz,(D) := {¢|D :u € C®(RY), supp ¢ is compact, dist(supp ¢, Bp) > O}

in HY(D). As above we utilise the notations L(D) = L3 (D), Lg (D), and H (D) =
H (D) provided that D is bounded. Next, we introduce polynomially weighted spaces

L2,(D) = {0 € L3(D) : p*' 0 € L2(D)}.
HL, (D) := {¢ eLl2,(D): Vo e L?(D)},

where the weight function p is defined by p(r) := (14 r2)*/2, and r(z) := |z|. The inner
product, norm, and orthogonality in L%, (D) are denoted by

(-, Ve1p = <pi2., >
respectively. In the case of a bounded domain, there is no difference between the un-
weighted and weighted spaces (if we mean that the spaces coincide as sets and possess
different inner products). However, in analysis of problems in exterior domains a proper
selection of weights is important (in §4.6 devoted to the case of d = 2 we define the
weighted spaces differently). As before, if Bp # &, then the homogeneous Dirichlet
boundary conditions are encoded in H! | 5 (D), the closure of C¥, (D) in H.,(D). Fi-
nally, for the Stokes equations, we introduce spaces of solenoidal fields

S(D) = {90 e HY(D) : divy = o}, S, (D) = H, (D) NS(D),

S_1(D) = {sp e HL, (D) : divy = o}, S_15,(D) :=H., 5 (D)NS_1(D).

0,D’ || : ||i1,'D7 and J—il,'Du

1Throughout this paper, we do not express the respective measure in the notation of integrals, so
that, e.g., we often use the notation like this:

/wf=/wfd>\=/wfdm, Lf:Lfdo:Lfds.
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1.2. Stability lemma and the Stokes problem in bounded domains. The clas-
sical stationary Stokes problem consists of finding a vector field u (velocity) and a scalar
valued function p (pressure) that solve the system

(1) —vAu+Vp=f in w,
(2) divu =0 in w,
(3) u=up on yp,
(4) on =0 on yn,

where ¢ := vVu — pl, v (viscosity) is a positive constant or a positive function taking
values in [ve,va], vo,ve > 0, and f € L2(w). The boundary conditions are defined by
the vector valued function up. Henceforth, we assume that up is given by a solenoidal
vector field up, i.e., the Dirichlet boundary condition is defined by up € S(w) in the
sense that v = up on vp, i.e.,

u—up € H'lyp (w).

If v = vp, then we additionally assume that

(5) /n-uD:/diqu=<uD,1)0,w=0.
¥ w

The existence of the corresponding generalised solution follows from the well-known
solution theory for uniformly elliptic linear equations and the stability lemma, which
plays an important role in the theory of incompressible flows.

Lemma 1.1 (stability lemma, [22, 1, 3, 13, 14]). There ezxists ¢ > 0 such that for any
g € L2, (w) there is a vector field ug € H}  (w) with

(6) divug =g and [[Vugllow < cllgllo.w-

Henceforth, the best constants in (6) and similar inequalities for unbounded domains
are denoted by the letter &, i.e., K(w,vp) is the smallest ¢ in (6). For u € H! (w) we
also have the Friedrichs/Poincaré inequality

[ullow < el Vullo.w,

and cpp(w,vyp) denotes the best constant c¢. Hence from Lemma 1.1, we conclude that
ug satisfies the inequalities

LR
—|Uu
CFP(“;'YD) g

We notice that in the theory of electrodynamics the function u, is called a regular
potential as it admits (for Maxwell’s equations) an unphysical (high) regularity and
boundary condition, which is much stronger than the usual normal boundary condition
related to the divergence operator.

Lemma 1.1 yields several important corollaries. First, it guarantees the solvability of
the stationary Stokes problem (in the velocity-pressure posing). By setting g = div ug,
Lemma 1.1 immediately yields the well-known inf-sup (or LBB) condition:

0w < [[Vugllow < w(w,yp)ll divugllo.-

di w 1
(7) inf sup {9, div uo, > = CLps.
g€z, (@) uert (w) [9llo.wlIVullow — #w;vp)

Another direct corollary to Lemma 1.1 is an estimate of the distance between a vector
field v € H! | (w) and the set S, (w) (see [35, 36]),

dist (1. Sy (@) 1=, Jof ) IV G =)o

vESy (w
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Corollary 1.2. For any u € Hl (w) there ewists ug € Sy, (w) such that
dist (u, Sy, (W) < [|V(u— uO)HO)w < K(w,vp)| divullo w-
Proof. For u € H#D (w), solve the equation
divi = divu € L2 (w)
with @ € H]  (w) and the stability estimate
IVallo.w < (w,yp)l divulow

by Lemma 1.1. Note that for vp = v we have

(8) /n-uz/divuz(u,l)o,wzo.
o w
Then

up:=u—1u €Sy, (w) and ||V(u-— uO)HOM = HVTLHOM < K(w,yp)|ldivulow. O

In [38, 39, 40], this result was extended to vector fields satisfying nonhomogeneous
Dirichlet boundary conditions (and also for vector fields in WH4(Q) for ¢ € (1,00))
provided that such a vector field u satisfies divu € L?YD (), i.e., the mean value con-
dition (8), if yp = . Moreover, it was shown that if the mean value conditions hold
true for a collection of subdomains whose union of closures coincides with the closure
of w, then estimates of the distance can be based on local constants associated with
subdomains. In the case of nonhomogeneous boundary conditions, a modified version of
Corollary 1.2 reads as follows.

Corollary 1.3. For any u € H'(w) with divu € L2 (w) there exists a solenoidal ug €
S(w) such that ug —u € H'lyp (W), i.e., Uolyp = Ulyp, and

HV(uO —u)

o < #lw,70) div -

It should be noted that Corollary 1.3 can be also viewed as a lifting lemma, because
a boundary datum ul|.,, is lifted to the domain w. In this case lifting is performed with
the help of a solenoidal representative.

Estimates of the constant k(w,yp) have been studied in [10, 25, 29, 44, 6] and some
other publications. It is not difficult to see that the constant c.zp in (7) is nonnegative
and cannot exceed 1 so that k(w,vp) > 1. It is known that c.zs > 0 for any bounded
Lipschitz domain (e.g., cips = 1/V/d for a ball in R?). However, the exact values of
this constant are unknown except some for very special cases (for example, we do not
know the constant even for a cube!). In [6], simply computable and sufficiently accurate
estimates of the constant were obtained for domains in R? that are included in a ball of
radius R and are star-shaped with respect to a concentric ball of radius p. It was shown
that

©) s < 2 (14 Vi),

where ( = p/R. For d = 3, estimates of ¢, zp are known only for domains with sufficiently
regular boundaries (see [29]). A systematic numerical analysis of constants in the inf-
sup condition (7) was performed in [11], where approximate values of the constants
were computed for a wide collection of bounded domains. Computational approaches
to the evaluation of the distance to the set of divergence free fields based on domain
decomposition were suggested in [38, 39, 40]. In our subsequent analysis, we assume
that, using the results and methods mentioned above, we are able to find a majorant of



THE STATIONARY STOKES PROBLEM IN EXTERIOR DOMAINS 5

the constant x(w,yp) for bounded domains w that arise as truncations of an unbounded
domain €.

1.3. A posteriori estimates. Estimates of the distance to Sy, (w) are not merely of
theoretical value. They are important for the quantitative analysis of boundary value
problems generated by incompressible media models (e.g., in the theory of viscous in-
compressible fluids). First, estimates of this type are necessary for getting computable
bounds for the difference between the exact solution of a boundary value problem and
an approximation obtained by some computational procedure. The term “computable”
means that the corresponding estimates do not involve unknown functions and constants
and can indeed be computed by means of an approximate solution only. Estimates of
this type are often called a posteriori error estimates and nowadays are widely used in
the quantitative analysis of mathematical problems. Unlike the a priori (asymptotic)
convergence estimates, a posteriori estimates provide an explicit verification of the ac-
curacy of a particular numerical solution. First methods of a posteriori error control for
PDEs originates from the works of W. Prager and J. L. Synge [33] and S. G. Mikhlin [19].
The latter monograph contains a pioneering idea of a new approach to error estimation,
which differs principally from asymptotic rate convergence estimates dominated at that
time and several decades subsequently. For variational problems generated by quadratic
type functionals

(10) Tw) = ga(,0) = (f0), fEV,

where V is a Hilbert space and a : V x V — R is a V-elliptic bilinear form, S. Mikhlin
deduced the principal relation

(11) %a(u—v,u—v):J(v)—J(u).

Here v is the minimizer that satisfies

= 1 d
J(u) 1rjleng(w) and veV

is any function compared with u. Since the exact infimum is unknown, it is impossible
to use (11) directly. In [19], it was suggested to estimate J(u) from below using a dual
variational problem and further apply the orthogonal projection method of H. Weyl [48].
Certainly, these first estimates were derived for a rather limited set of problems and
suffered from serious restrictions imposed on the set of functions that are admissible in
the dual setting. For these reasons, they were rarely used in computational practice.
Moreover, the methods developed in 1970-1980 for measuring errors of finite element
approximations (such as the “gradient averaging” and “residual” methods, see, e.g., [47]
and the references therein) were based on different grounds. These methods strongly
exploit properties of a particular approximation computed on a particular mesh. In
essence, they provide certain error indicators (for mesh adaptive procedures) rather than
guaranteed error bounds. Subsequent studies focused on the problem of guaranteed
error control (performed in the 1990s) confirmed the idea (encompassed in (11)) that the
corresponding methods should be justified on the functional level by means of the same
mathematical tools that are used in analysis of PDEs without attracting specific features
of approximations and numerical methods. If we have a general (universal) estimate
of the distance between a function and the exact solution of a boundary value problem,
then it can be used with any approximation and requires no changes if one approximation
(mesh) is replaced by another. In the last two decades computable bounds of this type has
been derived and tested for a wide spectrum of problems (see [34, 23, 37, 17] and many
other publications cited in these monographs). For clear reasons, they are often called
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a posteriori estimates of functional type. They differ from others due to two important
properties: the estimates

(a) do not contain constants associated with a particular finite dimensional subspace
(mesh) and a method used to solve the problem and

(b) are valid for any approximation in the energy space and do not use special condi-
tions required for the exact solution (e.g., extra regularity) or its approximation
(e.g., Galerkin orthogonality, quasi—uniformity of meshes).

A posteriori estimates of functional type involve only global constants generated by
functional inequalities such as various embedding estimates, trace inequalities, Poincaré,
Maxwell, Korn inequalities, etc. It should be noted that although constants of this type
do not appear in (11) (and in the estimates derived in [33]), the importance of studying
them was already understood by Mikhlin (see [20]). The reader can find an overview of
the history of a posteriori error estimation methods and a subsequent exposition of the
functional approach to the problem in [37].

First estimates of the distance between a function in the energy space and the exact
solution of the stationary Stokes problem in a bounded domain were derived in [35]
(by means of the variational duality method) and in [36] (by transformations of the
integral identity that defines the corresponding weak solution). It is worth starting a
short overview of these results with the error identity

(12) V||V (o —w)||* + v Yy — ol = 2((v) — I*(ry)),

which can be viewed as an analog of (11) for the stationary Stokes problem. Here
v € Sy(w) and

T € L?(w) = {7’ eLl*(w) : (1, Vw)ow = (f,w)ow Ywe S.Y(w)}

are regarded as approximations of the exact velocity field u and exact stress fiels o,
respectively. Identity (12) is fulfilled for any v € S, (w) and any 77 € L}(w). However,
it is not very useful for practice for the same reasons as (11), namely, the functions in
S, (w) and L?»(w) are subject to differential relations. In [35] (see also [37]), a way was
shown to overcome these difficulties by using computable estimates of distances to the
sets S, (w) and L?» (w). As a result, the following estimates for the velocity and pressure
fields were derived:

1/||V(u - ﬂ)”ow < |7+ 21— vVilow + cep(w, )| divT + fllow

(13) L
+ 2vk(w,y)| divalo.w,

(14) ml\p —Pllow < lI7+pT=vVillow + cre(w,7) [ divr + fllow

+ vi(w,y)| divalo,e-

Here v is a positive constant and u € H!(w) is a vector-valued function satisfying the
Dirichlet boundary conditions. The function w is regarded as an approximation of the
exact velocity u. Similarly, pis a square integrable function (with zero mean value if the
Dirichlet conditions are imposed on the whole boundary «) viewed as an approximation
of p and 7 € L?(w) is an approximation of the exact stress field o. The right-hand sides
of (13) and (14) have a clear meaning: they contain three nonnegative terms that vanish
if the approximations coincide with the exact velocity, pressure, and stress, respectively.
In other cases, the terms can be viewed as penalties for possible violations of the three
basic relations that form (1) and (2).

It is easy to see that the constant k(w,~) plays an important role in (13) and (14)
and, therefore, it is indeed necessary to have guaranteed majorants of this constant.
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These constants arise in the a posteriori analysis of a numerical solution if it satisfies the
divergence free condition only approximately. If the constant x(w,vp) is known, then
by using Corollary 1.2 we can deduce guaranteed and fully computable error estimates.
For problems in bounded Lipschitz domains the respective results were presented in
[35, 36, 37, 39] and other publications cited therein. Also, it should be mentioned that
explicit bounds of the constant x(w,y) are required not only for Stokes type problems.
They arise in other continuous media problems, which are not related to viscous fluids
(e.g., see [42]).

Subsequently analogous estimates for the velocity and pressure fields were obtained
for the Stokes problem in the velocity-vorticity-pressure formulation [18] and for the gen-
eralised Stokes problem [41]. In [7], such estimates were derived for a class of stationary
problems associated with nonlinear viscous fluids and in [24] for the evolutionary Stokes
problem. We note that the approach used in these publications and in the present paper
differs essentially from the so-called residual method often used in the finite element
community for getting indicators of approximation errors (see, e.g., [46]).

1.4. Outline of the paper. In the first part of the paper, we recall some known results
related to the analysis of boundary value problems in exterior domains, paying a special
attention to the stability Lemma 2.3 and the corresponding corollaries.

§3 is devoted to computable bounds kg (£2,I'p) for the stability constant x(Q2,I'p). In
Lemma 3.2, we obtain a desired estimate for kg (€, 'p), which involves known constants
and the constant x(w,yp) associated with a bounded domain w (which is a suitable
truncation of 2). Estimates of the last constant have been derived in several publications
cited above, so that we view this problem as solvable (at least in the sense that a certain
guaranteed bound of k(w,vyp) can be derived). As a result, we obtain estimates of the
distance between a vector field in €2 and the respective set of solenoidal fields defined in €2
and satisfying the same boundary conditions (Lemma 3.4). These estimates are used in
84, we derive a posteriori error estimates of functional type, which are valid for a wide
class of approximate solutions to the stationary Stokes problem in exterior domains.

Estimates for the velocity are obtained in three different forms. The first (and the sim-
plest) form is valid for approximations in S(Q2), i.e., for solenoidal vector-valued functions
that satisfy the Dirichlet boundary condition exactly (Theorem 4.1). These estimates
do not contain the constant x(Q,T'p). Estimates of the second type are valid for ap-
proximations in H!(€) still satisfying the boundary condition exactly but admit possibly
nonsolenoidal functions (Theorem 4.2). They involve a term that penalises possible vio-
lation of the solenoidality condition and has the constant x(Q2,T'p) as a penalty factor.
Finally, the most general form of the estimate is applicable for nonconforming approxi-
mations, which even may not belong to the energy class H!(Q2) (Theorem 4.6). It involves
one more term that can be viewed as a measure of the distance to the energy class natural
for the velocity function. Also, we deduce estimates for approximations of the pressure
(Theorem 4.4 and Theorem 4.6) and the stress field (Subsection 4.4). In §4.5 we consider
lower bounds and in §4.6 we adapt our results to the special case of space dimension
d=2.

§2. PRELIMINARIES

2.1. Exterior domain and main functional inequalities. We consider an exterior
domain  C R?, where d > 3 (the special case of d = 2 is studied in Subsection 4.6),
with a (strong) Lipschitz boundary I', which is composed of two open and disjoint parts
I'p,I'y C T (Dirichlet and Neumann parts) with T =Tp UTy. Moreover, we assume
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that there exist 0 < r; < 73 such that R?\ Q C B,, and denote (see Figure 1)
(15) w:=Q,,=QnB,,, y=TUS,, ~vp:=IpUS,,,

where B, and S, denote the open ball and the sphere of radius r centered at the origin
in Rd._ By 1 we denote a Lipschitz continuous cut-off function, which vanishes in the
ball? B,,, equals 1 in R%\ B,,, and takes values in [0, 1].

FIGURE 1. R?\ Q (gray) surrounded by the boundary T' (thin black
lines), the boundary part I'p (thick black lines), and the artificial bound-
ary spheres (dashed lines).

The two main ingredients for our proofs are Lemma 1.1 and a few elementary results
from the theory of V-curl-div-systems in exterior domains and especially R? (see, e.g.,
[16, 43] or [12, 26] and in particular [28] as well as references therein), which can be
summarised in the two subsequent lemmas as follows.

Lemma 2.1 (Friedrichs/Poincaré lemma for exterior domains). The following weighted
Friedrichs/ Poincaré estimates hold true.
(i) There exists ¢ > 0 such that for all v € HY, 1 (Q) we have

vl -1,0 < c[[Vvllo,a-

The best constant c is called the Friedrichs/Poincaré constant and we denote it

by cer(Q,T'p).
(ii) If Tp =T, then cpp(Q,T) = ¢x(Q) (the Friedrichs constant) and

2

Cd-2

Hence for all v € H' | (Q) the Friedrichs estimate ||v]| 1.0 < ca||Vvlloo holds
true. If T'p = @, then cpp(2, @) is replaced by the Poincaré constant cp(2). In
this case, the Poincaré estimate

[o]-1.0 < o (D) IVollog
is fulfilled for all v € H:|(Q).

er(Q) < ey

2For the sake of simplicity we henceforth operate with the balls By, and B.,. However, if necessary
B;, can be replaced by a Lipschitz domain containing R2\ Q and By, by another Lipschitz domain
containing B, .



THE STATIONARY STOKES PROBLEM IN EXTERIOR DOMAINS 9

(iii) If Q = RY, then the Friedrichs and Poincaré constants coincide and, moreover,
crr(RY) = cp(RY) = ¢ (RY) < ¢y.
Hence for all v € H | (R?) we have ||v|| _1 ga < cal|Vv|[opa-

Note that no boundary or mean value conditions are needed in Lemma 2.1 (because
constant functions are not integrable in L%, (Q)).

Lemma 2.2 (V-curl-div lemma for exterior domains). Suppose that Q = R? and h €
L2(RY). Then there exists a unique v € HL|(R?) such that curlv = 0 and divv = h.
Moreover,

1 .
aHUH—l,Rd < Vollora = [[divollora = [[Allo,ra-
The results of Lemma 2.2 are well known and follow directly by Fourier analysis,

see, e.g., [30, 31, 32, 16] or [12, 26]. Notice that the well-known equation —A =
curl” curl —V div implies the identity

(16) IV0[I§ e = || curlv[|f ga + || divo[|f za
for all v € C*°(R%) having compact support. By density and continuity arguments it can
be extended to all v € H: | (R%). Hence the relation

[Vvllora = [ div vl|o ra
in Lemma 2.2 follows immediately.
2.2. Stability lemma and Stokes problem in exterior domains. For exterior do-
mains we have a result similar to Lemma 1.1 (see [9]).

Lemma 2.3 (stability lemma for exterior domains). There exists ¢ > 0 such that for
any h € L2(Q) there is a vector field

uy, € Hl,lpr(Q)
with
divup, =h and [|[Vupllo,o < c||h]o.Q-
The best constant is denoted by x(Q,Tp).
In the subsequent Lemma 3.2 we present computable upper bounds for x(Q2,T'p).

Remark 2.4. In [9] only the case of I'p = T" was considered, but it is trivial that then the
stability lemma is true for general I'p as well. It should be noted that unlike the case of
a bounded domain, no mean value condition is imposed on h even if I'p =T.

Lemma 2.3 immediately implies the inf-sup condition.
Corollary 2.5 (inf-sup lemma for exterior domains). We have
<h, div ’U,>0)Q 1

inf sup > .
heL2 () uent | (@) [12llo.ll Vulloo — #(2,Tp)

From now on, let f € L3(Q2), up € S_1(Q) be given data. The classical Stokes problem
in an exterior domain 2 consists of finding a vector-valued function u (velocity) and a
scalar valued function p (pressure) satysfying the system

(17) —dive = f in €,
(18) o=vVu—pl in €,
(19) divu =0 in €,
(20) u=1up on I'p,
(21) on =10 on I'y,
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where u additionally satisfies a proper decay conditions at infinity, so that v € S_1(Q)
or u € HL,(Q), i.e.,

uwel?,(Q) and Vue L*(Q).
The classical (pointwise) condition reads

|z|— 00

(22) u(z)
The corresponding generalised solution
u€up+S_1r,(Q)
is defined by the integral identity (see, e.g., [13, 9])
(23) (vVu,Veoloo = (f,0)o0 Ve €S_1r,().

Note that, since

0.

<fa 90>O,Q = <P fa p71</7>0195
the right-hand side of (23) is well defined. Using the Ansatz v = up + ¥ with u €
S_1,r5(f2), we reduce this formulation to find w € S_;r,(2) such that for all ¢ €
S_1r, () we have
vV, Volo,a = (f, ¥)oa — (¥Vup, Ve)oa.

Another formulation taking the pressure into account leads to the following saddle point
formulation: find

(u,p) € (uD + Hl,lpr (Q)) x L3(Q)
such that for all (¢, ¢) € HL, 1 (Q) x L*(©2) we have
(24) (vVu, Vp)o.a — (p,dive)o.a = (f, )o.a;
(25) <d1V 17, ¢>07Q =0.
By standard arguments (see, e.g., [8, 9, 13]) and the inf-sup lemma, we know that

for f € L3(Q) and up € S_1(Q) the Stokes system is uniquely solvable with u € up +
S_1.r,(2) and p € L3(Q). Moreover, the solution meets the estimates

v[[Vallo,o < cep(2,I'p)[| fll10 + v|[Vup|
v[[Vullo,o < cee(2,Tp)| fll1,0 + 2v||Vupllo,a,
[pllo. < 26(2,Tp) (cee (2, T fll1.2 + [ Vublloq).

0,2,

§3. ESTIMATES OF k(Q,T'p)

Our goal is to deduce majorants for the constant in Lemma 2.3 that involve only
known constants (such as ¢4) and stability constants for a bounded domain w generated
by a certain truncation of .

First we discuss the simplest case of a compactly supported right-hand side.

Lemma 3.1. There exists ¢ > 0 such that for all h € L?(Q) with supph C @ and
hel? (w),ie, [oh= [ h=0ifTp =T, there exists a vector field up, € H | 1 ()
such that
div Up = h and ||V’U,hH019 S CHhH()yg.
The function up can be chosen with compact support in @, in particular,
up € H}YD(w) C Hp ().
In this case, K(,Tp) < k(w,vp).

Hence we arrive at the rather obvious conclusion that for a compactly supported h
the constant x(Q2,T'p) can be estimated by x(w,vyp).
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Proof of Lemma 3.1. Set
g:=hl|, € ng (w).
By Lemma 1.1 there exist #(w,yp) > 0 and u, € H! (w), ug = 0 on S,, such that

divug = g and ||Vugllow < k(w,vp)|lgllo,w- Let up, be the extension by zero of u, to .
Then uy, € H%D (Q) and supp up = suppug C w. Moreover, divuy, = h and

IVunllo.o = IVugllow < K(w,vp)llgllo.e = #(w; vp)l[llo,0;

completing the proof. O

Now we present the main result, which provides an upper bound for the best constant
k(2,Tp) in the stability Lemma 2.3 for exterior domains as well as an alternative proof
of this lemma.

Lemma 3.2. Let Q and w be defined by (15). Then
k(2 Tp) < ke(Q,Tp) := (14 k) (1+ caap(ra))
with k(,Tp) from Lemma 2.3, where a and k are defined in (29) and (31), i.e.,

a=a(r,re,n) = max ‘Vn(:v)|, = min {k(w,vp), K(w,7)}.
-’EEB’V‘Q\BTI

Remark 3.3. It should be noted that x < k(w,vp) and k < k(w,y), where the second
bound means that x can be estimated independently of the boundary part I'p of T
Moreover, the constant xg(2,Tp) depends on the dimension d, the radii r1, 9, and
the Lipschitz continuous cut-off function n. Optimal values of these parameters (which
minimise the constant) are not known a priori and should be defined by solving an
additional algebraic problem. If 7 is constructed, e.g., by a simple affine function with
ro =711 + 1, then o = 1 and we have one possible upper bound

ws(0.00) < (1 )1+ eay/157) < (14w (14 2572).

In some cases, this bound may be rather coarse, but, anyhow, it presents a guaranteed
upper bound of the stability constant kg (Q,T'p) associated with the exterior domain 2.

Proof of Lemma 3.2. We extend h by 0 to R?\ Q and identify the extended function
with h € L2(R?). By Lemma 2.2 we have a vector field v € H! ; (R?) with curlv = 0 and
dive = h in R? as well as

1 .
(26) o Ill-1pe < |IVolloge = [ divellogs = [0

We recall that our cut-off function 7 satisfies 7| B,, = 0 and Nlray B, = L. Therefore,
nv € HL, 1(Q) and supp(nv) € R\ B,,. In view of Lemma 2.3, our goal is to find

a vector-valued function vy, € H' | () such that dive, = h in Q and the stability
inequality holds true. We suggest to construct it in the form

(27) U = N0+ vy,

where v, € H}D (Q) with supp v, C @ is the extension by zero to Q) of some vector-valued

function w,, € H#D (w) that is supported in @ and vanishes on S, .
The relation

h=divvp =nh+Vn-v+divy, inQ
imposes a condition on v, and wu,. Let

gi=1—-nh—-Vn-vel*w) inw.
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Notice that supp(1 —n) C B, supp Vi C B, \ B,, and hence supp g C @ (if we view g
as a function in Q). Since
g=Q0=nh+V(1-n) v=dv(1-nv),
by the properties of  we have by the Gauss or Stokes theorem

w Y r ]Rd\ﬁ Rd\ﬁ

Hence g has zero mean value independent of the boundary part v = ~p, i.e., we always
have

(28) Ag:a

Now, the existence of u,, = ug~, € H}YD (w), respectively, u, = ug, € H,ly(o.)) such that
div u,, = g together with the stability estimate

(29) IVusllow < #llgllow, % = min {x(w,7p), x(w,7)}

is provided by Lemma 1.1. Note that u, € H,ly(o.)) can also be regarded as a suitable
function if the homogeneous Dirichlet boundary conditions are imposed only on a part
I'p of T', so that we can operate with one and the same constant x(w, ). Since u, = 0
on Sy,,

Uy N W,
Uy 1= -
0 in R4\ B,
meets our needs. Then vy, = nv 4 v, € HL | 1 (©2) and
divop, =nh+Vn-v+g=nh in Q.

It remains to estimate |[Voplo,o. By the properties of  we have

(30) 199 @vloge, 193 vllozs < alltlos,15,
where

(31) a = ory,re,n) = max |Vn(z)| = megfi(Brl |Vn(z)|.
Since

lgllow < [[(X =mhly, + IV vllow,
by (30) we find
||va||0,sz = ||Vuw||0,w
< kllgloce < w10~ hlly, + ol 5,,15,,)
(32)
< k(||hllo0 + a ||U||o,BT2\§T1)v
HV(ﬁU)HO,Q <[Plloe +allvllos,,\5,, -
By (26), the second terms on the right-hand sides can be estimated as follows:
(33) vllo,5,,\B,, < Pr2)llvll-1re < cap(r)IVollore = cap(ra)|hllo.o-
Finally, by (27), (32), and (33), we conclude that
[Vonllo < (1+ ’f)(HhHO,Q + CdaP(Tz)”h”O,Q) = kg (2,I'p)[[hlo,0,
finishing the proof. O
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3.1. Estimates of the distance to the set S_; p,(2). As in the case of bounded
domains, the stability Lemma 2.3 implies estimates of the quantity

dist (u,S—1,r,(Q)) = wesj?rfD @ | V(u— QD)HO)Q,

which is a measure of the distance between u € H];LFD (2) and the corresponding set of
divergence free vector fields.

Lemma 3.4. For anyu € H' | 1 (Q) there exists a solenoidal ug € S_1r,,(Q) such that

dist (u,S-1,r,(Q)) < HV(u — U < k(,Tp)|| divullo.-

Moo

Proof. Let h = divu € L*(Q). By Lemma 2.3 there exists uj € HL, 1 () such that
divuy, = h and

IVunllo.o < £(2,Tp)l|Allo.c

Then ug := u — up € S_1.r,(Q2) and we have

[V (u—uo)l|y o = [[Vunlyq < #(2,Tp)ll divullo,. 0

It is easy to extend this result to the case where v satisfies inhomogeneous Dirichlet
boundary conditions on a part of the boundary.

Corollary 3.5. For any u € HL,(Q) there ezists a solenoidal ug € S_1(Q) such that
u—ug € HI*LFD (Q), i.e., uglr, = ulr,, and

|V (w = uo < £(9,T'p)| divullo,q.

Moz

The last assertion shows the existence of a continuous lifting operator that lifts the
boundary datum u|r,, to the domain 2 with a solenoidal representative.

84. A posteriori ESTIMATES

A posteriori estimates of functional type for various elliptic problems in exterior do-
mains were derived in [27]. In this section, we derive estimates of the difference between
the exact solution of the exterior Stokes problem (17)—(21), respectively, (24)—(25) (pre-
sented by the fields of velocity u, pressure p, and stress o) and the respective approxi-
mations u, p, and o.

First, we introduce two more weighted spaces for tensor valued functions:

D(Q) = {7’ cL2(Q) : divr e Lf(Q)},

where div is the divergence operator for tensor fields acting as the usual row-wise diver-
gence. D(2) is a Hilbert space with norm defined by

1715 = 71l o + | div 7 o
By Dr (€2) we denote the closure of CZ°, (€2)-tensor fields in the norm of D(£2). Then for
all p € HL | . _(Q) and all 7 € D, (£2), we observe that
(34) (1, V)o,a + (div T, @)oa = 0.
Notice that
(div T, p)o,0 = (pdivr, p~'p)o.a,

so that the second term in the above relation is well defined.
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4.1. Estimates for the velocity. From now on,

uel?(Q) and pel?Q)
are viewed as approximations of our exact solutions

u=up+uU€up+S_1r,(2) CS_1(R) and peL*(Q)
to our exterior Stokes problem (24)—(25), respectively. By
7 eL*(Q)
we denote an approximation of the tensor field
o =vVu —pl,

which can be constructed by a certain reconstruction of u and p or computed indepen-

dently.
First, we consider the simplest case where

uw€up+S_1r,(82) CS_1(Q).
Then by (24) for all solenoidal ¢ € S_1 1, () we have
<VV(U — ), V80>07Q =(f, <P>0,Q - (vVa, V<P>0,Q-
Let 7 € Dry(Q) and ¢q € L?(Q). Using Lemma 2.1, identity (34), and the relation
(¢L, Vp)oa =0

(which is true for all p € S_1(Q) because I : Vo = div ¢), we find

<1/V(u — ), V<p>0)ﬂ =(divr+ f,p)o.0 + (T + ¢l —vVu, V) a
35) < ldivr+ fllualell-to+ v (0 + g1 =2V | o IV *Velon

< (ygl/%w(ﬂ, To)|[divr + fllio +|[v2(r + ¢l - uva)Hw) 12V g|o.q.

Choosing ¢ = u —u € S_1 1, (2), we arrive at the following estimate.

Theorem 4.1. Let i € up +S_11,(Q). Then for all T € Dr, () and all ¢ € L*(Q) we
have

Hul/QV(u - E)HO)Q < Vé1/2ch(Q,I‘D)|| divr + flli,0+ ||I/_1/2(7'+ ql — I/Vﬂ)Hoﬂ.

The upper bound coincides with the norm of the error on the left-hand side if 7 = o
(i.e., 7 coincides with the exact stress tensor) and ¢ = p (i.e., ¢ represents the exact
pressure p). In other words, we have the principal error identity

HV1/2V(“ - a)Ho,sz

=  min (V51/2CFP(Q,FD)”diVT—FfHLQ+ ||V71/2(T+qH—I/Vﬁ)HOQ)
TE]DFN(Q), ’

q€eL?(Q)

and the minimum is attained at 7 = o and ¢ = p. Similar identities are fulfilled for many
other linear elliptic problems. However, Theorem 4.1 has a drawback: the estimate
is valid only for those approximate vector fields u that exactly satisfy the solenoidal
condition and the boundary condition. In practice, the solenoidal requirement is difficult
to fulfil and approximations arising in ‘real life’ computations often satisfy the solenoidal
condition only approximately. Therefore, our next goal is to extend the estimate to a
wider class of nonsolenoidal vector fields. Below we extend the last estimate to a wider
class including nonsolenoidal vector functions and assume only that

:J E UD + H];LFD(Q) C H£1(9)7
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i.e., u is possibly nonsolenoidal but satisfies the boundary condition exactly. Corollary 3.5
guarantees the existence of

o € S_1(Q)
such that
Uy — U € Hl_l)rD (Q)
and
(36) [V (uo —u)lJo,0 < k(2 T'p)l divalo,q.

Hence ug = U+uo—u € up+H | 1 (Q), i€, uo € up+S_1r,(Q), and by Theorem 4.1
we have

112V (@~ D)), < ||V1/2wu —u0)|g.q + V12V (o = W)
< Ve 126..(Q o)l divr + fll1.0
(37) + [l

(

(T+ql- VVUO)HO,Q + |2V (g — a)HO,Q
—1/2CF (Q,Tp)|divr + fll1.0

(

+ ||1/ V27 4 gl — quZ)HQQ + 2V1/2HV(u0 — ﬁ)”oﬂ.
In view of (36), we obtain the following result.

Theorem 4.2. Let u € up +H, 1 (Q). Then for all 7 € Dr(Q) and all ¢ € L*(Q)
we have

||1/1/2V(u —u Ho o< Ve ch(Q,I‘D)H divt + flh1,0
V2 + gL - vV || o, + 208 2K(Q,Tp)|| div o0

If the approximation u is solenoidal, we recover Theorem 4.1 and, again, the upper
bound coincides with the norm of the error on the left-hand side if 7 = o, ¢ = p. If the
approximation @ is solenoidal only in, e.g., R¢\ B,,, then we trivially get an estimate
by Theorem 4.2, replacing the term | divalo,o by |[divlow. But with a moderate
additional assumption on the decay of the approximation we can even do better in this
case, replacing the constant x(2,T'p) by a stability constant x(w,yp) of the bounded
domain w.

For this let

u=up+w€up+ Hl_l)FD(Q)
with divi = divw = 0 in R%\ B,, and if yp = 7 (i.e., [p = I'), then u satisfies
divit € L% (w). To meet the last condition, we additionally assume for the case of
I'p =T that

(38) lw|<ecr™, m>d-1

as r — 0o with some ¢ > 0 independent of r (notice that r—™ € L2,(R%\ B;) if
m > d/2 —1). Indeed, it is easy to see that

.~ . —1— —
/dlvu /dlvw|: /n-w‘ﬁcrdlmﬁO
w w ST

for r > ro. Now we consider the Ansatz

it Uy 1IN W,
Ug == 1u —
0 0 inRI\B,,

where u,, € H! (w). Utilising Lemma 1.1, we find u,, € H}  (w) such that

divu, = —divuy inw
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together with the stability estimate

||vuw”0,w S K(CU,’)/D)H le’(AI:|

0,w-

The function wg so constructed satisfies the boundary condition on I'p and it is a
solenoidal field, i.e.,
Ug € Up + S*LFD (Q)

Using ug as an admissible vector field in (37) yields the estimate

2V (u — < v P een(Q,Tp)|| div T + f|

1,0

+ 2”619/2 HV(UO - ﬂ)HO,Q :
—_————

Mo

+ Hl/_1/2(7 +ql — I/Vﬂ)Hoyﬂ

:”vuwHOw
Hence we have the following improved estimate for the case of a partially solenoidal
approximation.
Corollary 4.3. Let u € up + H' | . (Q) and let
divi=0 in R\ B,,.
IfT'p =T, then we additionally impose condition (38). Then for all T € Dr, () and all
q € L%(Q2) we have

729 (= @) < v5"Pern(@,Tp) | divr + fll10

+ HI/_1/2(T +ql— UVE)HO,Q + 2Vé9/2f<a(w, o)l div o w-
Here the last term on the right-hand side is a penalty for a possible violation of the
solenoidal condition in w.

4.2. Estimates for the pressure. By Lemma 2.3 there exists a vector field ¢ €
H |, (Q) such that

(39) divp)=p—p
For all & € up + H' | 1 (Q) and all 7 € Dr () we have

and  [[V¥llo.0 < £(2,Tp)llp — pllo.:

lp — 5”(2),9 = (p—p,dive)o,0
= WV (u—1), V), o~ ([divr+ f, )00 + (vWi — PL -7, Vi)og

< (|9 =D g + con(@.Tp)] div + 0

+ ¥V = 51— 7o) V9]

0,2
where we have used Lemma 2.1 for ¢ and the relation diviy) =1: V. By (39) we obtain

Ip = Pllo.o < w(2,Tp) (vel [l 2V (= D)o

+eon(Q,Tp) | divr + fllig + v 2|y 20 + 1 - uva)||m).

In order to estimate the first term on the right-hand side, we use Theorem 4.2 with ¢ = p
and arrive at the desired estimate for the pressure field.

Theorem 4.4. Let p € L%(Q). Then for all 7 € Dr (Q) and all
u€cup+H (9
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we have
Ip =l < w(2. Do) (5" V5" + Dews (o) divr + fluc

+ 22|y 2 (r 4 BT — V)|, + 20er(2,TD))| divano,g).

Mo

Remark 4.5. The upper bound (40) consists of the same terms as the upper bound
of Theorem 4.2 and vanishes if © = u, 7 = o, p = p. However, in this case, the
estimate stronger depends on the stability constant x(Q,T'p). A similar effect occurs in
the estimates related to bounded domains (see [35, 36]).

4.3. Estimates for nonconforming approximations. The term nonconforming is
usually applied to approximations that belong to a functional class wider than the nat-
ural energy class of the problem in question. For example, nonconformity of approxima-
tions may arise due to violation of continuity conditions or main boundary conditions.
Nowadays such type approximations are widely used in computational practice (e.g.,
mortar, finite volume, and discontinuous Galerkin approximations) because they offer
more freedom for various mesh adaptive procedures. Application of functional type a
posteriori estimates to nonconforming approximations of elliptic problems was studied
earlier in [4, 15, 37, 45]. In this section, we briefly discuss this question in the context of
the exterior Stokes problem.
Let us now assume that we have a nonconforming approximation

T e L2(Q)
of the exact strain tensor field
T := Vu, UZUD-FQEUD-FS_LFD(Q)CS_l(Q).

For example, T as a “broken gradient” tensor field, the output of some discontinuous
Galerkin method. By the triangle inequality, we estimate the difference between these
tensor fields using a certain conforming approximation u € up + H£11FD (©) and obtain

720 = 1)|g.0 < (P29 (= )|y ¢ + [V = 1) -

o0 o0

Theorem 4.2 implies the estimate

200 = 1)y o < v5 e, Tp) [ divr + fllia + [[v™/2(r + g1 - vVa

)Ho,sz = )HO,Q

+ 203 k(Q,Tp) || div idflo,0 + [|v"/? (Vi — T)Hw.

Using the triangle inequality and Theorem 4.4, we obtain a posteriori error estimates for
nonconforming approximations.

Theorem 4.6. Let T € L2(Q) and let p € L2(Q). Then for all 7 € Dry (), g € L2(Q),
and U € up + H, 1 (Q) we have

112 = 1)l < vaPeen (@ Do)l dive + fllo + [v72(r + qT =0T

Moo o0

+ 208/ *5(Q, Tp)| divillo.o + 2|/ (Vi = T)|,
and
Ip = Plloe < w(€.Tp) (451202 + ewr (@ Tp) | divy + fll0

+ 2,/619/2"”—1/2(7 +pl— Y + 2vgk(Q,Tp)| div ]lo.o

Moo
+ 2’/&19/2”’/1/2(Vﬂ - Y‘)Ho,sz)'
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It is easy to see that in the case where T = Vi is generated by the conforming
approximation u € up + Hl_l)FD (€2), the last term vanishes and we recover Theorem 4.2
and Theorem 4.4.

4.4. Estimates for the stress field. Error estimates for the stress tensor field follow
directly from the estimates derived above for the velocity vector field and the pressure
function. Indeed, let & € L?(Q2) be an approximation of the exact stress tensor

c=vVu—pl=vY —plL

Moreover, let T € L2(Q2) and 5 € L2(Q). Then, the respective error estimate follows from
the triangle inequality

15 = olloe < 16 — vT + pI)on + V:B/2HV1/2(T - T)HOVQ +d"?||p - pllo,q-
In particular, we can set T = Vi, where & € up+H® 1.1 (€). The first term on the right-

hand side involves only known tensor fields and the second and third ones are estimated
by, e.g., Theorem 4.2, Theorem 4.4, and Theorem 4.6.

4.5. Lower bounds of the error. Let
uE up + Hl—l,FD (Q),

ie,u—1u€ Hl_l)FD(Q). Obviously (since the subsequent max-property is true for any
Hilbert® space), by (24) we have

~\ (12 ~
2Vl = g (D56~ 2Tl )

> 2(wVu, Voo — 20wV, Voo — 112Vl g
=2(f, v)o,a + 2{q. div oo — (¥V(28 +¢), Vi) o +2(p — ¢, div p)o,0

and the maximum is attained at ¢ = u—u € H' | 1 _(€2). The last term can be simply (but
rather coarsly) estimated by Theorem 4.4 (p = q), what yields the estimate presented
below.

Theorem 4.7. For all @,v € up+H' | 1 () and all p € HY | 1. (Q), 7 € Dr(Q), and
q € L%(Q2) we have

HV1/2V(U - ||0 0 = 2(f, 900+ 2(q,divp)oa — (VV(2U + @), V<P>O Q
= 26(Q,Tp)[div oo ((v5 20/ + Dewn (@, Tp) | div e + 110

1/2

+ 2vg] HI/_1/2(T +ql— I/VU)HOQ + 2vgk(Q,Tp)|l divv||o7g).

In particular, v =0 is possible. If ¢ € S_1 r,(2), then the simple lower bound

(29— D > 207, @l — (VI +9), V),

is true. Moreover, equality occurs for ¢ = u — u, provided that the approximation u is
also solenoidal, i.e., w € up +S_11r,(9).

To handle a nonconforming approximation T € L2(Q), we can simply utilise the
triangle inequality and apply Theorem 4.7.

3In any Hilbert space H it is true that |z||2 = maxy,en (2(z,y) — [lyl|?), in our case we can set
H=L%(Q).
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Theorem 4.8. Let T € L(Q). Then for all ¢ € H' . (Q), 7 € Dr (), ¢ € L2(Q),
and U,v € up + H' | 1 (Q), we have

HVl/Q(T - T)"O,Sl z H’/1/2v(“ - ﬂ)HO,Q - HV1/2(V5 - T)HO,Q’
||V1/2V(U - ﬂ)H;Q > 2(f, p)o,0 + 2(g,dive)o,a — (¥V(2u + ¢), V@>07Q
= 262, Tp)[div glloa ((v5*ve/* + Dew (@, To) | div r + 110

+ 2Ve19/2HV71/2(7' +ql—vVu + 2vgk(2,Tp)]| div v||019).

Moz

4.6. Special case: 2D exterior domains. For a Lipschitz domain D C R? we intro-
duce somewhat different weighted spaces by using logarithmic weights, namely,

1311(D) = {6 € LE(D) : (pIn(e + ) ™6 € LA(D)},
HL (D) = {9 € L2, 1,(D) : Vo € LA(D) |,

where e is the Euler number, see, e.g., [16, 43, 9]. We notice that at infinity (p ln(e—l—p))il
behaves like (rIn7)*!'. The inner product in L%, }, (D) is defined by the relation

(6, 0)21mp = ((pIn(e+p) " ¢, ¥ )y -

All other weighted spaces and norms are modified and defined in a similar way.

The sets Q C R? and w C R? are defined as in §2, i.e., Q C R? is an exterior Lipschitz
domain and w is a certain truncation of 2. The situation is now different from the case of
d > 3 because the constants* will be integrable in our weighted spaces, i.e., 1 € LQ_UH(Q).
Introducing additionally

Hl—l,ln,@(Q) = Hl—l,ln(Q) N RL?L]H’Q
we have the following Friedrichs/Poincaré estimate for exterior domains.
Lemma 4.9. There exists ¢ > 0 such that
[vll-1m0 < clVollog

for all v e HL | 1 (Q). The best constant ¢ is denoted by cyp(Q,Tp). In the special
case where B, C RT\ Q and T'p =T, we have cpp(Q,T) < 2.

This theorem follows from [27, Appendix 4.2, Lemma 4.1, Corollary 4.2, Remark 4.3],
see also [43, Lemma 4.1] and [28, 16]. It should be noted that in this case we need
boundary or mean value conditions as in the case of a bounded domain. Now, all results

from the sections for d > 3 follow with obvious modifications. In particular, the stability
Lemma 3.2 reads as follows.

Lemma 4.10. There exists ¢ > 0 such that for any h € L2(Q) there exists up €
HL o, () with
div Up = h and ||V’U,hH019 S CHhH()yg.
The best constant is denoted by k(Q,T'p) and satisfies the estimate
K(Q,Tp) < k(L Tp) = (1 + k) (1 + ¢ (R?) ap(r2) In(e + p(r2)))
with
a=a(r,re,n) = max ’Vn(:z:)’ and = min {k(w, VD), K(w,7)}.
2EBry\Bry

4Specifically, (rlnr)~! € L2(B.), (rlnr)~1 ¢ L2(Biye \ Bi_¢), (rlnr)~1 € L2(R? \ Biy) for
0<e<l.
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If h has compact support in@ and (if Tp =T) additionally fﬂ h = fw h =0, then up can
be chosen with a compact support in @ as well, in particular up € H'lyp (w) C H%D (Q). In
this case, (2, T'p) < k(w,¥D)-

Estimates of the distance to the set of solenoidal fields are derived quite similarly.

Corollary 4.11. For any u € H' ||  (Q) there exists a solenoidal ug € S_1m,r, ()
such that

dist (u, S_1mnTp (Q)) < HV(u — ug < k(Q,Tp)l divulo..

o0
For any u € Hl_l)ln(Q) there exists a solenoidal ug € S_11,(2) such that
U — U € H£1,1n,FD(Q)=
i.e., wolrp, = ulr,, and
||V(u — UO)HO,Q < K(Q,Tp)| div ullo,-
Another obvious corollary is the inf-sup lemma for 2D exterior domains.

Corollary 4.12. We have
(h,divu)o.q S 1
@ Ihllo.ellVulloo ~— #(2,Tp)’

inf sup

2
hel2(Q) uEHl,l,ln,FD

As in the case of d > 3, the solvability of the Stokes problem and respective energy
estimates follow. Below we recall these results. Let

e e [Hn@ i Toze
bl Ey L3100 (Q) if Tp =2,

and
13 10,1 (2) 1= L) N (R 02 = {6 € 13,(9) - /Q 6 =0},

Corollary 4.13. Forv, f € L3, 1 (Q), and up € S_11n(R), the 2D Stokes system is
uniquely solvable with a solenoidal vector field uw = up+u € up+S_11nr, () C S_11n(92)
and p € L%(Q2). Moreover,

V| Villo,o < cee(,TD) | fll1me + v Vup|lo,;

v[|Vullo,e < cee (2, )| fll1m,0 + 2v[|Vup|lo,q,

[pllo,e < 26(2,Tp) (cer(Q,T0)[| 11,0 + [ Vuplloe)-

Now we address the subject of a posteriori error estimation and introduce the sets
D(Q) = {7’ cL2(Q) : divr e Liln(Q)}

and Dry () as the closure of C (€2)-tensor fields in the norm of D(Q2). For errors
encompassed in approximation of the velocity field we have the following results, which
repeat (with some modifications) those derived for d > 3. First, we present an analog of
Theorem 4.2.

Theorem 4.14. Let & € up +HY | | (). Then for all 7 € Dr,(Q) and g € L*(Q)
we have

172 (= @) < 5" Pern(@.TD) [ divr + fllime

+ 2 4 gL = vV, o, + 208 7 R(Q,Tp)| div]oe.

Moo
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As in the case of d > 3, the estimate is simplified if dive = 0 in R? \ B,, and
additionally (if I'p = T') condition (38) is satisfied. Then, in Theorem 4.14 we can
replace the constant x(Q,T'p) by k(w,vp). If the approximation @ is solenoidal in €,
then the last term vanishes and we arrive at estimates similar to Theorem 4.1. They
possess the same property: the upper bound coincides with the norm of the error on the
left-hand side if 7 = ¢ and p = ¢ (i.e., the estimate is sharp in the sense that there is no
“gap” between its left- and right-hand sides).

For the approximation of the pressure function, Theorem 4.4 is modified as follows.

Theorem 4.15. Let p € L*(Q). Then for all T € Dry () and all @ € up +H |} 1 (Q)
we have

Ip = Bllo.e < £ Tp) (5" *vi/* + Deer (U Tp)|div T + fll1mo

+ 22|y 2 (e 4 BT — V)|, + 20k (2T )| divano,g).

)HO,Q

Finally, we consider a nonconforming approximation u and obtain analogs of the
theorems exposed in Subsection 4.3.

Theorem 4.16. Suppose that T € L2(Q) and p € L2(Q). Then for all T € up +
H1_171n)FD (), 7 € Dry (), and q € L2(Q) we have
BE,

-1

<vg /QCFP(Q, Ip)|ldivr + fll1me + Hl/_1/2(7 +ql— I/Vﬂ)Hoyﬂ

)HO,Q
+ 203 k(Q,Tp)|| div o, + [|v!/3 (Vi — T)||(m

—1/2

Svg e ()| divr + fllime + ||1/_1/2(7- +ql—vT

Mo
+ 20/ *5(Q, Tp)| divifo. + 2[v"/2(Vii = T)|,

and
Ip = Bllos < ~(2.Lo) (05 2V + ewr(@ Il divr + Fll1ime

+ 21/619/QHV_1/2(T +pl— UT)HQQ + 2vgk(Q,Tp)| div oo

+ 20|y 2(Vi = Tllog)

For T = Vi, where @ € up + Hl_l)lmpD (), we recover Theorem 4.14 and The-
orem 4.15. As in Subsection 4.4, error estimates for the stress tensor field o follow
immediately by the triangle inequality.

Finally, we briefly present lower bounds of the error derived in the spirit of Subsec-
tion 4.5.

Theorem 4.17. For allt,v € up+H' | |, 1 () and all o € H' | | 1 (Q), T € D (Q),
and q € L%(Q) we have

||V1/2V(U - ﬂ)H;Q > 2(f,¢)o.0 + 2(g, divep)o.a — (VV(2u + @), V@>07Q

= 206(2,Tp)l| div o (v5*vs/* + Dewr (@, To) div r + 1o

1/2

+ 20222 (r 4 g1 = vV) ||, + 2ver(Q, )| divvno,g).

oo
In particular, v =@ is possible. If ¢ € S_1 10,1, (), the estimate simplifies to

~\ 12 s
/29 @ =D)[5 o = 2, Pos — (V2T + ), Vi)
and equality 0CCUTs for p=u-— :[jj, pmvided that u € up + S—l,ln,FD (Q)
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Finally, to handle nonconforming approximations TelL? (Q) we use again the triangle
inequality to estimate

200 =)l g = [V =Dy o = 12 (VE = T

o0 o0

whenever @ € up + H, | (Q). Theorem 4.17 applied to the first term on the right-
hand side yields an estimate similar to Theorem 4.8.
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