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APPROXIMATIONS OF VERY WEAK SOLUTIONS TO
BOUNDARY-VALUE PROBLEMS*

MARTIN BERGGRENT

Abstract. Standard weak solutions to the Poisson problem on a bounded domain have square-
integrable derivatives, which limits the admissible regularity of inhomogeneous data. The concept
of solution may be further weakened in order to define solutions when data is rough, such as for
inhomogeneous Dirichlet data that is only square-integrable over the boundary. Such very weak
solutions satisfy a nonstandard variational form (u,v) = G(v). A Galerkin approximation combined
with an approximation of the right-hand side GG defines a finite-element approximation of the very
weak solution. Applying conforming linear elements leads to a discrete solution equivalent to the
text-book finite-element solution to the Poisson problem in which the boundary data is approximated
by L2-projections. The L? convergence rate of the discrete solution is O(h®) for some s € (0,1/2)
that depends on the shape of the domain, assuming a polygonal (two-dimensional) or polyhedral
(three-dimensional) domain without slits and (only) square-integrable boundary data.
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1. Introduction. Applications such as optimal control, inverse problems, and
shape optimization sometimes call for boundary data that are rougher than the the-
ory for elliptic or parabolic boundary-value problems routinely assumes. This note
addresses numerical issues in the presence of rough boundary data.

We restrict the discussion to a simple case, the Poisson equation with inhomoge-
neous Dirichlet conditions,

(1a) —Au=f in ,
(1b) u=g on T

where © is a bounded domain in R? or R?, I" the domain boundary, and f and g are
given data. Integration by parts yields that smooth solutions to (1) satisfy

(2) /QVu-Vvdx:/vadx

for each smooth v vanishing on I'. The “standard” weak solution to (1), the basis for
finite-element discretizations, satisfies variational expression (2) with u and v being
elements in certain subspaces of H(f2), the Sobolev space of order one.

Which type of boundary data g makes sense to specify in (1)? The answer depends
on which type of functions we accept as being solutions. For standard weak solutions,
it is necessary that g can be extended continuously into a function in H'(Q). Such
extensions are not always possible—there are even continuous functions g on the
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boundary I' that do not extend continuously. The situation is even worse for non-
smooth data. For instance, no function with jump discontinuities on the boundary
can be extended continuously into a function in H* ().

However, even weaker solutions to system (1) than the standard weak solution
relax the requirements on g. Integrating (2) by parts once more reveals that solutions
to (1) satisfy

(3) f/uAvdz:f/g@quL/fvdx
Q r-on Q

for each smooth v vanishing on I". The boundary integral on the right-hand side of
expression (3) now makes sense for g being merely square-integrable, as long as the
normal derivative of v is also square-integrable on the boundary. Variational expres-
sion (3)—in a version made precise in section 4—is the basis for defining very weak
solutions to the Poisson equation with boundary data being no more than square-
integrable. Compared to the variational form (2), the nonstandard variational form (3)
relaxes the regularity requirement on v and g at the price of higher regularity require-
ments on v, a particular example of the method of transposition, treated in great
generality in the classic three-volume treatise of Lions and Magenes [15].

This note considers a numerical approximation based on the Lions-type variational
expression (3) and proves optimal-order convergence rates for linear, conforming el-
ements. To the best of my knowledge, this approach to discretizing problems with
rough boundary data has not previously been reported in the literature. Previous
analysis of problems with rough data has concerned other discretization approaches.

Babuska [1] defines weak solutions using a generalized Lax-Milgram lemma, a
version that would apply, for instance, to the form (3) in the case of full elliptic
regularity and a smooth boundary. (Because of lack of regularity, we cannot directly
use his method here.) He considers finite-element approximations of the Poisson
problem based on the standard variational form (2) with homogeneous boundary
data and proves error bounds that cover also very weak solutions such as Green’s
functions.

French and King [8] analyze a parabolic initial-boundary-value problem for convex
domains in R?. Using temporal averaging combined with spatial L?-projections for the
boundary data, they prove error estimates for a standard finite-element approximation
in space, combined with the backward Euler scheme in time, of a very weak solution
to the parabolic problem.

In the context of an optimal-control problem for a second-order elliptic equation
on convex domains in R?, French and King [7] introduce a standard finite-element
approximation and show that it converges to the very weak solution defined by trans-
position. Another contribution in this direction is by Bramble and King [2]. They
consider elliptic problems on smooth, curved domains in R2, and their error estimates
hold also for rough boundary data.

In all articles cited above, L?(T')-projections approximate the rough boundary
data, which allows the use of the standard variational form (2). In contrast, this arti-
cle uses the Lions-type variational form (3) as the basis for discretization. Thus, the
variational form in the discretization is identical to the one used to define the (very)
weak solution, and projection of the data is not needed. Nonetheless, a perhaps sur-
prising result of this article (Theorem 5.2) is that the discrete solution obtained with
the current approach is equivalent to the standard finite-element approximation com-
bined with L?(T')-projections of the inhomogeneous data. This observation removes
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Flow direction

Fic. 1. Wall-normal wvelocity disturbance levels depicting Tollmien—Schlichting waves in a
boundary layer over a flat plate. The lower picture shows the result after applying boundary control
at a portion of the wall.

some of the arbitrariness of the standard method with data projections, showing its
equivalence with a systematic scheme based on the Lions-type variational form.

Another difference from previous work is that the analysis below covers both
two and three space dimensions with polygonal or polyhedral boundaries, without
assuming convexity of the domain. The analysis in the articles cited above is restricted
to two dimensions and assumes convex, polygonal domains.

Solutions as weak as the ones considered here have interest beyond mathematical
curiosity. Applications in which very weak solutions appear naturally are boundary
control and inverse problems [4, 9, 14]. The rest of the presentation starts with a short
outline of this background in section 2. Section 3 reviews some fundamentals, nota-
tion, and the approximation properties that are needed, setting the stage for a more
precise description in section 4 of the Poisson-equation solution based on transposi-
tion. Section 5 introduces a finite-element approximation of the very weak solution,
proving convergence rates and equivalence with the “standard” approximation with
projection of the data.

2. Background. Scientific and technical reasons prompt the need for control-
ling the behavior of solutions to partial differential equations, for instance through
boundary action. In fluid-dynamics applications, the object is typically to manage the
evolution of disturbances. Figure 1 depicts a boundary layer with evolving Tollmien—
Schlichting waves, the most unstable disturbance according to linear stability theory.
The pictures are snapshots from numerical solutions of the unsteady, incompressible
Navier—Stokes equations in three space dimensions. A suitable blowing and suction
at a portion of the lower boundary dramatically damps the disturbances, as shown
in the lower picture of Figure 1. Chevalier et al. [4] report details of this and sev-
eral similar computations. The blowing and suction is the numerical solution to a
nonlinear optimization problem that minimizes the disturbances in the domain over
a space of admissible controls. The admissible controls are boundary conditions with
no more regularity a priori than being square-integrable functions on a portion of the
lower boundary and during a finite time interval. This is a weaker regularity require-
ment on the boundary condition than needed for weak solutions of the Navier—Stokes
equations.

The same regularity concern is an issue also for simpler problems that are eas-
ier to analyze. Consider, for instance, the following inverse problem for the Poisson
equation (1). Given a function z defined in a subdomain w C €, find the boundary
condition g that yields u = z in w. Thinking of (1) as a model for steady heat con-
duction in a homogeneous, isotropic solid, the inverse problem consists of estimating
the temperature g on the boundary given measurements in the interior (in w).
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The inverse problem above is only solvable for a very restricted class of targets
z. Perhaps the easiest way of getting around this restriction is to solve a linear
least-squares problem and minimize the objective function

1
J(g)z%/g2dF+§/(ufz)2dx,
r w

where € > 0 is a (Tikhonov) regularization parameter, included to prevent g from
becoming unbounded. The classical exposition of optimal control problems of this
sort is the book by Lions [14]. A newer review by Glowinski and Lions [9] covers also
numerical aspects.

To minimize J among all g € L%*(T'), u needs to be well defined and square-
integrable for each g € L?*(T). However, the standard variational form (2) of the
Poisson equation requires also the derivatives of u to be elements in L?(Q2), a property
that does not hold for all g € L?(2). Including also derivatives (possibly fractional) of
g along the boundary in the regularization term of J fixes this problem. However, the
derivatives of g complicate a numerical solution of the control problem and introduce
an extra smoothing, which may be unwanted, of the g that minimizes J.

There are also other reasons to prefer L? norms. For instance, for studies of
stability and transition in fluid mechanics, the customary measure of the “size” of
velocity quantities is expressed as L2-like norms, because of the connection to the
kinetic energy of the fluid (Schmid and Henningson [16]).

3. Preliminaries.

3.1. Notation, function spaces. Consider an open, bounded, and connected
domain Q in R? or R? with a Lipschitz boundary T'; that is, the boundary is locally
the graph of a Lipschitz function (for details see Definition 1.2.1.1 in Grisvard [11],
for instance). We denote by H*(2) the Sobolev space of order s on Q. When s is
a nonnegative integer, H*(f2) is the space in which each function and all its (weak)
partial derivatives up to order s are square-integrable over 2. We use the convention
H°(Q) = L?(Q) and H°(I') = L3(I"). Introducing a norm containing integrals over
the domain, as in Definition 1.2.1 in Grisvard [12], generalizes the definition of H*(12)
to any real positive s. An alternative generalization uses interpolation of Hilbert
spaces, as in section 2 of Chapter 1 in Lions and Magenes [15, Volume 1]. Brenner
and Scott [3, Theorem 12.2.7] provide a proof that the spaces generated in these two
ways are equivalent when the boundary is Lipschitz.

The trace v of a function v € H?(Q) generalizes to Sobolev spaces the restriction
v|r of a smooth function v to the boundary. Unfortunately, the presence of “edges”
and “corners” on a nonsmooth boundary complicates the trace concept compared to
the case when the boundary is smooth. Nevertheless, it follows from Theorem 1.5.1.2
in Grisvard [11] that for s € (1/2,1], each function v in H?*(2) has a well-defined trace
v in the Sobolev space H*~1/2 ("), and that there exists a C' > 0 such that

(4) [vvlls=1/2,0 < Cllv|s Vv € H¥(Q).

Expression (4) uses the notation || -|| s,r for norms on H*(I"). Analogously to H*(2),
integrals over the Lipschitz boundary T' define a norm on H*(T') as long as s € [0, 1]
(section 1.3.3 in Grisvard [11]). Restricting the domain of integration, we may also
define norms || -|| 5,0, on open subsets I'; of T".

The closure of C§°(€2), the infinitely differentiable functions with compact sup-
port in , with respect to the norm in H*(f2) forms a subspace denoted H(2). In
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particular it holds that
H(Q) = {v |ve HY(Q),yv = O};

that is, Hg(£2) is the subspace of functions in H'(Q2) with zero trace.
Negative norms are defined by

1
(5) loll=s = sup —/ vw dz, s> 0.
wEHE ()\{0} lwlls Jo

This norm can be used to define H~%(£2), a space of distributions on 2 strictly larger
than L2(Q) (for instance, the space H~1(£2) can then be identified with the dual
space of H}(Q)). However, we will need the norm (5) only for estimates of functions
v e L3(Q).

The “dual” to definition (5),

(6) lwlls = vw de,

sup o /
veL2(Q))\{0} [vll-s Jo
holds for any w € H§(). Yosida [18, Chapter III, section 10] provides a detailed
proof for s = 1, but the arguments are unchanged for any s > 0. From definition (6)
one immediately obtains the Cauchy—Schwarz-like inequality

¢ [ owds < ol
Q
Similarly,
1
(8) lgll-sr; = sup - ghdl’
nerg@o{oy [Pllsr: Jr,

defines negative norms on open subsets I'; of I'. Again, we will apply this norm only
on functions g € L*(T;). Let g € L*(T") and h € C§°(I';) \ {0} be given. Extending h
by zero on I'\ T';, we see that

1 / 1
— ghszi/ghdF.
1ls,r: Jr, 12ls,r Jr

Noting that the extended h is in H§(T;) as well as in H§(T"), and taking supremum,
it follows that

(9) lgll—s.0; < llgll—s,r-

Throughout the following, C' denotes a positive constant, independent of the
choice of functions and, later, of the mesh parameter h. However, adhering to a
customary abuse of notation, the actual value of C' may change, even within the same
chain of inequalities.

3.2. Regularity of the Poisson problem with homogeneous boundary
conditions. Let Q be a polyhedral domain in R?® or a polygonal domain in R2.
We require the domain to be Lipschitz, which excludes domains with slits. Given
v € L2(Q), there is a unique z € Hg(Q) such that

(10) /Vz-dex:/vwdx Yw € Hy ().
Q Q
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The regularity properties of solutions to (10) are crucial in the development below.
In fact, the possibility of defining the very weak solutions is a consequence of the fact
that the regularity is better than merely z € H}(Q).

Indeed, if the boundary is smooth, the additional regularity = € H?(f) holds.
This is still true for polygonal or polyhedral boundaries if the domain is convex. The
regularity is reduced, however, in the vicinity of nonconvex portions of polygonal or
polyhedral boundaries. Grisvard [12] proves precise regularity results (Theorem 2.4.3
for the two-dimensional case and Corollary 2.6.7 for the three-dimensional case), stat-
ing that there exists an ¢ € (0,1/2], which depends on the shape of the domain,
such that solutions to (10) are actually in H3/2+¢(Q). The following estimate will be
needed.

THEOREM 3.1. There exist an € € (0,1/2] and a C > 0 such that the solution
z € H}(Q) to (10) satisfies

(11) Izllsj2ses < Cllvll—s Vo€ L3(Q)

for each s € [0,1].
Proof. By the regularity result quoted above, the closed-graph theorem yields
that there exists an € € (0,1/2] such that

(12) 2ll3/24+e < Cllvllo Yo € L*(9).

Using the notation

Vo] |2 = /Q Vel dr,

(10) implies that

. .
_ Vz-Vwder = ———— | vwdx
[ Vw0 Jo [Vl o Jo

for each nonzero w € H}(Q). Taking the supremum yields that

I2ll1/24¢ < Clizlla < C V2] o

1
=C sup ——— [ Vz-Vwdzr
(13) weH(Q)\{0} [ IVwl o Jo
1

=C sup

——— [ vwdx < C|v||-1 Yo € L*(),
wert@\{o} [ IVwllo /Q

where the second and the last inequality follow from the fact that the seminorm
|| IVz||lo is equivalent to ||z||; for z € H}(2). Estimates (12) and (13) imply that
the linear mapping v — z is bounded from L?(Q) into H3/?*¢ as well as from H~!
into H'/2+¢(Q). Estimate (11) then follows by operator interpolation of the mapping
v 2. a

We will also need expressions for the boundary flux associated with the solution
z to (10) and the regularity properties of the boundary flux. Let us first assume full
elliptic regularity, that is, 2 € H2(Q) N H}(2). Integration by parts of the product
—@Az then yields that the boundary flux dz/dn satisfies

(9%, N , !
(14) Fanqbdl“—/QW)dx /Qv,z Véde Vo HY(Q).
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If, moreover, the boundary is smooth, the boundary flux is an element in H/?(T).
On polyhedral boundaries, however, the discontinuity of boundary normals compli-
cates the definition of boundary-flux spaces. Nevertheless, the integration-by-parts
property (14) holds also for Lipschitz domains in R"™ as long as z € H2(Q) N H}(Q);
it follows from Proposition 5.1.6 in Brenner and Scott [3], for instance. The following
theorem proves a similar expression for less regular z.

THEOREM 3.2. There are an € € (0,1/2] and a C > 0 such that, associated with
any v € L2(Q) and corresponding solution z € H}(Q) to (10), there exists a unique
A € L3(T) satisfying

(15) —/FAqsdr:/qusd:c—/QVz-wdm Vo € H'(Q)

and the estimates

[Allo.r < Cllvllo,

(16) :
IM[e—=s,r: < Clv]|=s fori=1,...,1 and Vs € [0,¢).

Proof. By assumption, the boundary of ) can be written I' = U._; T;, where each
(open and bounded) T'; is a planar polygon or a line segment embedded in R?* and R?,
respectively. Let n; denote the (constant) outward-directed unit normal associated
with each polygonal surface (or line segment) I';. By Theorem 3.1, we know that there
is an € € (0,1/2] such that, for each v € L?(Q) supplied to (10), the solution satisfies
z € H3/?t<=s Vs € [0,1]. Differentiation is a continuous operator from H(Q) into

H*~Y(Q) as long as o # 1/2 [11, Theorem 1.4.4.6]. Thus, for each i =1, ..., I,
38:1 =n;-Vz

resides in H'/?*<=5(Q) since 3/2 + ¢ — s # 1/2 for any € € (0,1/2] and s € [0,1].
By further restricting s, we can apply the trace theorem for Lipschitz boundaries

(Grisvard [11, Theorem 1.5.1.2]) to obtain the bounds, for s € [0,¢), i =1, ..., 1,
0z 0z

17 <C -c |

( ) Hﬁnz e—s,I N Hanz 1/24e—s - ||Z||3/2+E—s

where the second inequality follows from the above-mentioned continuity of differen-
tiation.

Now, for i =1, ..., I, we define \; € L?(T") as
0z
)\i _ anl on FZ‘,
0 on I'\ T,

and \ € L?(T) as

(18) A=)\

The definition of A, together with inequality (17) and Theorem 3.1, yields esti-
mate (16).
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Noting that A in effect is a weak representation for 9z/0n, we will prove the
integration-by-parts formula (15) by approximating z by smooth functions. Indeed,
since C§°(12) is dense in H3/2+¢(Q)NH{ (Q), there exists a sequence {(,}°7 , C C§°(Q)
such that

(19) (o — 2 in H¥?T5(Q)
as n — oo. It follows from inequality (17) that

n

—
8’/”

(20) i in L*(T;)

as n — oo.

Forming —AC(,, multiplying by w € H}(Q), integrating by parts, and noting that
strong convergence in H3/2+¢(Q) N H}(Q) implies convergence in Hg(Q), it follows
from (19) and (10) that

/ w(—Ag,) dr = / Vw -V, dr — / Vw-Vzdx
= / wo dx Vw € Hy ()

Q
as n — oo. Since H} () is dense in L*(Q), expression (21) yields that
(22) —A(, — v weakly in L?(9).
Let ¢ € H(Q). Integration by parts yields

/(Z¢(Acn)dz/r?9%¢dr+/ﬂv¢.vgndx

N [ %
__iz_;/l‘i ani¢dr+/av¢'andx.

Letting n — oo, it follows from (18), (20), (21), and (22) that expression (23) con-
verges to

(23)

/fo)UdI:f/F)\d)dF+/QV¢~Vzdx,

which proves that the A\ defined in expression (18) satisfies expression (15). Finally,
since A depends linearly on v € L?(Q2), estimate (16) also provides uniqueness of \ for
each given v € L?((Q2). 0

3.3. Approximation properties. Let us now triangulate the polygonal or
polyhedral domain 2 and introduce a mesh parameter h > 0 that characterizes the
triangulation. We assume nondegenerate meshes [3, Def. 4.4.13]; that is, there is a
limit to how “thin” the tetrahedral may become as the mesh is refined. Denote by V"
the space of continuous functions that are linear on each triangle or tetrahedron in
the mesh, and denote by V{ the subspace of functions in V" vanishing on I'. We have
VP c HY(Q) and V* € HL(Q). The restriction to I' of functions in V" is denoted
yVh. We also define M" as the space of all functions v € V" that vanish at each
mesh point in the strict interior of the domain. We have that V" = M" @ V%; that
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is, each function in V" is the sum of unique functions in M" and V{*. Also note
that each function g, € yV" uniquely extends to a function g, € M”" that equals
gn at the boundary but vanishes at all nodes in €. This extension property is use-
ful when solving inhomogeneous boundary-value problems: Given an approximation
gn € YV of the boundary data g, extend g, to g, € M", write the solution uj, € Vj
as up, = Up,0 + gn, where uy, o € VJ', and solve for uy, o.

An interpolation operator ITj, from H*(Q) into V" characterizes the approxima-
tion properties of V. If s > d/2, where d is the space dimension, it follows from
the Sobolev embeddings that II;, can simply be chosen as the linear interpolator of
function values at the nodes of the triangulation. However, we need to consider small
values of s, so pointwise values may not be well defined. It is therefore appropriate to
choose the Scott and Zhang interpolator [17], which uses a local averaging to generate
nodal values. This interpolator yields optimal-order estimates, and the averaging is
constructed to preserve piecewise-polynomial boundary conditions, a property that
Lemma 5.3 exploits.

The following approximation properties hold for V": There exists a constant
C > 0 such that, for all A > 0,

(24a) v —polly < ChS|v|lips Yo € H™5(Q), s €0,1],
(24b) lv — Myl < Ch®||vl|s Yo e H*(Q2), s € [0,2].

Standard textbooks, such as Ciarlet [5], prove these properties for integral values of s.
Scott and Zhang [17] supply a proof for the particular case of the above-mentioned IIj.
Operator-interpolation arguments, discussed by Brenner and Scott [3, Chapter 12],
for instance, extend the estimates to intermediate real numbers s.

We also need to approximate functions defined on the boundary. Recall that the
domain is polyhedral or polygonal, so I' = U/_;T';, where each T'; is an open planar
polygon or an open line segment that does not overlap any other I';. The space v; V"
of traces of function in V" on T is a space of continuous, piecewise-linear functions
on the triangles (or intervals) of I';, We may thus define an interpolation operator
II)" from H*(I;) into v;V" with properties analogous to IIj,

(25) lg — ) gllo,r, < Ch||g]

s,I; Vg S HS(Fi), S € [0,2]

Another type of approximation in V*, yV" and 4, V" are the L?-projections, that
is, the functions P,v € VP, Plg € yV", and P]'g € v;V" satisfying

(26a) /th wp, dr = / vwy, dx Y, € VP,
Q Q
(26b) / P gpp dl’ = / gendl Vo, €4V,
r r
(26¢) / P}:”ggohdfz/ gon dl Vo e~ Vihi=1,...,1,
r; T

which are well defined for each v € L?(Q) and g € L*(T"). The L?-projections produce
the discrete functions that minimize the L? error.
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For any g € L?(T';) and v € H§(T;), we have

e [ a-Frawar = [ =W -prvar

<llg = P gllor: ¥ — Pl bllor, < llg = gllor, [ — T Y o.r,
< Clgllor, P [Yllsr, Vs €10,2],

where the first equality follows from definition (26c¢), the second inequality from the
fact that the L?(I';)-projection is optimal, and the third from estimate (25). Dividing
expression (27) by ||¢||s,r, and taking the supremum over all ¢ € H§(T;) \ {0} yields,
by definition (5),

(28) lg = Pgll—or, < Ch%|lg

|0,F1- Vs € [0,2].
We will also need the inverse estimate
(29) [vnllsr < Ch™*|lonllor, s €[0,1].

In contrast to an approximation estimate like (25), the inverse estimate requires quasi-
uniform mesh refinements [3, Definition 4.4.13]. That is, the quotient between the
largest and smallest diameter of any triangle or line segment should stay uniformly
bounded as the mesh is refined. Brenner and Scott [3, Theorem 4.5.11], for instance,
prove inverse estimates for integral s and domains in R™. Local bi-Lipschitz change
of variables, partition of unity, and operator interpolation extend these estimates to
estimate (29).

4. The variational form. We will make precise the idea of a solution to the
Poisson equation based on the Lions-type variational expression (3). Let us define a
linear form G : L?(2) — R by the following procedure.

1. Given an element v € L?(Q), find z € HZ(2) such that

(30) / Vz - Vwdr = / vwdr  Yw € Hy ().
Q Q

2. From v and z, find A € L?(T") such that

(31) —/)\qbdfz/vqédx— Vz-V¢dx Vo € HY(Q).
r Q Q

3. Set, for given g € L?(T") and f € L*(Q), uniquely associated with each G,

(32) G(v) = —/g)\dF—i—/ fzdx.
r Q

THEOREM 4.1. The form G is a bounded linear functional on L?().

Proof. From Theorem 3.2 it follows that A and the boundary integral involved in
the definition of G are well defined for each g € L?(T"). The form G is linear in v since
A and z are linear in v. From (30) follows the estimate

(33) Izll1 < Clll|-1.
Thus,

IG(v)| <l gllo.pIIX
<C(llg

or + Ifll=2llzlly < C(llgllo.clMo.r + £l -allvl-1)

34
(34 lo.0 + [ £llo)Iv]lo,
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where estimates (7), (33), and (16) are used in the first, second, and third inequality,
respectively. 0

By Theorem 4.1 and Riesz representation, the following problem thus has a unique
solution:

Find u € L*(Q) such that

(35) / wvdr = G(v) Vo € L*(Q).
Q

Problem (35) defines a weak solution to the Poisson problem (1), in which the
boundary data g needs only to be square-integrable. The price to pay for the reduced
regularity requirement on g is that u ¢ H'(Q) in general and that the meaning of
boundary condition © = g will be weak; it will be satisfied only in a distributional
sense acute a la Theorem 6.5 in Chapter 2 of Lions and Magenes [15, Volume 1].

Similar to solutions to (10), solutions to problem (35) have higher regularity than
asked for.

THEOREM 4.2. For each f € L*(Q) and g € L?*(09Q) associated with defini-
tion (32) of G, there exists an € € (0,1/2] so that the solution to problem (35) resides
in H*(Q2) for each s € [0,€).

Proof. First, note that H§(Q2) = H5(Q) for s € (0,1/2], which follows from
the fact that C§°(Q) is dense in H?(Q2) for s € (0,1/2] [11, Theorem 1.4.2.4]. This
equivalence allows the use of expression (6) to estimate ||u]|s.

To estimate the boundary-integral term in the definition (32) of G, write the
L?(T")-norm of X\ as a sum over contributions from each polygonal surface and utilize
estimate (16) in Theorem 3.2. It then follows that there exists an € € (0,1/2] such
that, for each s € [0, ¢€),

2 I
( / oA dr) <INl = ST 1A o
=1

I
<O IME_arlgldr < Clol2alee Vo e LX(9).
i=1

6.0

We also estimate the second integral in the definition (32) of G as

(37) /szdx <Ifl=allzll < 1fl-1llzll/24e < Cllfll-allvll-s Vo € L2(9),

where the last inequality follows from Theorem 3.1. Equation (35), the definition (32)
of G, and estimates (36) and (37) yield that, for some € € (0,1/2],

69 [wde<Clollglor + 1712 Vo€ @), vs € f,0)
Q

Dividing expression (38) by ||v|_s, taking the supremum over all v € L?(Q) \ {0},
and using property (6) yields the conclusion. a

5. Numerical approximations. Recall the standard Galerkin approximation
of the Poisson problem with inhomogeneous boundary data: If g;, € vV}, approximates
the boundary data, we solve the problem:

Find uj, € V" such that up|r = gn and

(39) h
Vuy, - Vo, dx = fop dx Yo, € V'
Q Q
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The error in this approximation depends on how the boundary data is approximated.
For homogeneous boundary data, g, = 0, standard error estimates and the regularity
according to Theorem 3.1 yield that there exists an € € (0,1/2] such that

(40) lun = ully < CRY2+|f]lo,

where the estimate holds for e = 1/2 when the domain is convex.
Since V" C L?(Q), we can apply a Galerkin approximation to problem (35):

Find @, € V" such that

(41) ~ N
upvp de = G(vp,) Yo, € V.
Q

Subtracting (35) with v = v, from (41), we obtain
/(ﬁh —u)vpdr =0 Yo, € V7,
Q

implying that the Galerkin approximation is optimal in L?(12),
(42) [an —ullo="inf [lu—wvnllo < [lu—Tpull.
v €V
Approximation (41) is useless as a numerical method, however, since to compute
G (vn), we need the exact solutions z and A to problems (30) and (31) for each v, € V",
A natural alternative is to use numerical approximations z; and Aj instead, which
pertains to a modification of G—a so-called variational crime. For this, define the

linear form Gy, : L?(2) — R as follows:
1. Given v € L?(9), find z;, € V such that

(43) / Vzp - Vwy, de = / vwyp, dx Ywy, € Voh.
Q Q
2. From v and zp,, compute A\, € YV such that
(44) 7/ Apop dl' = / vop dx — / Vzp - Vo dx Yon € M".
r Q Q
3. Set, given g € L3(T') and f € L?(Q),

(45) Gr(v) :_/pgAhdr—F/szhdx'

A second approximation to (35) is as follows:
Find uy, € V" such that

(46) h

/ upvp dz = Gp(vp) Yo, € V.

Q

At first glance, approximation (46) appears unreasonably costly to implement,
since the computation of each component of the vector G, (vy,) requires the solution
of (43) and (44)! However, a remarkable property of approximation (46), shown in
Theorem 5.2, is its equivalence to the standard Galerkin approximation (39), pro-
vided that the L?(T") projection is used to approximate the inhomogeneous boundary
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conditions. Thus, in practical computations, approximation (46) can be implemented
as a standard Galerkin approximation combined with L2-projections of the bound-
ary data. The equivalence of Theorem 5.2 is a consequence of the properties of the
mapping vy, — (zp, Ap) involved in the definition of Gj,.

LEMMA 5.1. The mapping vy, — (zn, An), defined by solving (43) and (44), is
bijective as a mapping Vh — VI x 4yVh. Moreover, the functions vy, zn, and Ay
satisfy

(47) / vpp dr = — / by, dT + / Vo, - Vpdr Vb, € VM
Q r Q

Proof. Let v, € V" be given, and let z, € VJ* and A, € yV" be the unique
solutions to (43) and (44) for v = vy,.
Expression (43) with v = v}, can be written

(48) 0= / vpwp dx — | Vzp - Vwp, dx Ywy, € Voh.
Q Q
Adding (48) to (44) with v = vy, yields
(49) - / An@n dl = / v (n + wp) dr — / Vap - V(on +wp) dx
r Q Q

for each ¢5, € M" and each wy, € V. Since V* = Vi @ M", and since functions in
Voh vanish on T, it follows that vs, 25, and Aj, are related through expression (47).

Conversely, let 2, € V§ and A\, € 7V be given. Expression (47) defines an
equation for vy, corresponding to a square linear system with a positive-definite matrix.
Equation (47) thus has a unique solution v;, € V". The mapping vy + (21, \p,) is
thus bijective, since the mapping itself as well as its inverse are one-to-one. 1]

With the aid of the mapping of Lemma 5.1, we can transfer between the “new”
approximation (46) and the traditional (39), as follows.

THEOREM 5.2. The function uj, € V" is a solution to problem (46) if and only

if
up € V' such that
(50a) / Vup - Vzpde = / fandx Vzp, € Voh,
Q Q
(50b) up, =Pg on T,

where P} g is the L*(T)-projection of g on yV", that is,
P]g € YV" such that

51
(51) /P,jgrhdr:/grhdr Vry, € 4V
I I

Proof. (i) Let uy be the solution to problem (50). Let v, € V" be given, and
compute z;, € VJ* and A, € vV" by solving (43) and (44) with v = vj,. By Lemma 5.1,
Vh, 2n, and A, are related through the expression

—/AhwhdF+/Vzh~thdx=/vhz/;hdx Vi, € VR
T Q Q



APPROXIMATIONS OF VERY WEAK SOLUTIONS 873

Choosing 1, = uy, it follows that

(52) —/)\huh dF+/ Vzp - Vuy, dx:/vhuh dx.
r Q Q

Using (50a) to replace the second term in expression (52), we obtain

/uhvhdx:—/)\huhdf—i—/fzhdx:—/)\hP};’ng—l—/fzhdac
Q r Q r Q

(53)
= —/ Apg dl’ -|-/ fzndr = Gh(Uh),
r Q

where we have used (50b) in the second equality, definition (51) of P}/g in the third,
and definition (45) of G, in the fourth equality. Since v, € V" was arbitrary, we have
shown that if uy, solves (50), it also solves (46).

(ii) Conversely, let u; be the solution of problem (46), and let A\, € vV and
zn € Voh be given. By Lemma 5.1, there is a unique v, € V" satisfying

(54) / VR dx = 7/ App dl +/ Vzp - Viby dx Yy, € Vh.
Q r Q

Choosing ¥, = up, we find

(55) */Ahuh dF+/ Vzp - Vuy, dx:/vhuh dx.
r Q Q

Since uy, is a solution of problem (46), the right-hand side of expression (55) satisfies

(56) / vpup dr = — / th dr’ +/ fzn dx,
Q r Q

where %, and A, are the solutions to (43) and (44) with v = v. However, since by
Lemma 5.1, 2z, and )\, are uniquely defined by v, we have 2z, = z, and A\, = \p,.
Substituting expression (56) into expression (55), we obtain

/Vuh~Vzhda::/)\h(uh—g)dF+/fzhdac
Q r Q
:/)\h(uh—P}jg)dF—l—/fzhdx,
T Q

where in the last equality we introduce P)g € 4V as the solution of (51). Since
the choices of zj, and A, were arbitrary, it follows that both (50a) and the boundary
condition (50b) must be satisfied. 0

The difference between problems (41) and (46) lies in the use of an approximated
linear form Gy, in problem (46). It is therefore crucial to analyze the error that the
use of G}, introduces. Lemma 5.4, which estimates (G — G}), needs the following
discrete extension result.

LEMMA 5.3. There exists a C > 0, independent of h > 0, such that for each
gn €YV, auy, € VP exists satisfying up|r = gn and

[unlls < Clignll1/2.r-
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Proof. Let g, € vV be given. The functions in V" are continuous and piece-
wise linear on the boundary, so /V* ¢ HY?(T) (in fact, V" ¢ HY(T)). By The-
orem 1.5.1.3 of Grisvard [11], the trace map v : H'(Q) — H'/?(Q) has a right
continuous inverse E. The Scott and Zhang interpolator II;, discussed in section 3.3,
continuously maps functions in H'(€2) into V*. Composing ITj, and E, we define
up, € VP such that uj, = II, Eg),. Note that yuj, = g, since the Scott and Zhang in-
terpolator preserves piecewise-polynomial boundary conditions. Moreover, since both
E and II; are continuous, we find that

lunlly < Cllgnllij2r- O

Remark 1. Similar results are reported in the estimate (5.5) of Scott and Zhang [17]
and in Lemma 11 of Gunzburger and Hou [13].

LEMMA 5.4. Assume a quasi-uniform triangulation, characterized by the mesh
parameter h, of the polyhedral (or polygonal) domain Q2 having a Lipschitz boundary.
There are an € € (0,1/2] and a C > 0 such that, given g € L*(T') and f € L?(2), the
linear forms G and Gy, defined in expressions (32) and (45), satisfy, for each h > 0,

(G = Gu)(©) < C (liglox + K| £l ) llollo Vo € L¥(R).

Proof. Let v € L*(2) be given, and let z and A be the solutions to (30) and (31)
associated with the given v. Likewise, let z, and Aj, be the solutions to (43) and (44)
associated with v. By definitions (32) and (45), we find that

(G — G (v) = — / g =) dr + [ F(z— ) da
(57) I Q

—— [0 =xmPlgdr = [ Mg = Blg)yar+ [ fe ) do.
T T Q

introducing P)g, the L?(I") projection of g on vV", defined as in (26b).
We will estimate each of the terms in the right-hand side of expression (57),

starting with the first. Let ¢, € ¥V" be given. Choose ¢;, € Vj, so that ¢u|r = op
and so that the estimate of Lemma 5.3 is satisfied. From (31) and (44) it follows that

—/()\—Ah)<ﬂhdrz—/V(z—zh)-v¢hda:
r Q

(58) <lzn = 2llillonlls < Cllzn — 2l llen /2,
< Cllzn — 2t k2 |gnllo,r < CRY<|0]lo B2l on o,
= Che||vllollenllo,r,

where the second inequality follows from Lemma 5.3 and the third from inverse esti-
mates (29) (the inverse estimate needs the assumption of quasi-uniform mesh refine-
ments); expression (40) yields the existence of an € € (0,1/2] such that the fourth
inequality holds.

Next we estimate the second term in the right-hand side of expression (57) as
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follows:

I I
/F g—Plg)dl =3 / Mg = Blg)dt < 3 [Mlerllg — Plgll—er,
=1 i =1

(59) !
< Clollo Y g = Plgll-cr, < Cllvllollg — Py gll—c.r
=1

< Chflloligllo.r,

where the second, third, and fourth inequalities use estimates (16), (9), and (28),
respectively. The third term in the right-hand side of expression (57) is estimated by
expression (40),

(60) ; f(z = zn) da < || fll-1llz = zulls < OB £l lo]o-
Substituting estimates (58) (with ¢, = P)g), (59), and (60) into expression (57)
yields the required estimate

(G = Gr)(w) < C (KU gllox + hllgllor + B2 £l 1) [v]lo

< C (Hlglor + B2 111 ) llolo

where in the second inequality we have used the bound [P} gllo,r < ||g]
for an L2-projection. 0

The final result of this article is that the solution to (46) converges to the solution
of (35) at a rate that depends, through €, on the shape of the domain, where ¢ = 1/2
corresponds to a convex domain.

THEOREM 5.5. Assume a quasi-uniform triangulation, characterized by the mesh
parameter h, of the polyhedral (or polygonal) domain 2 having a Lipschitz boundary.
There are an € € (0,1/2] and a C > 0 such that, given g € L*(T) and f € L*(), the
solutions u and uyp, to problems (35) and (46) satisfy, for each h > 0,

o,r that holds

= wnllo < © (B lhulls + B Ngllo.e + 241 £]) )

for each s € [0,¢€).
Proof. The solution error may be decomposed as u — up, = (u — up) + (Up — up),
where % is the solution to problem (41). Thus,

(61) llu—wunllo < llu—anll + [un — unl].

By estimate (42), approximation property (24b), and Theorem (4.2), there exists an
e € (0,1/2] so that

(62) lu—unllo < Ch7[lulls Vs €[0,€).

Equations (41) and (46) yield that

/(ﬂh — uh)vh dr = G(Uh) — Gh(vh) Yoy, € Vh,
Q
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so choosing vy, = Uy, — up means that
(63) [dn — unlly = (G — Gn)(tn — un).

Using Lemma 5.4 in expression (63) implies that
(64) lin = unllo < € (Rllgllo.x + B2+ 711 -1)

Substituting estimates (62) and (64) into expression (61) provides the required esti-
mate. a

Remark 2. Theorem 5.5 only provides convergence rates for boundary data in
L?(T"). By the equivalence proven in Theorem 5.2, smoother data will improve the
convergence rate, since error estimates for the standard approach then apply. Fix,
Gunzburger, and Peterson [6], French and King [7, 8], and Bramble and King [2] prove
various error estimates that apply for smoother data.
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