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SUPRACONVERGENCE AND SUPERCLOSENESS OF A SCHEME
FOR ELLIPTIC EQUATIONS ON NONUNIFORM GRIDS

J. A. Ferreira 0O Faculdade de Ciéncias e Tecnologia, Departamento de Matemdtica,
Universidade de Coimbra, Coimbra, Portugal

R. D. Grigorieff o Technische Universitit Berlin, Berlin, Germany

O In this paper, we study the convergence of a finite difference scheme on nonuniform grids
Jor the solution of second-order elliptic equations with mixed derivatives and variable coefficients
in polygonal domains subjected to Dirichlet boundary conditions. We show that the scheme is
equivalent to a fully discrete linear finite element approximation with quadrature. It exhibits the
phenomenon of supraconvergence, move precisely, for s € [1,2] order O(h*)-convergence of the
finite difference solution, and its gradient is shown if the exact solution is in the Sobolev space
H'(Q). In the case of an equation with mixed derivatives in a domain containing oblique
boundary sections, the convergence order is reduced to O(1%?7¢) with € > 0 ifueH 3(Q).
The second-order accuracy of the finite difference gradient is in the finite element context nothing
else than the supercloseness of the gradient. For s € {1,2}, the given error estimates are strictly
local.

Keywords Finite difference scheme; Finite element method; Nonuniform grids;
Stability; Supercloseness of gradient; Supraconvergence.

AMS Subject Classification 65N06; 65N30; 66N12.

1. INTRODUCTION

We consider the discretization of the differential equation

Au = —(au,), — (buy)y — (buy), — (cuy)y + (du), + (eu), + fu =g
in Q Cc R? (1.1)

Address correspondence to J. A. Ferreira, Faculdade de Ciéncias e Tecnologia, Departamento
de Matemadtica, Universidade de Coimbra, Apartado 3008, 3000 Coimbra, Portugal; E-mail:
ferreira@mat.uc.pt
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540 J- A. Ferreira and R. D. Grigorieff
subject to Dirichlet boundary conditions
u=1Y on 0, (1.2)

where () is a simple polygonal domain. The discretization is obtained by
a standard finite difference method (FDM) on a nonuniform rectangular
grid )y subdividing (). The resulting discrete problem is equivalent
to a fully discrete linear finite element method (FEM) defined on the
triangulation of Q generated by Q.

Our aim is to study the behavior of the scheme for a sequence
of grids S_)H, H € A, with maximal mesh-size H,.. converging to zero
without any restriction on the nonuniformity of €. In this case, the FDM
scheme is only first order consistent but we will show that nevertheless
the approximate solutions uy, H € A, and their (discrete) gradients are
more accurate. This property is usually called supraconvergence and was
considered, without being exhaustive, in [3-7, 10, 16, 21, 23, 24]. Finite
difference methods on nonuniform meshes for the Laplacian in a square
with solutions u € H'™*(Q) are considered in [29] for s =2 and in [2]
and [14] for s € [1,2]. The idea in these papers is, as in [4], to add a
correction to the standard finite difference scheme on uniform grids that
makes the scheme second-order accurate also on nonuniform meshes.
A result of the current paper is that no correction is needed to prove
the same convergence order as on uniform meshes. Supraconvergence
results have been obtained by the authors in [3] for general second-order
elliptic equations in polygonal domains subjected to Dirichlet boundary
conditions assuming that u € C*(Q). In the one-dimensional case for
general boundary condition, it is proved in [1] that for s € (1/2,2], the
approximations and its gradients exhibit an error of optimal order O(/°)
provided u is in the Sobolev space H'™(Q).

Our main result is Theorem 6.1 and its corollaries in Section 6. For
domains having no oblique boundary sections, the H Lnorm of Py(Ryu —
uy ), the linearly interpolated error Ryu — uy on the grid, is of order
O(H; . ) provided u e H'"(Q),s €[1,2]. This convergence order holds
also true for differential operators containing no mixed derivatives in
general polygonal domains, while otherwise the convergence order for s €
(1,2] is reduced to O(HU:M/27¢) with € > 0 arbitrarily small. The error
estimates we prove in the case s € {1,2} are strictly local, which is desirable
when working with nonuniform grids.

The fully discrete piecewise linear finite element approximation is
constructed by associating with the rectangular grid )y a triangulation
Iy of the domain and applying a special quadrature formula to the
corresponding linear FEM. The larger than first order convergence
of the gradient of Py(Ryu — uy) we prove is in this context called
the supercloseness of the gradient (see [30, p. 80]). Several recovery
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techniques for the gradient are based on the supercloseness property
(see [8, 9, 17, 18, 22, 26, 31, 32] and the bibliography [19]). In the
supercloseness results involved in these papers, the meshes are either
completely uniform or a smooth transformation of a uniform mesh,
whereas we work on nonuniform meshes. We want to point out the
significant difference in the behavior of the scheme on uniform and
nonuniforms grids, which can be well seen from the finite difference
presentation: whereas on the former grids the truncation error is second-
order and smoothly varying from grid point to grid point, it is first order
and strongly oscillating on the latter. In [22], the finite element scheme
considered is also fully discrete. It is obtained with the aid of a second-order
accurate quadrature formula, whereas our quadrature formulas are only of
first order.

An advantage of the relation between the FDM and the FEM is that it
allows one to technically simplify the analysis of the former. In this way, we
can work with the usual norms in Sobolev spaces in place of the not so
comfortable discrete norms for grid functions.

Of course, it has always been known that the linear finite element
approximation can be written as a finite difference scheme, especially
for the Laplacian. (But our specially tuned FEM which is equivalent to
the standard FDM in (3.1) seems to be new.) So it appears natural, as
our results show, that the H' error estimates obtained for the FDM are
closely related to supercloseness of the FEM. But the literature gives the
impression that there exist the two separated communities of the FEM
and FDM people (see [12, 13, 15, 28] and the overview in [11] for
the latter) and the relation of those results has not been considered in
that respect.

The paper is organized as follows. In Section 2, we present the
variational formulation of the boundary value problem (1.1), (1.2) and
the fully discrete nonstandard piecewise linear FEM. In Section 3, the
corresponding finite difference scheme is introduced. A main ingredient
in the convergence analysis is the stability of the scheme in Section 4. In
Section 5, the essential estimate of the truncation error is given from which
the main results are derived through a series of lemmas in Section 6.

2. A FULLY DISCRETE GALERKIN APPROXIMATION

It is convenient to start with the familiar Galerkin formulation of our
boundary value problem and its discretization by linear finite elements
with quadrature. In the next section, it will be shown that the method is
equivalent to the standard FDM (3.1) for solving (1.1), (1.2).
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We will work with the usual Sobolev spaces W, () for » € N U {0} and
p € [2,00] with semi-norms and norms, respectively, given by

1/p

1/p ,
j4 j4
[0l wy o= (ZHD%H,‘,,(Q)) ol = | D lolga |
j=0

lo|=r

with the usual interpretation in the case p = oo and || - ||Lp(g) denoting the
usual norm in the Sobolev space L,({)). We often write shorter H"({)) in
place of Wy (€) and || - ||, for its norm. By (-,-), we denote the standard
inner product on L, ({).

We now write down the familiar variational formulation of (1.1), (1.2).
Let O C IR? be a bounded simple polygonal domain, i.e., the boundary
0Q) of € is the union of straight line segments that form no cuts. The
variational formulation of our problem is

find u € H'(Q) such that
a(u,v) = (g,v) for ve H)(Q) and u =y on 0Q, (2.1)

where a(-,-) is the sesquilinear form defined by

a(v, ZU) = (avx’ wx)O + (bvx’ wy)O + (bvya wx)() + (CUy, wy)O

— (dv, wy)y — (ev, w))o + (fo,w)y forv,we H'(Q). (2.2)

The coefficients of the given problem (1.1) are assumed to be smooth
enough, i.e., that they are in the Sobolev space W} ({}) for the case
s € {1,2}, respectively. Schemes for less regular coefficients (on uniform
grids) are also known [11, 12, 15, 20, 28], which are based on earlier
work by Samarskij [27]. We also impose the general assumption that the
homogeneous problem (2.1), i.e., with g =0 and =0, has only the
solution u = 0.

The discretization of (2.2) is obtained in the following way. We first
introduce a nonequidistant rectangular grid in Q. Leth = (hj)z and k =
(k¢)z be two sequences of mesh-sizes, i.e., of positive numbers. We define
the grid

Ry ={x € R:x1 = %+ 1y, € Z}
with x € R given and a corresponding grid Ry with the mesh-size vector
k in place of h and y, in place of x,. Let Ry, be the two-dimensional

rectangular grid

]RH=]RhX]RkC]R2
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and define
QH ::QHIRH, 8QH = anIRH, ﬁHZS_)ﬂIRH.

The grid Qy is assumed to satisfy the following geometric condition
with respect to the region ():

(Geom) The intersection of d€) with the rectangles [1 := (x;, xj;1) X
(¢, ye+1) spanned by points (x;, y¢), (X1, yer-1) of IRy is either empty or it is
a diagonal of [l.

By Wy we denote the space of grid functions on Q and by Wy u the
subspace of grid functions vanishing on 0€). For convenience, we assume
that functions in Wy are als_o defined outside of Qj with function values
equal to zero. For (x;, y,) € Qg let U, := (x-1/2, Xj1172) X (Ye—1/2, Yes1/2) N )

and w;, := |U;,], the measure of [;,. Then
(v, W) = E ;v Wiy for vy, wy € Wy
(%,50)€Q

defines an inner product on Wy. Let Ry denote the operator of pointwise
restriction to the grid in question. The discrete problem has the form:

find uy € Wy such that
ap (up, v ) = (g v for vy € Wo iy and uy = Ry on 00 y.

(2.3)

We assume that at least y € C°(0Q). Because ¥ is the restriction of u to
09), higher regularity for y will follow from the later regularity assumption
for u. In (2.3) ay(-,-) is a sesquilinear form, which we are now going to
define.

Let Iy be a triangulation of () using the set Q u as vertices. By Pyuy we
denote the continuous piecewise linear interpolation of vy with respect to
Ju. Then ay(-,-) is given as a sum

agy=a+b+c+d+e+f (2.4)

of sesquilinear forms corresponding to the different terms in the
continuous variational problem (2.2). They are all constructed in a similar
way on the basis of linear triangular finite elements combined with an
individual quadrature, where the discretization of the mixed derivative
terms requires special attention (see below).
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Let A € Jy. We define ay, to be the value of the coefficient @ in the
midpoint of the side of A parallel to the x-axis. Then let
a(oy, wy) =Y axs / (Prrvg) (P i) «dx dy. (2.5)
AE?TH A
Similarly, with ¢, denoting the value of ¢ in the midpoint of the side of A
parallel to the y-axis,
C('UH, ZUH) = Z CAy /(PHUH)y(PHZ_UH)),dX dy (26)
AeTy A

The approximation of the first-order terms is achieved by

d(vy, wy) == — Z [PH(dUH)]A,x /(PH@H)de dy, (2-7)
AeT A
e(vy, wy) = — Z [PH(EUH)]A,yf(PH@H)de dy. (2.8)
ATy A
Finally,
S (o, wy) = ((RHf)UH, wH)H- (2.9)

The function g on the right-hand side of (1.1) is discretized by the grid
function

1
i (%, y¢) == — g(x,y)dxdy, (x,y) € Qy. (2.10)
Wij.e Oje
In Section 6, we will also consider the possibility of taking gy = Ryg.
For the discretization of the mixed derivatives, we need some

preparations. We consider two special triangulations of (), which we call
7)) and 7. They are obtained from the disjoint decomposition

R, =R URY,
where the sum j + £ of the indices of the points (x;,y,) in R{) and in
R is even and odd, respectively. To simplify the following definition
we introduce R := R}, With each point (x;, y,) € Ry we associate the
(open) triangles A;IZ, i =1,2,3,4, which have an angle 7/2 at (x;,y,) and
two of the four horizontal /vertical neighbor grid points of (x;, y,) as further
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vertices. We then define for v € {1,2} the triangulations

T, = {A;fg COQ:(x.y) eRY, ie {1,2,3,4}} ,

(SO (9) ) . v+1) -
TG = {Aj; C(OU{AIA €T (x,9) e RY™, e {1,2,3,4}},
Ty’ =T UTh.

(2.11)

By 77" we denote the set of triangles that have one side on the oblique
part of 0Q). 9;_’,“ is empty for a domain (), which is the union of rectangles.
Figure 1 shows an example of a triangulation. For v = 1,2 the continuous
piecewise linear interpolation Py vy of a grid function vy € Wy with
respect to the triangulations 7)) is well-defined.

The approximation of the mixed derivatives requires special attention
near oblique sections of the boundary. This problem is related to the
existence of the irregularly orientated triangles in 7,({‘)2, which are also
responsible for a loss in accuracy. The problem is handled by suitably
discretizing the coefficient b. For a triangle A in a triangulation denote
by (xa,ya) the vertex of A associated with the angle n/2 of A and by
(Xa, ya) and (xa, ya) the other vertex of A with the same y- and x-coordinate,
respectively. Then, for v € {1, 2},

A,y .—

bA,x = ~ . o (v) ~ : o)
b(xa,ya) if A€ Ty, b(xa,ya) if A €Ty,

/ //\ RN
/ N / N
~ /

/ - N

I\
Ve

FIGURE 1 Triangulation 7;’. A indicates triangles of J;%.
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and

1
b(vy, wy) = 5(5(1)(01% wir) + 0% (v, wH)) for vy € Wy, wy € Woum,
(2.12)

where

0 o) = 3 [ [ 0n (85 ), by B, 5 )]t
A
AeTy)

=: b,(c;)(UH, wy) + by(,‘c’)(UH’ wyr). (2.13)

3. THE FINITE DIFFERENCE SCHEME

The discretized variational problem (2.3) is equivalent to a standard
FDM for the differential operator A on a nonuniform grid, which we
will derive in this section. It is this relation that shows that our later
supraconvergence theorem is a supercloseness result for the finite element
scheme (2.3).

The FDM belonging to (2.3) is obtained by choosing grid functions
vy adequately. For its formulation we use the centered finite difference
quotients

Ujt1/2,6 — Uj—1/2.¢ Yit1,6 — Uiy
(1/2) j+1/2, 7—1/2, (1/2) _ Yt J>
5x/ Vje = , 5x/ Vjit1/24 = = >
Xitr1/2 — Xj—1/2 Xir1 — X

5“1]_1 _ Vjit1,e — Uj—1,e

Xji+1 — Xj—1
in x-direction and also correspondingly defined quantities in y-direction,
which make sense for uy € Wy in the way they are applied in (3.1). Now
choosing vy to vanish in all but one grid point in )5 and collecting the
terms arising from (2.3), it is straightforward to obtain the equations

Apuy = =02 (a0 uy) — 8,(bdur) — 8, (bdyup) — 2 () upy)

+ 0 (duy) + d,(euy) + fuy = gy in Q. (3.1)

If the operator A contains mixed derivatives then Ay acts, next to
oblique parts of the boundary, on grid points outside (). In this case,
the missing quantities in forming Apuy are determined by auxiliary
variables that are obtained by a kind of antisymmetric extension. For
example, let (x;, y,) € Qp be a grid point such that (x;_1, ye+1) & Q. In the
approximation of (bu,), the auxiliary value w;_; 4, is then determined by

Ui1,041 — %—1,4 = —(uj,z - lpj,z+1)- (32)
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The approximation of the differential operator obtained from (2.4)
has the expected finite difference form (3.1), which is expressed in the
following proposition.

Proposition 3.1. Let the sesquilinear form ay(-,-) and the operator Ay be
defined by (2.4) and (3.1), respectively. Then the following relation holds:

ap (v, wy) = (Agvy, wy)u  forvg € Wy, wy € Wop.

4. INVERSE STABILITY

We now consider a sequence of grids IRy such that H,., =
max{%, k,,j, £ € Z}, the maximal mesh-size, tends to zero. We use the
symbol “A” for the sequence of mesh-size vectors and write “(H € A)” for
the convergence with respect to H running through this sequence.

One main ingredient in the convergence analysis is the following
inverse stability result. Here and in the sequel, C denotes a generic
constant independent of significant quantities.

Proposition 4.1. Assume that the homogeneous variational problem (2.1) has
only the solution u = 0. For each H € A, let Ty be a triangulation of Q) generated
by Qp and denote by Py the corresponding piecewise linear interpolation operator.
Then there exists a constant C such that for H € A with H,,x small enough

Paonlh < € sup Ll e Wo. (4.1)

N 0F£wrr € Wo, i1 | Py w1

The proof of this theorem differs only in minor details from the one of
theorem 2 in [3] and can be taken from there.

5. ESTIMATING THE TRUNCATION ERROR

Our error estimates are based on the inverse stability inequality in
Proposition 4.1 applied to the global discretization error Ry u — uy in place
of vy. Note that pointwise evaluation of u makes sense because H 2(Q) is
continuously embedded in C(). Also, Ryu — uy € W, ». Hence, because
uy solves (2.3), we have to estimate the truncation error

tu(vy) = ay(Ryu, vy) — (gH, V)1 (5-1)

in terms of ||Pyvy|l1, which is the aim of this section.

Before going into the details, we recall that vy is defined by zero
outside of ). It is convenient to take this fact into account and extend the
range of sums over the whole space if vy happens to be a factor. This will
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be done without further notice in the sequel. As a consequence, boundary
terms are avoided when summing by parts. To keep things well-defined, we
also extend wu, the coefficients of A and g outside of ). The specific way
of the extension does not matter because there is the multiplication by the
factor zero. In later calculations, it will be convenient to choose a specific
extension that we define where it is needed. In the proofs, we will use the
simple forward differences

Axvj’g = Vi1 — Ui and A),"U]‘)g = Yjer1 — Yje- (52)

Our starting point is the quantity (g, vy)y in (5.1). According to the
definition of gy in (2.10) we have

(g, V) = Z (Au)(x, y)dx dy Uj ¢ (5.3)

(x]',yg)GQ.[] Dj,[

We consider each single contribution of Au [see (1.1)] in (5.2) separately.
We start with the term —(au,),. We want to remark that the estimate in
Lemma 5.1 for the case s = 1 seems to be obvious from the known finite
element analysis, but normally there are regular triangulations considered
while the triangles here may have interior angles converging to zero.

Lemma5.1. Let se{1,2}, ue H™(Q) and the coefficient a € W:(Q).
Then the part
vy (o) == a(Ryw, o) — Y / (—aw,)dx dy vy,
(xj.,90)€Q Dje
of the truncation error Ty satisfies the estimate
1/2
|0 ()| < C( > (diamA)Q“Iluxlli,S(A)) |Puoplly  for vi € Wou.
AeT gy

Proof. We introduce the intervals , := (y,_1/2, yo+1,2). Using the definition
(2.5) of a(-,-) and integrating in (5.2) one time by parts, we obtain with
the aid of a partial summation with respect to j (recall that the summation
is over all j, £ € Z) the representation

W7 (o) = 1L (a8 u) (11172, 30 AsT

it

+> / ((aw) (%1172, 9) — (@) (%5172, 9)) dy By
e e

= Z |:|]lz| (0521/2%)(99“/2,))@) - /(dux)(&ﬂ/%y)dy]Axl_/j,z- (5-4)
Jt Iy
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Case s = 1. In a first step, we want to replace u, in (5.4) by 6{/?u
and estimate the resulting error. Fix (x;1/9,%) € {1 and define ﬁj,g =
(%, x41) x I, N Q. Next to oblique parts of (), we extend u from Iij)g to
HQ((x]«, xi+1) x I;) boundedly [map (x;, x,+1) x I, affinely to the unit square
Q, use the Calderdn extension operator [25] to extend the transformed u
boundedly into an element of H?*(Q) and then map back]. For almost all
y € I, the function u(-, y) is an element of Hg(xj, xj+1). For each such y

F(u) = (me - 45&1/2%)(9941/2,))) (5.5)

is a bounded linear functional with respect to u(-,y) € HQ(xj,xjH) that
vanishes for the functions 1 and x. The Bramble—Hilbert Lemma furnishes
in the usual way combined with a suitable scaling argument

1/2 thh i
|Ewnsc@ma&ww/(/ Wwa%Q : (5.6)

[} 4 j

Integrating with respect to y over the intervals (ye_1/2, y) and (¢, Yet1/2)
separately and applying Schwarz’s inequality for integrals yields

1/2
‘/ (dux - déi/ )U)(X;‘+1/2,y)dy‘
Iy
1/2(41/2 R 1/2 R
= Ch] (ke_l |uxx”H0(Dj,(_1/2) + ke ”uxx“HO(Dj’g))a

where Ijj’g = (x5, Xj41) X (¥, Yet1/2). Thus, with an application of Schwarz’s
inequality for sums

2

Z/ (aux — a5;1/2)u)(x,-+1/2,y)dyAxf),-,g
—J, : ‘

2 2 2
<C D Bluwsliog, ,, * lusliog,,)

(xj41/2:70) €2

A, v; 2
x> Ik R | =

(xj41/2:70) €

2 2 2 2
<C Y B(llul 03, ) N CPrr o) 11

HO@p_1)9)

J

(%j41/2-y0) €€

< C Y (diam A)* w21 o, 1 Prronl3. (5.7)

Hl)
AE?H
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We continue with estimating %7’ (vy) from (5.4). In view of the quantity
already bounded in (5.7), we consider

F(u) = |[z|(05;1/2)u)(99'+1/2,ye) —/ (05;1/2)11)(9%1/2,)))61)’

I

1 Xjt+1
= E/ <|-Iﬂ|d('acf+l/27y€)ux(x7yl)_ / a(xj-ﬁ-l/Q,y)ux(x,y)dy)dx.
7% 0
(5.8)

For almost all x, the inner bracket is the error of a rectangle rule for
integrating a(Xjy1/2,-)u,(x,-) over the intervals (y,_1/2, %) and (y, Ye+1/2),
which can be bounded with the aid of the Bramble—Hilbert Lemma by

. Ve 9 5 Ve+1/2 9 1/2
C<k“f |(a(xi1/2, ) wn(x,9)) | dy+k@/ |(a(xi1/2, ) (. 9), | dy) :

Ye—1/2 Ye

(5.9)

We use (5.9) in (5.8), apply the product differentiation rule to (au,), and
obtain

F < Ch V2 ( K 2 B | v 5.10
1B (w)] < Chy o1 | + k|l . (5.10)

HY (@) e-172) HY (@)
To prove the asserted bound for r(lj)(vH) in (5.4), we estimate the
contribution coming along with F(u) in the same way as in (5.7) and then
combine with the estimate (5.7).

Case s = 2. In the representation of the truncation error in the case
s =1, we found a rectangle rule that does not allow the second-order
estimate we want to prove now. We will derive a different representation
that is more suitable. We start with a similar preliminary step as in the case
s =1 replacing this time 0/ u(x;11/2,y.) in (5.4) by wu.(xj11/9,%:), which
now makes sense because H*(Q)) < C'(Q) continuously. We consider

E(u) = (déﬁl/g)u)(xﬁl/%yz) - (dux)(x;'ﬂ/?,yz)

1 Xj+1

= a(xj+1/2,yz)(z f u (X, ye) dx — ux(xj+1/2,y£)) (5.11)
i J

as a linear bounded functional in the function u, € H Q(ﬁj’g) that vanishes

for the functions 1, x and y. The Bramble-Hilbert Lemma furnishes the

bound

F ()< Csup lae )] LD (5 + L) e,

Dj,(
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and we obtain in a similar way as in (5.7)

1

2
< C( D (diamA)*|u, H%) 1Py ol

AeTyy

(aégcl/?u— aux)( +1/2,ye)A Tje

(5.12)
Next we define the quantities
o ke Ve+1/2
7},@ = E(dux)(xj+l/2,y€) —/ (aux)(xj+1/2,y)dy (5-13)
ye
and

T = @(au )(x; ) — ) (auy) (x; )d (5.14)
j—1 = 9 x )\ Xj+1/25 Ve x )\ Xj+1/2, ) AY. .

Ye—1/2
Note that [[;|= (k—1 + k¢)/2. A summation by parts leads to the identity
Z |:|I£| (aux)(xjﬂ/%yz) - /(aux)(xj+1/2,y)dy:|Ax'Dj,Z
Iy

jt

=D (TVA T+ TP AT e01)

gt
AU+ AT AU — ALY
1 92 V4 {+1 1 2 x Uit x Vi l+1
— Z (7}&) + T](,z)) 7 5 el Z (T](z) _ 7}(’[)) J 5 J
gt gt

We start estimating Q) and note that
Je+1
T+ T = ((aux)(ocj+1/2,ye) + (aw,) (X112, Yer1)) — / (au,) (%4179, y) dy.

e

This is nothing else than the error in the trapezoidal rule applied to the
function (au,)(x;11/2,-). The Bramble-Hilbert Lemma furnishes

B\ 2
(1) (2)
10+ 121 = o) 0+ s,
)

A

ko \ 2
o(3) O+ Rudeg,

J
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where Ij]',g = (x5, Xj41) X (%, Ye+1) and we took a € Wo‘f)(Q) into account.
It follows in a similar way as in (5.7) that

1/2
Q| < C( Z(diamA)“uuxniﬂ(A)) | Pervsa . (5.15)
AeTyy

We are now going to estimate (». A summation by parts with respect to
J leads to the representation

1 ; g -
Q=5 (T + 17 - 18 - 1A (5.16)
Jt

With (5.13) and (5.14) it is seen that

D ) @ @ Xj41/2 Vet1 Ve+1/2
Ly =T, + 15, -1, = (auy)dy — (au,).dy
Xj-1/2

Ve+1/2 Ve

ky ke
+ g(aux)x(x,yz) — g(aux)x(x,ym) dx.

Using the same ideas as in deriving (5.9) from (5.8), we obtain for almost
all x € (xj_12, Xj41/2)

Ye+1 Ye+1/2

Yet1/2 ye

ky ke
+ E(dux)x(x; Ver1) — E(aux)x(x>y€)

50 Yot 0 172
< Ck, (/ \(a(x,y)ux(x,y))xy| dy) .
ye

After integration with respect to x and an application of Schwarz’s
inequality for integrals

M () B B) 8/2(11/2 _ 1/2 .
1) - T, + T2, — 1| < Ck, (}6‘—1||“x||H2<Dj_1/z,e> + h ““x”mmj,w)

follows. Hence, it is easily seen that () satisfies the same bound as Q) in
(5.15). The derived estimates altogether show that the assertion holds also
true in the case s = 2. O

The contribution r%)(vH) of the second order y-derivative part —(cu,),
of A to the truncation error 75(vy) in (5.1) allows the same bound
as 73 (vy) has with wu, replaced by u,. Let us now consider the mixed
derivatives part. The sesquilinear form &(-,-) is defined in (2.12).
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Lemma5.2. Letu e H*(Q) and the coefficient b € WL (Q). Then the part

) (o) = b(Ryw, o) = Y / ((=buy) + (—buy),) dx dy v,
(xjy0eQy ¥ it

(5.17)

of the truncation error Ty (vy) satisfies the estimate

1/2
|5 (o) < C( Y (diam A)*(lullf ) + ”“J‘“iﬂ(m)) 1Bl

AeTy
for vy € Wy .

Proof. We concentrate on estimating the error in the discretization of
(buy),; the estimates for (bu,), are similar. By a partial integration and
a summation by parts we obtain, using the notation in the proof of
Lemma 5.1,

by (s v) =Y / (—buy)wdx dy Ty, =y / (buy) (%4172, ) dy Ay
e YU je Ve
(5.18)

Next we want to evaluate
1 (1) (2)
by (Rpu, vy) 1= §(byx (Ryu, vy) + b, (Ryu, UH)) for vy € Wou,

where by(;)(RHu, vy ) was defined in (2.13). The inconvenient contributions
coming from the triangles A € 7/ are taken into account in dealing with
them in the form of a perturbation. For example, let A € 371({‘)2 have the

vertices (x;, y¢), (%, ye+1) and (xj_1, y). Then we write

v V) = k =
bA,y /(P}(I)u)y(P;{)vH)xdx dy = 5@ j—l,z((s;]/g)U)j,z+1/2vj,z
A

k 1 . ol
= [5‘bj_l,e(é;””u)j_l,wg + 5 0a,sign(d) Z(—l)lug)]vj,z, (5.19)
=1

where we used the notation u” := u(P?) with P? for the clockwise
numbered vertices of [J;_; , = (x,_1, x;) X (y¢, Ye+1) and sign(A) for the (for
our purpose not important) plus or minus sign depending on the location
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of A. Thus we obtain, evaluating the integrals in the definition of b,,(,-),

1 ;
by (R u, vyy) = 1 Z [_biﬂ-f(kf (5;1/2)“)]41,“1/2 + ke (5(1/2) u)j+l,li—l/2)

it

- bmne(Re(0)00) o kf*1(5§'1/2)”),f—lyz—l/Q)]{)f’z

+ Z b ysign(A) Z( 1)l O Up (%2, Ya)

AEJ o[zl

=: Bi(u,vy) + Bo(u, vy). (5.20)

Changing indices in the summation, it is easy to see that

1 ) ;
By (u, vy) = 4 Z [kf(bj+1/f (5;1/2)“)_;‘“,“1/2 + b (5;1/2)1‘)],“1/2)

j-t
b (b (072) g+ 00 (00P0) /2)]sz7]-,£.
(5.21)

The desired bound for l;),x(u, vy ) — By (u, vy) is now obtained with the same
reasoning as in the proof of Lemma 5.1. We are left with the estimate of
By (u, vy ), which is provided in the next lemma.

In the statement of the following lemma the known fact is used that
H3*(Q) — W;(Q) is continuously, embedded for all p € [2, 00).

Lemma5.3. Let se{l1,2},ue H™(Q) and the coefficient b€ W:(Q).
Then, for all p € [2,00) and vy € Wy, the third quantity of (5.20) satisfies

Y baysign(A) Z( 1)'u” 97 (xa, )

Ae 7 obl

1/2
( Y (diam A)? |u|,m)) 1Py o Iy if s =1,

AeT j obl

1/2
C( Z(diamA)4<l—1/f'>| |2W (A)) |Pyogl if s=2.

o obl
AeT g

Proof. Originally, u is defined on A only. We extend u outside A as
described before (5.5) [the extension of u is not globally in H*(R?) but
this is not needed in the following]. Coming now to the proof of the
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asserted estimate, we see that (recall O;_;, = (x;_1, %)) X (y¢, Yes1))

Z( D'uy’

Je+1

1/2
Uy dx dy‘ < C1O; 1l “(ﬁ |y | dx dy)
1,¢

=< C|A| 1z |U|H2(A)-

Together with the corresponding estimates for the remaining triangles in
I/ we obtain

Z bA)31gn(A)Z( Diu (l)"UH(xA,yA)

AEJ obl

1/2 1/2
< C< > |A||u|HZ(A)) ( > |vH(xA,yA>|2>

o obl oy obl
AeT g AeTpy

Because vy has zero boundary conditions, the last factor admits the
estimate

D lon ()P < 5 Z (’—1 + —)|vH<xA,yA)|2
AeTI‘_’I”l Aej"b’ 7 !
= 2 (AI(@aom.),, [+ 181 (o), )
Aeg gl

2
< CllPyvull;

and the proof for the case s =1 is done. If s = 2, Schwarz’s inequality for
integrals furnishes

300, TP Pl < (i )72

H2(A) WZ(A)

and the result follows from the already proved one for s = 1. O

Lemma 5.4. Letu € H*(Q) and the coefficient b € W2(Q). Then the part ©\
Sfrom (5.17) of the truncation error Ty (vy) satisfies for each p € [2,00) the estimate

1/2
|‘c(b)(vH)| < C( Z (diam A)* ||u||H>,(A) + Z (diam A)*1~ ]/7’)|u|W2(A)>

AeTy AETON

X [Pyoglly  for vy € Wopu.

Proof. The first part of the proof coincides with that of Lemma 5.2 until
formula (5.21) and we continue there. In a first step, we rewrite with the
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aid of a summation by parts and replacing kJ{"/* u by an integration of u,
with respect to y

1 _
Bilw, vn) = 7 > kﬁ[(bfﬂ’z(ay/?) W) e 0 (8770) ) AT
i
+ (b/+1 ‘3+1(5( 2 )J+1,e+1/2 + bjyt’+1(5;1/2)7‘)],13“/2)AWMH]
Ye+1
= Z f [ j+1,6 T b+1,z+1)uy(x/+1>y)
; e
+ (bj,z + b;‘,eﬂ)uy(xj,y)] dy(Aﬂ_fj,z + Axi_}j,ul)

1 Ye+1
+ Z g/ [(bjﬂ,e — birrer1) Uy (X541, )
»

Jit

(b = b)) | 3D — ATy e01)

1 e+t
— Z g / I:(bj_H,z + bj+1,£+1)uy(xj+l>y)
e

it

+ (bj’g + bj,€+1)u31(995 y)] dy(Ax“D]’e —|— AX@,E-&-])
)Z+1
i Z / (Breer = bere) (%41, 9)

— (b-1,001 = bjfl-f)“}’(x/*“y)] b &5

=Y B (MG + M) + > B AT (5.22)

it it

Again with the aid of summations by parts we rewrite, starting from (5.18),

- Yer1/2
by (u, v) = (/ / )(bu;)(xﬁl/% Yy A, vj
Ye-1/2 ye

Yo+l
= Z / (buy) (xj11/2, y)dy(A Vjer1 + Ay U]e)

1 Ye+1 Ye+1/2 ) ]
Z 5(/ _/ )(buy)(&ﬂ/Q,y)dy(AvaH — AT)

Ve+1/2 e

Yo+l
= Z / (buy)(xj+1/2,y)dy(Axl_)j,ZH + Axl_Jj,e)
it

e
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1 (/'yz+1 /'yz+1/2)
+ _ —
; 2 Ye+1/2 Ye

X ((buy) (X172, y) — (buy) (Xi41/2, 9)) dy B,V ¢
=Y S (AT + Ai) + Y STA T (5.23)
it I
Now we begin with estimating the corresponding quantities in

Zyx(u, vp) — Bi(u, vy) starting with S](}z) — B]L) First we concentrate on B}?

s
alone and pick

b1ty (X415 ) + by oy (x5, ) = Fo(xi51,y) + Fo(x, y), (5.24)

where Fy(x,y) := b(x,y.)u,(x,y). An application of the Bramble-Hilbert
Lemma and taking & € W2(Q) into account yields that uniformly for
y € (s Ye+1)

(%51, 9) 4+ Fe (35, 9) = 2F (%0170 D] < O IFC ) 200

Integration of the last inequality over (Y, y.4+1) provides an additional factor

ké/ ? and we end up with

Ye+1
/ [[7]‘+]’guy(xj+l,y) + bjouy (x5, y) — 2bj+l/2,5uy('x7+1/2’y)] dy
5

3/2,1/2
< Ol e,y < CO + )l - (5.25)
The same bound holds if we consider the left-hand side of (5.24) evaluated
at y,41 in place of y,.

Next we consider S](? and derive the following estimates, where the
Bramble-Hilbert Lemma is applied to the appearing midpoint rule:

kg 1/2
< C(hjz + kez) <;) |buy|H2(|jj,g)

7

Ye+1
/ (buy)(xj+l/2a y)dy — kz(buy)j+1/2,z+1/2

e

k 1/2
Zé
= C(W + k?)(;) [P

’j
(5.26)
Ye+1
bj+1/2,e+1/2 / Uy(%‘ﬂ/%j’)dy - kz(buy)j+1/2,z+1/2
ye
C N 1/2
< C(hf—i—kj)(;) ol (5.27)
’j
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and

Ye+1
(bj+1/2,e+1 + b_;‘+1/2,z - ij+1/2,e+1/2) / uy(x;+1/2,y) dy

e

R\
< Ckg(zj) o, (5.28)
Combining the bounds (5.25)-(5.28), it follows in the same way as in (5.7)
that

(S = BY) (A + AdGye)

it

1/2
< c( 3 (diamA)4||uy||;2(A)) Pl

AeTy

(5.29)

We are now going to estimate S](fz) and Bﬁ). Starting from the definition
(5.23) of Sj(j), we obtain with the aid of the Bramble-Hilbert Lemma [recall

E’j,l = (xj’ xj+1) X (yz,ym)]

1
| =

Xj11/2 Ve+1 Ve+1/2
— / </ —/ )(buy)x(x,y)dydx
X—1/2 Ye+1/2 Ye

9
< CUy + k) (ko) P21 (b)) (g k) (k) 21 () i

&)
|S;¢

We use [(buy)«|1 < Cllulls and derive as in (5.7) the bound

@ A =
Z Sie BDyUje
I

1/2
gc(2<diamm‘*||uy||§,gm) |Pavlli. (5.30)

AeTy

Recalling the definition (5.22) of Bﬁ), it is seen that

@) 1 X4l LY+
1B} | = g‘/ / [(0Cx, ) = b(x, yes1))uy(x, 9)], dy dx
X1 Y

Xl [Lyerl
< Cf / kol Bllae (12 (, )1+t (x, ) ) dy dix
D

1

< Che((hmrk) Pl ey, + k) Pl e, ,))-

It follows the same way as before

1/2
Y8 A < C(Zmiammﬂwyuilm)) |Pavall. (5.31)
J,

AeTy
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With (5.29)—(5.31), the desired bound for 3 (vy) = by (u, vyy) — By (u, vyr)
is proved. O

Let us now consider the contribution of the approximation of (du), to
the truncation error.

Lemmab5.5. Le se{1,2},uec H'™(Q) and the coefficient d € Wi(Q).
Then the part

) = Ao = 30| (dwddy

(xjy0ey ¥ Die

of the truncation error Ty (vy) satisfies the estimate
1/2
d . 2 2
|74 (u)| < C( > (diam A) ‘||u||HH.;(A)) 1Pyl for vir € Wos.
AeT gy

Proof. 1In the same way as in the proof of Lemma 5.1, using the notation
from there, we obtain the representation

(du)je + (du) 1, _
fi‘?wfz)=Z[fl<du)<xj+w,y)dy—|le| e f*“]Axvj,e.
7t ¢

The proof now follows the lines of the proofs before. O

The contribution 1:%) (vg) coming from the approximation of (eu),
satisfies the same bound.

We are left with estimating the approximation of fu. As a preparation,
we provide the following lemma.

Lemma 5.6. The following identity holds for a;, b, € C,j =1,...,4:

4 4 4
4Zaibz’:ZaiZbi+(dl+a‘2_a3_a4)(bl+b2_b3_b4)
i=1

=1 =1
+(m —a+ a3 — a))(by — by + by — by)
+ (a1 — @ — as+ a))(by — by — bs + by).
Proof. The assertion follows applying the identity 2(ab + ¢d) = (a + ¢)

(b+d)+(a—c)(b—d) to 2(aib; + aby) and 2(asbs + asby) and then
another time to the resulting terms. g
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Lemma5.7. Lets e {1,2},u € H*(Q) and f € WL (Q). Then the part

) (on) = f(Ryw, o) — Y fudx dy (5.32)

(x,90)€Q Ujie

of the truncation error Ty (vy) satisfies the estimate

1/2
|77 (un)| < C( Y (diam A)?suunm)) 1Pyoull  for o € Wi

AeTy

Proof. We give the proof for the case s =2 only. Recall that the sum in
(5.32) can be extended over R in place of Q) without changing its value
and that we can also consider u and f to be extended outside of ) as
described in the proof of Lemma 5.3. Fix j, £ and consider the rectangle
0= (x],xﬁl) X (Y¢, Ye41). We subdivide [0 in four congruent rectangles
O09,i=1,...,4, of equal size and denote by w; the value of a function w
in the common vertex of [J® and [J. The part of 1) (vy) related to O is

4
E@) =) pivi, pii= [(jfu dx dy — |09|(fu);.
i=1 o

We apply Lemma 5.6 to E(0) and estimate the resulting four terms.
Because |0|= 4|00?|, the first one is

E (D) _Zp, (/fudxdy——Z(fu)) 4 B;.

i=1 i=1

The Bramble-Hilbert Lemma furnishes

0 <
‘fmfudxdy—T;(fu)i

and we obtain

< CIf oo (diam D20 ull o,

IE(D)] < C(diam D)2l oy I Prr v | o -

Hence,

1/2
Z|E1<D)|<C<Z(dlamm ||u||H2(A)) IPyoullo.  (5.33)

AeTy
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The next term coming from the application of Lemma 5.6 to E (0) has the
form (we assume that the numbering of the 0 was done accordingly)
E(Q) = (pr+ p2 = ps = pa) (0 + By = T — D)

= (p1+ p2 — ps — P) (Vo — Vjer1 + V1 — Yjrre11)

= —(p1 + po — ps — Pk ((Prro)y (%5, Yer1s2) + (Prrop)y (X1, Yew1/2))-

With the aid of the Bramble—Hilbert Lemma follows

|p1+ p2 — ps — pa| < ClIf oo (diam DOl 1 2,

which leads in a similar way as before to

1/2
Y IEO)|< c( Y (diam A)‘*nuu;lm)) | Poulls.
0

AeTy

The remaining two terms of E have the same bound, and together with
(5.33) the proof is complete. O

6. DISCRETIZATION ERROR ESTIMATES

Theorem 6.1. Let the grids Qp, H € A, satisfy condition (Geom). Assume that
the homogeneous variational problem (2.1) is uniquely solvable. Then the discretized
problem (3.1), or equivalently (2.3), has a unique solution uy € Wy for H €
A with H,, sufficiently small. Let s € {1,2}, u € H'™(Q) and assume that the
coefficients of the differential operator ave in W2 ({}). Then the error estimate

1/2
P (Rige = i)l < c( 3 (diamm?nuufﬂ(m) < CHuexllull 120,

AEgH
holds for s = 1 while for s = 2 and each p € [2,00)

| P (Ripw — wgr) |y

1/2
< c( > (diam A)Hul2s , +0(b) Y (diam A0y )

W7 (4)
AeTy AE?/}‘_’}I

2 3/2—-1
< C(H2 Nl + o HZE o))

< C(Hriax + U(b)H,iﬁ_l/p) | 2ll 23 0y

holds, where Q%' :=U{A|A € T'} and a(b)=1 or 0 for b#0 or b=0,
respectively.
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Proof. We have already noted at the beginning of Section 5 that the
discretization error bound follows from the corresponding bound of the
truncation error 7y (vy) from (5.1), which we have split in the form

(o) = T (o) + 10 (og) + 75 (o) 4+ 75 (o) + 7% (opr) + 78 (opr).

The particular estimates for these quantities are proved in the form we
need them in Lemmas 5.1, 5.2, 5.4, 5.5, 5.7, takin into account that
r;?(vH) and ‘c%)(vH) have corresponding bounds as tj; (vH) and t(d)(vH),
respectively. The second last inequality follows from the one before with
the aid of Holder’s inequality for sums taking ZAE%M diam A < C into
account. O

Note that also for s = 2 there is no error term of order (3/2 — 1/p) in
Theorem 6.1 if the boundary d€) has no oblique sections or if 4 = 0. From
Theorem 6.1 we have the following corollaries.

Corollary 6.2. Let u € H*(Q) and assume that there exists a neighborhood Q
of the oblique part of 08} such that u € C2(Q U Q). Assume that the coefficients
of the differential operator are in W2(Q). Then the unique solution wy in
Theorem 6.1 satisfies the error estimate

1/2
1Py (R — wr) |1 < C< > (diam A)'lul3s,, + D (diam A)* |u|m)>

AeT gy AE’TO}’Z

< C(Hy llull sy + Hyxul c2qum)

3/2
= Cl—lmilx(”u”[—[%(ﬂ) + |u|(:2(07-1;l)).

Proof. The first bound follows from the case s =2 in Theorem 6.1 by
estimating |u|W[;z( ) With the maximum norm. The second one then follows

from ), . gon diam A < C. O

Corollary 6.3. Let s € [1,2],u € H'™(Q) and assume that the coefficients of
the differential operator are in W2(Q). Then for each p € [2,00), the unique
solution uy in Theorem 6.1 satisfies the error estimate

1+(s—1)(1/2—1 .
CHmax(S o /[))||u||H1+x<Q) in general,

CH: . Nlull o) i T =0 orb=0.

max

| P (R w — ug)|l; <

Proof. The result is derived by interpolation between the case s =1 and
s =2 in Theorem 6.1. (]
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Remark 6.4. The discretization of the right-hand side g as an integral
average (2.9) can be replaced by the pointwise restriction to the grid
without changing the convergence rates if g € H*()). This can be seen
from Lemma 5.7 as the difference of the right-hand side in both kinds of
discretization is of second-order.
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