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Abstract

This paper deals with the supraconvergence of elliptic finite difference schemes on variable grids for second
order elliptic boundary value problems subject to Dirichlet boundary conditions in two-dimensional domains. The
assumptions in this paper are less restrictive than those considered so far in the literature allowing also variable
coefficients, mixed derivatives and polygonal domains. The nonequidistant grids we consider are more flexible than
merely rectangular ones such that, e.g., local grid refinements are covered.

The results also develop a close relation between supraconvergent finite difference schemes and piecewise linear
finite element methods. It turns out that the finite difference equation is a certain nonstandard finite element scheme
on triangular grids combined with a special form of quadrature. In extension to what is known for the standard
finite element scheme, here also the gradient is shown to be convergent of second order, and so our result is also a
superconvergence result for the underlying finite element method. © 1998 Elsevier Science B.V. and IMACS. All
rights reserved.

Keywords: Nonuniform grids; Finite difference scheme; Stability; Supraconvergence; Superconvergence

1. Introduction

In studying finite difference schemes for BVODEs on nonuniform grids the so-called supraconver-
gence was found (see [12]): although the truncation error for many natural schemes is pointwise of order
one only the finite difference solutions are second order convergent. Supraconvergence was then also
established for finite difference approximations for the Laplacian in a rectangular region (see [3,11,13])
and for one-dimensional parabolic equations (see [11]).

In the present paper we consider the supraconvergence of the finite difference scheme (4) for second
order elliptic boundary value problems
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Au = —(auy); — (buy)y — (buy), — (cuy)y +duy +eu, + fu=g in 2 CR? (1

subject to Dirichlet boundary conditions in polygonal regions.

Our aim is twofold. On the one hand, we prove second order supraconvergence for (4) under less
restrictive assumptions considered so far in that we admit problems with variable coefficients which are
allowed to have mixed derivatives and which are not assumed to be strongly coercive but only uniquely
solvable. Also the domains are only assumed to be polygonal (except in [1,2]), which is somewhat more
adequate than the rectangular shaped regions considered so far.

We also analyze schemes which are obtained by adding new grid lines and consequently gridpoints.
Here the additional assumption is imposed that each rectangle where a new gridline starts does not
become too small compared to its length. The resulting finite difference approximation is not pointwise
consistent in the gridpoint, where the gridline starts and in some neighbor gridpoints. We prove the
supraconvergence result (see Theorem 3) that the convergence order is O(Hrflax + Hpu VY?), where V is
the total area of the rectangles where additional gridlines start and H,,,x denotes the maximal mesh-size.
If there are only few of such rectangles or if the total area V is of order O(H2, ), which, e.g., holds
true in the case of a refinement near an isolated singularity, second order convergence for solution and
gradient is obtained.

On the other hand, our results develop the close relation of the supraconvergent finite difference scheme
to a certain finite element method. From this point of view our finite difference scheme is nothing else
than a nonstandard piecewise linear finite element approximation on a triangular grid combined with a
special form of quadrature. A numerical implementation of the scheme (4) can be based on this relation.
We show in our main theorem (Theorem 1) that—in contrary to what is known for the standard finite
element method—the gradient is also second order convergent. So our result, expressed in the language
of finite element methods, is a superconvergence result. Since there is no restriction on the nonuniformity
of the grids the triangles are allowed to have arbitrary small angles, i.e., the corresponding triangulation
needs not to be quasi-uniform. Already about two decades ago Zldmal (see [10,18]) has found the
superconvergence of the gradient for certain quadrature finite element solutions on nearly rectangular
grids. His result also applies to higher order continuous elements but does not include our scheme.

Exploiting the relation to finite element methods clarifies and simplifies the analysis of supraconver-
gence. In the literature there have been developed so far different ways to treat supraconvergence. In the
one-dimensional case, where naturally quite general schemes can be analyzed with reasonable effort, the
analysis given in [9,11,12] is via a transformation of the finite difference scheme approximating second
order equations into a centered scheme for an equivalent first order system. The idea in [8] is to use an
explicit representation of the discrete Green’s function for the second order central divided difference
operator. Another approach was undertaken in [6], where stability and order of the truncation error were
considered with respect to negative norms which can be represented in the one-dimensional case in the
form of the so-called Spijker norms.

The analysis of the present paper is also based on using negative norms. That this is an appropriate way
of analysis was already observed in [13]. Supraconvergence results for certain elliptic finite difference
schemes similar to those considered in this paper using the concept of negative norms were proved by
the first author in his Ph.D. thesis [1] and in [2]. Still another approach was carried out in [3] for elliptic
equations of the form (1) with b =d = ¢ = 0, where a grid function of order two in the mesh-size is
constructed such that the finite difference operator applied to this function represents exactly the first
order part in the truncation error. With the aid of the maximum principle then second order convergence
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in the maximum norm is shown. The supraconvergence results obtained in [4,5,11] concern problems
with one space variable only. Supraconvergence for hyperbolic problems is studied in {14,17].
All the results obtained can also be proved along the same lines for n-dimensional regions, n > 3.
One drawback of the finite difference scheme we consider in this paper is the smoothness assumption
of the solution of (1), in general u € C*(£2). More competitive in this respect are finite volume schemes,
where also supraconvergence has been established (see [9,12] for n = I and [16,15] for n =2).

2. The finite difference scheme

Let £2 C R? be a bounded polygonal domain, i.e., the boundary 352 of £2 is the union of straight
line segments. We consider the solution of (1) with zero Dirichlet boundary conditions. The variational
formulation of this problem is:

find u € HJ (2) such that

a(u,v)=(g,v), veH ). 2)

Here HO'(Q) denotes the usual L? Sobolev space with zero boundary conditions, (-, -) is the standard
inner product in L?(£2) and a(-,-) is the standard sesquilinear form associated with the elliptic
operator A. We also use the notation || - ||, for the usual norm in HO‘(SZ). The coefficients of A are
assumed to be smooth enough, e.g., a,b,c € C}(R2), d,e € C'(R2), f € C(R) is sufficient. We also
impose the general assumption that the homogeneous problem (2), i.e., with g taken to be equal to zero,
has the solution u = 0 only.

Let h = (h;)z and k = (k)7 be two sequences of positive numbers. We define the grid

Ri={x;eR: xj;1=x;+h;, jeZ)}

with xy € R given and a corresponding grid R, with the mesh-size vector k in place of k. Let
Ry =R; x R, c R%.

Define also
Ru =2 NRy, 02, :=02NRy, Q2uyp=02NRy.

The grid £2 is assumed to satisfy the following regularity condition with respect to the region £2.
(Reg) Let [ denote any subrectangle (x;,x;41) X (e, yet1) formed by the grid Ry. Then either
0N 942 is empty or it is a diagonal of (. In the case that the operator A contains mixed
derivatives then always (1M 062 = @.
The second case in condition (Reg) means that in the case b # 0 the boundary 92 contains no oblique
sections (but see Remark 2).
We are now preparing the definition of the finite difference approximation Ay ugy of (1). For each grid
point (x;, y;) € Ry we define the central finite difference quotients

Wit1/2,6 — Wi—i/2,¢ Witle — Wiy Witre — Wj—1,
8§l/2)wj.e _ i+l j—1/ ’ 5§l/2)wj+1/2.z _ WirLe J ’ 6ij~( _ Zitle ji—1 e’
Xjt1/2 =~ Xj—1/2 Xj+1 — Xj Xjt1 —Xj—1
where x;1,2 :=x; + h;/2, xj_1;2 := x; — hj_1/2. Correspondingly, the central finite difference
quotients with respect to the variable y are defined.
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By Wu we denote the space of grid functions vy defined on £2 5 with zero boundary conditions, i.e.,
satisfying
v (xj, y0) =0, (xj,y) €082y. 3
The discretized problem then reads as follows:
find uy € V(E/H such that

Apuy :=—82(as"Puy) — 8, (bdyuy) — 8,(bd,up) — 8> (8! Puy)
+déuy +edyuy + fuy=g 1in$2y. “@)

Let Ryv be the pointwise restriction of a function v to the grid £ . By Taylor expansion it is seen
that even for a smooth solution « the truncation error

TH = AHRHM - RHg
is on a nonuniform grid in general only of first order pointwise consistent. Nevertheless we will prove
second order convergence as stated in the theorem below, a fact which is called supraconvergence.

Let 7  be any triangulation of £2 such that the nodes of 7y coincide with 2. By Pyvy we denote
the continuous piecewise linear interpolation of a grid function vy with respect to 7y. We write || - ||,
for the standard norm in the Sobolev space H'(£2), r € Ny, and || - ||, » if the underlying region is the
triangle A. The notation || - ||, is used for the standard norm in W"*°(§2). By Hnax we denote the
maximal mesh-size in both x- and y-direction.

Theorem 1. Assume that the grids 2y satisfy condition (Reg). Let the variational problem (2) be
uniquely solvable and assume that the solution u of (1) is in C*(£2). Then, for Hyax small enough,

the finite difference scheme (4) has a unique solution uy € "(‘)/H satisfying the error estimate
1/2
1P = PRl <C| 3 101amA) Il | )
AETH

Here and in the following C denotes a generic constant independent of the significant quantities. We
have used the notation |A| for the area of A.

From the estimate (5) second order convergence follows immediately, but more precisely it also reflects
the contributions of the local error to the global one.

3. Variational formulation

The aim of this section is to write the finite difference scheme in the form of a variational problem:
find uy € Wy such that
ag(up,vy) =(Rug, v, Vn € Wa. (6)
Here

(e, w)p = D, Vi Wje (N
(xj,ye)€82H
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o]
is an inner product on Wx, where the weights w; , are given by

hj+hjke+k
2 2

It will be shown in the following how the sesquilinear form ay(:, -} is related to the form a(-, )
restricted to continuous piecewise linear elements on a certain triangulation 7y with vertices equal to
the set 2. It is well known that, e.g., the five-point approximation of the Laplacian in terms of the
nodal variables can be obtained in this way. In our more general case some complications arise due to
the presence of the mixed derivative term. For example it is readily seen that the finite difference scheme
corresponding to the standard finite element equation for piecewise linear elements corresponds to a finite
difference scheme which is not even pointwise consistent if A contains mixed derivative terms.

To give the definition of ay (-, -) we consider two special triangulations related to the set £y, which
we call T,(,l) and T 2 . They are obtained from the disjoint decomposition

Ry R( 1) R(Z)

W)= (xj, yo) € 2p. (8)

where the sum j + £ of the indices of the points (x;, y) in R(,}) and in Rg) is even or odd, respectively. To
simplify the following definition we introduce Rg) = ]Rg). With each point (x;, y,) € Ry we associate

the triangles AE’ b, i=1,2,3,4, whichhave a right angle at (x;, y;) and two of the four closest neighbor
grid points of (x;, y¢) as further vertices. We then define the triangulations

T = {A% 2, ).y €RY, i €{1,2.3,4}},

T,gf)z::{ j‘}c(:z\ U A), (x,-,yg)eRﬁ,;*”,ie{1,2,3,4}}, )

ATy,
T =T UTS,. s=1,2,

of 2 ( 2& denotes the interior of A). Fig. 1 shows an example of one of these triangulations.

Fig. 1. Triangulation 7. T indicates triangles of 75y ).
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[e]
With respect to these triangulations the continuous piecewise linear interpolations P},s dvy of vy € Wy,
s = 1, 2, are well-defined.
Now we define the sesquilinear form ay (-, -) in (6) as the arithmetical mean

ay = %(ag) +a) (10)
of two sesquilinear forms, each of which has the form
ag) =a® + 5O 49 +dY 40 4 FO s=1,2. (11)

The sesquilinear forms on the right-hand side of (11) are all constructed in a similar way by summing

particular approximations of the “energy” related to each corresponding differential term over the

triangles of T,f). Solet A e Tb(,s). We define a, to be the value of a in the midpoint of the side of A

parallel to the x-axis. Then let
a® (vy, wy) == Z aA/(P;f)vH)x(P;;)EH)xdxdy. (12)
AeTY A
Similarly, let ¢4 be the value of ¢ in the midpoint of the side of A parallel to the y-axis and
Oy wi) = 3 ca / (PS'vn), (PPTH), dx dy. (13)
AeTf(f) A
In the approximation of the mixed derivative terms we need
ba=b(xa, ya), (14)
where (x4, y4) is the vertex of A associated with the angle /2 of A. Then
b (vm, wi) =Y ba / [(Pivw) (P ®h), + (Pyva) (Pl W), ] dx dy. (15)
AeTY) A
For approximating the first order terms let
(P vr) 4, = P vn(xa va), ATy, (16)

where (x4, ya) is the midpoint of the side of A parallel to the x-axis. Correspondingly, we introduce
(P;,s ) Un)a,y, Where in this case (x4, ya) is taken to be the midpoint of the side of A parallel to the
y-axis. Then we define

4w = 3 [Pf(,s)(de)]Avx/(P;,s)vH)xdxdy, (17)
AeT,SY) A
ey, wy) =Y [P;;)(ewy)]m/(P,(;)vH)ydxdy. (18)
AETI,(;) A
Finally,
fOCmwr) = Y 0 f (X, v W (19)

(xj,y0)€RH
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By choosing vy to vanish in all but one single point in §2y it is an elementary calculation to verify that
with these definitions the following proposition holds.

Proposition 1. With the sesquilinear form ay (-, -) defined by (10) and with Ay defined by (4)
ay(y, wy) = (Agvy, Wy)y, vy, WH € Wy.

Remark. If there are no mixed derivatives in (1) then it is not necessary to define ay as arithmetic mean
(10). Any triangulation 7y and corresponding sesquilinear form would do the job.

4. Inverse stability

We now consider a sequence of grids Ry such that the maximal mesh-size Hy,,x tends to zero. We use
the symbol “H € A” to indicate the sequence of discretizations considered and write “(H € A)” for the
convergence with respect to H running through this sequence.

One main ingredient for the convergence analysis is the following inverse stability result which will
be proved in this section.

Theorem 2. Let the grids 2y satisfy condition (Reg). Assume that the coefficients of A in (1) are in
C(R2) and that the homogeneous variational problem (2), i.e., with g =0, has only the solution u = 0.
For each H € A let Ty be a triangulation of 2. Denote by Py the corresponding piecewise linear
interpolation operator. Then there exists a constant C such that for H € A with Hy,.x small enough

\Proul <C  sup E@mwEl s 20)

o Prw
B Bl

The estimate (20) can be given an alternative form. In the finite dimensional space V([)/H of grid functions
a norm is defined by setting

lvelig = Puvalli, vu € Wa,
which is a discrete analogue of the Sobolev norm || - ||,. Then
(v, wy)H| 0
lvgl-1.w = sup —W_l—— vy € Wy,
Osbwne Wa HILH
can be considered as a discrete analogue of the “negative” norm || - ||_; for functions in L2(£2). With this

definition and recalling Proposition | the estimate (20) is equivalent to

lvulhw < ClApvnl-1h, vy € Wy, H € A.
This estimate shows that the mapping Ay is invertible for H in a final section A, C A and that
the sequence AL', H € Ay, is stable, i.e., Ay' considered as a mapping from (V?/H, vgl-1,q) In
(Vt/H, |vg |1, p) 18 uniformly bounded with respect to H € A.
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The proof of Theorem 2 is based on the following well-known result from finite element theory (see,
e.g., [7, Theorem 8.2.8]).

Proposition 2. Under the assumptions of Theorem 2 the following estimate holds for H € A with H,
small enough:

la(Pyvy, Prwy)|
| Prwglly

| Prvulli <C  sup , Uy € Wy. (21)

o
OZwye Wy

Lemma 1. Let s € {1, 2} and let vy, wy € VOVH, H € A, be two sequences satisfying

|Pvall, <1 [PSwall, <1, Hea. @)
Then (see (12))

a vy, wy) — (a(P;IS)vH)x, ( ;Is)wy)x)o —0 (HeA

and also the corresponding relations for the sesquilinear forms b® and ¢ (see (13), (15)) hold.

Proof. Consider a triangle A € T[f,s). Since the coefficient a is continuous in £2 we have

aA/(P,(;)vH)X( ,S,S)EH)xdxdy—/a(x,y)(Pg)vH)x(Pg)wy)xdxdy —0 (HeA)
A A

uniformly with respect to A, and this proves the assertion for a¥. The proof for 5 and ¢ is
similar. O

Lemma 2. Let Ty be a triangulation of $2. For vy € VE’H and A € Ty we denote by va 1, vap and vy 3
the values of vy in the vertices of A. Then

> 1AI(vanl + lvazl + [vasl?) < ClIPuvul3, v € W
AGTH

Proof. If the assertion is known to hold for the special case 2 = A with C independent of A then
it follows for a general £2 by summation. The proof for the case 2 = A is obtained by performing a
change of variables which maps A onto the unit triangle and then using the equivalence of all norms on
a three-dimensional vector space. 0O

Lemma 3. Let s € {1,2} and let vy, wy GIX/H, H € A, be two sequences such that (22) holds. Then
(see (17), (18))

d® vy, wy) — (d(Pvn),, PS wu)y— 0 (H € A),

ey, wy) — (e(P,(f)vH)y, P,(f)wy)o —>0 (HeA.

Proof. The two convergence relations are proved similarly and we show the last one only. Since the
imbedding of H{(£2) in L?(£2) is compact and bounded sequences in H} (£2) are weakly compact, we
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can assume for the proof that {P wH} 4 1is strongly convergent in L*(£2) and {Py Py vy}a is weakly

convergent in H0 (82). Letvand w e H0 (£2) be the limits of {P(S)v ala and { Py Dw H} A, respectively. It
follows that

(e(Pg)vH) P wy), — (euy,v)g (H € A).
We show that also
e vy, wy) — (evy,w)g (H € A). (23)

With the aid of Lemma 2 we obtain

enuwnf<c Y [1(P o), aray

AT A
x S AP w) 4" + (P wa) 4o + (P wr) 4 51°) (24)
Ae’T(”

s 2
<C||(Pva), o | P wallo:

Let ¢ € C3°(£2), ie., 2 in a dense subset of L?(£2). Let Ryw denote the pointwise restriction of a
function w to the grid £24. Then

PYRyp — ¢ in LX(2) (he A)

and one concludes with the aid of (24) that for proving (23) it is sufficient to show
€9 (vy, Rug) — (evy, 9o (H € A).

This is indeed the case since the piecewise constant function ¥y defined by
Vu(x,y) =[Py (€Ru®)],,, (x.y)€A, AeTy,

is strongly convergent in L?(£2) with limit e¢ and we can write

e (vn, Ru) = ((P'vn),, ¥)y O

Lemma 4. Under the assumptions of Lemma 3
FOy, wy) — (fP P vy, Py wH) —0 (HeA.

Proof. The same kind of reasoning as in Lemma 3 is used but this time based on the fact that for

¢,y € C57(£2)
fORud, Ruy) — (f¢.¥)o (Hed). O
Proof of Theorem 2. It is not difficult to see that for any two triangulations of §2 the corresponding

norms ||Pywy|ly are uniformly in H € A equivalent. Hence the assertion will follow from (21) if we
show that for s € {1, 2} and any two sequences {vy}4 and {wy}, satisfying (22) one has

|ay (v, wr) — a(P vy, P wy)| — 0 (H € A). (25)

This was proved in Lemmas 1,3 and 4. 0O
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5. Truncation error estimate

The form (20) of the stability inequality suggests to obtain an error estimate by bounding the quantity

ag(Ryu,vy) — (Ryg, ve)n
| Pav
According to the definition (10), (11) of ay(-, ) we have to consider several terms. They all have a
certain error structure in common: for each fixed triangle A in 7, f(, %) one obtains by Taylor expansion in
each vertex a contribution to the differential operator Au. Furthermore, there is a first order error term for
which an additional power of Hy,, can be gained by splitting off the factor (Pyvy), or (Pyvy), thus
exhibiting supraconvergence. The remainder is of second order.
Let s € {1, 2} and choose a triangle A € 7, ,f). We assume that A has the vertices

(26)

(xjv ye), (Xj, )’E+l)s (xj-i-l! Y£) (27)

Different shapes of A can be handled similarly. For simplicity we write in the following only « in place
of Ryu. Consider

_ 1.t

T,:=ax /(PHu)x(PHUH)ded)’ = (aly)jy1)2, z—”T—MI + Ra1,
4 j

where |A| = hjk,/2 and R, ; satisfies the estimate

h
[Retl < 54 atrrs o, / |(Pyvs)x| dx dy.

Expanding further we obtain
hj hf
(auX)j+1/2 = (aux)j e+ ) ((aux)x)j ¢ —8— ((aux)xx)j,g + Ra,2,
where

3
|Ra,2! < éll(aux)xxx”oo’A-

Using the corresponding expansion with respect to the point (x;41, y¢) we derive

hj
((aux)x) vj,@ + Ra.3s (28)

ke
T, == :

2
where R, 3 can be estimated by

h; ke
(aux)j+ie — _2]—((aux)x)j+1.g:| Vjtle — [(aux)j e+ =

h2
|Ra.3| _i(”auxxx"ooA +3|I(aux)xx 00,4 /‘(PHUH)xdedy

2
+ Té“(aux)xxx”oo’AlAI(Ivj,ll + vjs1el).

Summation of (28) over all triangles A € 7, ,5” gives
a(S)(RHus vy) = _(RH(aux))n UH)H + R, 29
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with R, satisfying

172
RJ<c( 3 |A|h‘1\(naux.u||oo.A+H(aux)mulm,A)z) | Pavglh. (30)

(s}
AeTy

where for estimating > | A| (|vj,g|2 + |Uj+[’g‘2) Lemma 2 was taken into account; also vy =0 on 082y
was used in (28) for triangles A at the boundary of £2.
In the same way

¢ (Ryu, vy) = —(Ry(cuy)y, v) y + Re (31)

can be proved, where R, satisfies an estimate similar to R, in (30) only with 3/0x, h, and a replaced
by 0/0y, k and c, respectively.

Next we consider the mixed derivatives term (6" +b®). We give only the details for the part in (15)
oy
collect all contributions in the sesquilinear forms bfi)y),
quantity we have to consider

Tyai=ba / (Pyie)x(Pyn), dx dy. (32)
A

corresponding to (bu,),, which we denote by b We choose an arbitrary point (x;, y;) € 2y and

s =1, 2, which contain a factor v; ;. As a typical

In one of the triangulations 7, ,f,s) there are exactly the triangles A;”e i =1,2,3,4, involved which have

a right angle at (x;, y¢) (see (9)). The factor of ¥;, coming from these triangles is easily seen to be
zero. In the other triangulation there are eight triangles which have (x;, y,) as vertex. Obviously, four of
them contribute nothing to v; .. We consider the remaining four triangles. One of them, for example, has
vertices

(xj, ye), (xj,ye-1), (Xjx1, ye-1). (33)
We evaluate (32) for this triangle and determine as factor of U, ,

Ty, := %bj,e—l(uﬁl,z-l —Ujo-1).
By suitably expanding this expression with respect to x and y we obtain

Tor = 3bje(ujpre —uje) — Al [(bux)y]j'g + %|A| [ke—1(buy)yy — hj(buxx)y]j'g + Ry.1,
where R, ;| satisfies the estimate

A
LIXIES % (A3l Brtcee)y g, 4 + 5h ket Brte)sy oo o + Keo[[Br) gy 6, 0] (34)

Corresponding expansions hold for the other three triangles. By summation we determine the factor of
v; ¢ in the sesquilinear form

L6, + b)) (Ryu, vi)
to be
Tpai=~ [(bu")Y]j,l Wje+ 4l(hj—1 + hj)(ktg—l - kl?) [(b“x)yy]j,e
+ %(kl—l + kf)(h?_l - ]’l?) [(buu)y]” + Rb,2, (35)
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where Ry, is the sum of the remainder terms R, ; belonging to the four relevant triangles adjacent to
(xj, ye).

As a preparation for the summation of (35) over 2y we establish for the function w := (bu,),, and
vy satisfying v; »— = v; ,4 = 0 the identity

n n
2 2= 2 - _ _
Z welky_, —ki)Tje= Z kg [(wjer1 — wje)Vje + Wjer1(Tjee1 — Vo))
£=m £=m—1

Vjer1 — Vje

% (36)

n
= Z k; [(wy)j.£+0_v_j,£ +wj 1
£=m—1
(the index £ + 0 indicates a point between y, and y,;). A similar result applies to the summation of
the last term in (35) with respect to j. Hence, multiplication of (35) by v;, and summation over 2y

furnishes

108, +52,) (Ruu, v) = — (Ru(bu)y, var) y + Ro, 37)
where
|Ry| < C[ > AR, + k)
AeTy
1/2
X ([[@u [} on + [ BUxdy [} s + ||(bum)yu;A)} 1Paval- (38)

For the approximation of the mixed derivative term (bu,), a corresponding result holds, where the
remainder term can be estimated as in (38) only with the derivatives with respect to x and y interchanged.

We are left with the first order term. We consider the approximation of du, and collect the coefficient
Ty of U ¢ in the sesquilinear form 3(d" + d@). Let A be the triangle with vertices (27). Then

1 ) k k K2
Ty :=3dj, / (P}(,)u)x dxdy = idj,l(ujﬂ.f —Ujy) = ldj.e (hjux + _]’uxx> + Ry 1,
2 4 4 2
A

where R, ; can be bounded by

h2
|Ra1| € éldjll”uxxx lloo, 2l Al (39

By summing this and the corresponding results for the remaining seven triangles which contribute to 7 ,
we calculate

koo +k
Tyr=dje(uy)jewje+ dj,l(uxx)j,ﬁ(h§ — h?-l) %J + Ry, (40)
where R, ; is the sum of the remainder terms corresponding to (39). A summation over £2y yields
3(dV +dP)(Ryu, vy) = (Ru(duy), vir) + Ra, @n
where
5 1/2
R4l < C[ D 1AL (115 Al Zo 4 + ||(duxx)x||w,A)} I Prvalls. (42)

AETH
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A similar result holds for the discretization of eu,. The bound for the remainder term R, in this case
is obtained by taking k», e and 0/0y in place of h 4, d and 0/0x, respectively, in (42).
Altogether we have proved the following

Proposition 3. Assume that the grids Q y satisfy condition (Reg). Let u € C 4(82). Then
ap(Ryu,vy) = (Ry(Au), vy) y + ta(u, vy)
with ty satisfying the estimate

1/2

|za (u, va)| < C{ Y 1AldiamA)* (el oon + Iy 13 00.0) | 1PHOHI, (43)
AGTH

where the constant C is dependent on the coefficients of A but not on the triangulation Ty or u.

Remark 1. The dependence of C in (43) on the coefficients of A can be easily made more explicit
based on the more detailed estimates for the remainder terms derived in (30), (38), (42) and the remarks
following them.

Theorem 1 is an immediate consequence of Propositions 2 and 3.

Remark 2. If the boundary 952 contains a section which is not parallel to the coordinate axes the finite
difference approximation (4) can still be used. It is only necessary to give a meaning to the mixed
derivative approximations in those points P € 2y near oblique parts of 052, where in forming Ayvy a
grid point P outside of §2 is involved. This is simply done by defining

vy (P) :=—vy(P).

In these exceptional points P the resulting finite difference approximation is not consistent with A, the
truncation error is only O(1). Following the lines of argument leading to (38) it can be shown that the
bound for R, now contains additional terms of the form

> |AldiamAY ull} o 4.

ATy,
where (see (9))
Tua=THAU T,

As a consequence, this shows again a supraconvergence phenomenon, where the proved overall

convergence order is O(H_/2) (for that it was taken into account, that Ty » is contained in a strip of
width O(H,,,) around 082).

6. Local grid refinement

We consider in this section more general grids than in Section 2 which are obtained by adding
new gridline sections to the original grid. This process is allowed to be repeated and hence local grid
refinements are feasible in this way. In the differential operator A from (1) we take b = 0, i.e., there are
no mixed derivatives. The grids are assumed to satisfy condition (Reg).
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Fig. 2. New gridline section and triangulation.

For the formal description of the kind of grids we admit we start with the finest grids £2y and Qu
as defined in Section 2 which are assumed to satisfy condition (Reg) and then delete certain gridline

sections. The result of this process is denoted by Q},” and .QZ) , respectively. Let 7y be a regular
triangulation of §2 such that .Q;,’) is the set of vertices. A triangle A € Ty is said to be in normal position
if two of its sides are parallel to the coordinate axes, otherwise it is called exceptional. We assume in this
section the following condition to hold.
(Rft) There exists a triangulation 7y of £2 such that each exceptional A € Ty is isosceles and
exceptional triangles have no common side other than the hypotenuse perhaps.

Remark. The assumption that new grid lines start at the middle of a rectangle is only made for the
simplicity of presentation.

We are now going to set up the finite difference scheme. For each grid point P € §2y there are still
local stepsizes hp,h_p,kp, k_p corresponding to h;, hj_i, ki, k;_; well-defined as the distance to the
closest neighbor grid point or gridline. Hence also the weight

_ h_p +hp k_p +kp
o 2 2

(see (8)) makes sense. The original scheme (4) has only to be modified in grid points, which are vertices
of an exceptional triangle.

The rules for this modification are given in the following. There are four different typical orientations
of exceptional triangles. We consider that one in more detail from which a new gridline in x-direction
is starting to the right (see Fig. 2). Let P be the rightmost vertex of the exceptional triangle. The two
remaining vertices are Q := (xp — h_p,yp + kp), S := (xp — h_p,yp — kp). Let QS denote the
midpoint of the line segment joining @ and S and let M := (xp — h_p/2, yp), MQ := (xp, Yy + kp),
MS = (xm, yu — kp). Modifications have only to be made in the approximation of terms containing an
x-derivative. Firstly, consider the modified approximation in P. Here the simple rule is to replace after

wp

(44)
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the formal application of (4) taken in P the nonexistent grid function value uy(QS) in the formula (4)
by

up(QS) =3 (un(Q) +uy(s)). (45)

The necessary modification of the scheme (4) in Q and S is a little bit more involved. We replace
8xup(Q) in (4) by

3 h—rkp sy (1/2)
Sxup(Q) = 3qu(Q)+~Zw—(3x ug(M) — 8,2 upy(MQ)), (46)

Q

where the tilde in §{'/? indicates that (45) has to be used where the point QS is involved. The
corresponding modification in S is made by taking S in place of Q as argument in (46). For the
approximation of (au,), we use

3/ (a0 u) (Q)
:=812(a8 M Pup)(Q) + Ek{f; [a(M)8 Puy (M) — a(M Q)8 Puy(MQ)]. (47)

The modification in S is obtained from (47) by replacing Q by S.

It may happen that a gridpoint is the vertex of more than one exceptional triangle. Then the
modification has to be repeatedly performed for each of the triangles according to the rules given above.

There may exist exceptional triangles close to the boundary 92. This happens to be the case if there
are points on 052 N .QZ) which are not the intersection of a gridline in x- and in y-direction. In this case
two of the vertices of the exceptional triangle are on 02. In the remaining point a modified scheme has
to be set up following the same rules as given above for the point Q or S.

The modified operator Ay is related to a sesquilinear form ay. Let Ty be a partition satisfying
condition (Rft) which is used to define the modified scheme. As in Section 4 the form ay is obtained
as the sum of its values on A € Ty which we denote by ay . The present case is simpler than the one
treated in Section 4 since due to the absence of the mixed derivative we need not form the mean value of
two forms on different partitions as in (10). If A € 7y is a triangle in normal positions then ay is equal
to ap. So we are left with the exceptional triangles, for which we give the following definition:

Gn.a(vm, wry) = a(M) / (Pyvm)<(Pawy). dx dy,
A
ca.alvy, wy) :=c(QS) /(PHUH)y(PHWH)dedy,
A
A2 (i, W) == Py (dB ) (M) / (Pyun). dx dy,
A

ena(vy, wy) = Py(ewy)(QS) /(PHUH)ded)’-
A

For differently shaped exceptional A the definitions are similar, we do not give the details.
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The definitions of Ay and @y have been made in such a way that corresponding to Proposition 1 the
relation

an(vy, wy) = (Agvy, wy),, vu, Wy € Wa, (48)

holds.

For the modified sesquilinear form a Theorem 2 is still valid. Hence, in the convergence proof we need
only to bound the truncation error of the modified scheme. For triangles in normal position there is no
difference to the expansions given in Section 5. So we consider an exceptional triangle A. We begin with
the term approximating (au,),. Recall the definition (45) of u(QS). By Taylor expansion we derive

- P)—-u(0S
Tia=aga(u, vy) =a(M)M /(PHUH)dedy
A

h_p
= a(MDSu(M) [ (PuTn)s drdy + R, (49)
where
[Raa| < 5= llalls. ol . / |(Prrvm)s] dx dy.

The factor of Up in T; 4, ignoring the remainder term, is given by

k_p+kp
—
which gives a contribution as if Q.S would be a grid point and one would be dealing with a normal grid
point P. Hence the analysis given in Section 5 applies.
The remaining part in 7 4 is, again ignoring the remainder term,

a(M)8Du(M)

vQ+Us kp_

2D \(M
kp (a8 Pu) () 2222 = T

k
0@ u)(MQ) + -zﬂvs (@88/2u)(MS) + Rs 2+ Raz.  (50)

Here

2
- %P((aag”z’u)y)(M) + Ris

k
Raz == -To[(a8"?u) (M) - (as!u) (M Q)] =Tg
with R; 4 satisfying
P
|Rz.al < ‘Z‘H(a“x)yy”oo,A'
Similarly,
k2
Ras= { 2p

where for R; 5 the same bound as for R; 4 holds. Consequently, we obtain

((aail/z)u)y)(M) + Ra,s] ,

|Rz 2+ Rz 3| <

2[4y o [ [P, 0y + [, a1 ]+ I |-
_p 4
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The first term on the right-hand side of (50) gives the missing contribution compared to the case that Q
would be a normal grid point. The same observation is valid for S. Hence, another time the analysis in
Section 5 applies.

A similar result can be proved for the approximation of du, . For the term in A containing a y-derivative
there is no change compared to Section 5. Hence we have the following
Proposition 4. Assume that the grids Q2 satisfy condition (Rft). Let u € C*($2). Then

ag(Ryu, vy) = (Ry(Au), vy) y + Tu(u, vy)

with Ty (1, vy) satisfying the estimate

\mu,vy)\«{ > 1AldiamAY (uxl3 o0 + s 13.00.4) + D |Al(diama)?
AeTy AETH.eXC

k h 12
x (aﬂfguux 130+ (1— oA)k—jnuyn%,oo,A)] I Pyvlh, (51)

where the constant C is dependent of the coefficients of A but not of the triangulation Ty or u. The
quantity op = 1 or O if a new gridline is starting from the exceptional triangle A in x- or y-direction,
respectively.

Together with Theorem 2 this gives the proof of the following result.

Theorem 3. Assume that the conditions of Theorem | hold and that the grids 9};’ satisfy condition (Rft).
Then the modified finite difference scheme

A HUy =gy in S}H
has, for Hyax small enough, a unique solution ug € V“DIH which satisfies

| Pruy — Py Ryull; < C|Th(u)

where |Ty (u)| denotes the factor of || Pyvy|l, in (51).
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