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LOCALIZED POINTWISE A POSTERIORI ERROR ESTIMATES
FOR GRADIENTS OF PIECEWISE LINEAR FINITE ELEMENT
APPROXIMATIONS TO SECOND-ORDER QUASILINEAR
ELLIPTIC PROBLEMS*
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Abstract. Two types of pointwise a posteriori error estimates are presented for gradients of
finite element approximations of second-order quasilinear elliptic Dirichlet boundary value problems
over convex polyhedral domains 2 in space dimension n > 2. We first give a residual estimator
which is equivalent to ||V(u — up)llz., () up to higher-order terms. The second type of residual
estimator is designed to control V(u — uy) locally over any subdomain of . It is a novel a posteriori
counterpart to the localized or weighted a priori estimates of [Sch98]. This estimator is shown to be
equivalent (up to higher-order terms) to the error measured in a weighted global norm which depends
on the subdomain of interest. All estimates are proved for general shape-regular meshes which may
be highly graded and unstructured. The constants in the estimates depend on the unknown solution
u in the nonlinear case, but in a fashion which places minimal restrictions on the regularity of w.
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1. Introduction and results.

1.1. Introduction. We consider finite element approximations to second-order
quasilinear elliptic Dirichlet boundary value problems having the form

)
- Z —Fi(x,u, Vu) + Fo(z,u, Vu) =0 in Q,
(1.1) — Ox;

u=>b on 0.

Here 2 is a convex polyhedral domain in R™, n > 2, and we assume that u € C%(Q)
for some 0 < o < 1. The coefficients F;(x, z,p) are assumed to be elliptic (although
not necessarily uniformly so) and to satisfy minimal smoothness requirements given in
detail later. Problems ranging from uniformly elliptic equations to highly nonlinear,
nonuniformly elliptic equations take the form (1.1). Examples which may be treated
with the techniques presented here include uniformly elliptic linear problems, where
Fi(ZL'7Z,p) = Z?:l aij(x)pjv 1 S 1 S n, and FO(I'VZ?p) = b($) P + C(iC)Z - f(x)a
the prescribed mean curvature equation, where F;(z,z,p) = p;/+/1+ [p[?, 1 < i <
n, and Fy(z,z,p) = —H(x); and mildly nonlinear equations, where F;(x,z,p) =
> i=1 aij(x,2)py, 1 < i < n, and Fy(z,2z,p) = — f(z).

In this paper we provide two types of computationally efficient residual-based
pointwise a posteriori error estimators for the gradient error V(u — uy) in the piece-
wise linear finite element approximation uy to u. We first give estimators which are
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equivalent up to constants and logarithmic factors to ||V (u —up)| 1 (o). While most
a posteriori error estimates in the literature similarly control global norms of the er-
ror, the quantity of interest in many practical calculations is dependent only on the
solution in some subset D of €2. The goal in these cases is to refine the mesh enough
globally to ensure that the solution in 2\ D does not “pollute” the solution in D while
not overrefining in © \ D. To this end, we prove an a posteriori error estimate for
IV (u—wup)| . (p) which is a novel a posteriori counterpart to the weighted or local-
ized a priori pointwise estimates proved in [Sch98|. The resulting estimators, which
we call localized estimators, bound ||V (u — up)| 1 (p) and are essentially equivalent
to a certain weighted global norm of V(u — up,). Both types of estimates are valid on
general shape-regular meshes and under reasonable regularity assumptions on coeffi-
cients and the solution u. To our knowledge, these estimates are the first to provide
pointwise error control for gradients in either global or local norms on highly graded,
unstructured meshes.

The W1 estimates we give here are in several senses an extension of the framework
for a posteriori analysis of nonlinear problems in integral norms which was proposed in
[Ver94]. As in that work, our estimates provide a theoretical basis for a posteriori error
estimation and adaptive mesh refinement but also suffer from several drawbacks. The
first is that we can prove reliability of our estimators only under the uncomputable
condition that ||V (u — up)|/ (o) is small enough. Second, a priori constants appear
in our a posteriori upper bounds. Finally, the estimates presented here suffer from
a “spectral gap” between the a posteriori upper and lower bounds when the maxi-
mum pointwise ratio of the largest and smallest eigenvalues of the coefficient matrix
[%Fi (z,u, Vu)] is large. [FV03] proposes a method which essentially eliminates the
first two of these problems in the context of a posteriori error estimation in the en-
ergy norm for equations of prescribed mean curvature. The third problem mentioned
above, ill conditioning resulting from a spectral gap, seems to be an essential feature
of residual-type estimators for linear as well as nonlinear problems; cf. [FV03] and
[BV00].

In the present work we focus on presenting a basic theory for problems on polyhe-
dral domains. Two important questions which we do not consider here are the case of
smooth boundaries and the treatment of the constants arising in our estimates. The
first of these questions is important for many nonlinear problems as even theoretical
results are not always available on polygonal domains. However, the proper treatment
of finite element approximations involving curved boundaries is somewhat technical
even when considering a posteriori energy-norm bounds (cf. [DR98]), and we do not
wish to clutter our presentation. Second, the constants in our a posteriori estimates
depend on the unknown solution u in nonlinear problems and even in linear prob-
lems may depend on the coefficients in a fashion that will require a local weighting
of the residuals. In [De05] we combine further theoretical results with computational
experiments in order to investigate this problem.

1.2. Outline of results. Before outlining our results, we introduce some nota-
tion. First note that we shall restrict most of our presentation to a model problem
having the form

-3 2 R va=fine,

(1.2) £ O

u =0 on 99,

where (2 is convex and polygonal. Most of the examples mentioned in the previous
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section are of the form (1.2). Extension to more general coefficients is fairly immediate
under appropriate assumptions. In section 5 we sketch the necessary modifications
and also provide a brief analysis of problems with nonhomogeneous Dirichlet boundary
conditions.

Let 7 be a decomposition of © (now assumed to be polygonal) into shape-regular
simplices. Let also hp = |T|1/ ™ for each element T € T, let h = mingpe7 hr, and let
Sy, be the continuous piecewise linear functions which are 0 on 0€2. We emphasize
that we place no restrictions on the mesh other than shape regularity, so that both
highly graded and unstructured meshes are allowed throughout. A logarithmic factor
which for technical reasons is different when n = 2 also appears in our estimates, and
for convenience we define y(2) = 2, y(n) = 1 for n > 2, and £;,.,, = (log(1/h))”".

We next define a first-order maximum norm residual. Let S be a face shared by
two elements 77 and Ty, and let 77 be a unit normal on S (with arbitrary orientation).
For v, € Sy, we then define

n

[on]s(z) = [Fi(x, Vualr,) = Fi(2, Voa|z,)ni

i=1

with [vp])s(z) = 0 when S C 0. Dropping the subscript S as it will cause no
confusion, we define the residual

"9
(1.3) Er=hr|f+)_ 3, 6 Vun)lize ) + llunlll oo or)-
i=1 "

Our first result is the global estimate

1
(1.4) & glgg(gT —Ri(T)) < [[V(u—un)llzo) < Cilhn 1%1§%<5T + Ra(€2),

where R;, i > 1, denotes a higher-order term which will be defined more precisely later
and C; and C; depend on the coefficients F}, Vul| 1 (), and the Dini continuity of
Vu in the nonlinear case. Thus our estimators are equivalent to the actual error up
to constants, logarithmic factors, and higher-order terms, that is, they are efficient
and reliable. We do not attempt to provide asymptotically exact estimators. Besides
having obvious application to control of global norms of gradient errors, our global
estimates may also be combined with the results of [Noc95] and [DDP00] to establish
a posteriori estimates for ||u — up||z_ (o) for nonlinear problems on convex polygonal
and polyhedral domains in two and three space dimensions.

In order to provide local error control, we present novel localized estimators which
are inspired by the localized or weighted a priori pointwise estimates proved in [Sch98].
These estimates are valid for smooth linear Neumann problems on globally quasi-
uniform meshes of size h. Defining the weight o,,(y) = m, it was shown that

IV (u — un)(w0)] < |02, V(v —un)llL. @) < C;Iellg} o2 V(u— X)L ()

In our a posteriori results, we wish to control V(u — uy) over any subset D of €, so
we define the piecewise constant weight

hr

T)y=-— L
on(T) dist(T, D) + hr
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We prove the localized a posteriori estimate

w5 Emerer on(T)En R < loo¥lu - un)loio
< OQEQ,n maxrer(op(T)Er + 572«) + R3(Q).

Here (3 depends on the coefficients F; and |ul[wz (o) in the nonlinear case, and
the term €2 may be dropped in the linear case. Note that the right-hand side of
(1.5) also bounds ||V (u — up)||1. (p) since op = 1 on D. Beyond the evaluation
of standard residuals, the only requirement for the practical implementation of the
estimator maxrer(op(T)Er + E2) is the ability to efficiently compute the distance
to the set D.

The constants C; and Cy appearing in the estimates (1.4) and (1.5) depend on
the unknown solution u in nonlinear situations, and these estimates are thus not
strictly speaking a posteriori estimates. We do establish that C; depends only on
weak regularity properties of u (||Vul|r_(q) and the Dini continuity of Vu), and
C> depends on moderate regularity properties of u (||lulwz (q)). Although perhaps
possible, tracing a more precise theoretical dependence of these constants on u would
be difficult and, more important for practical purposes, unlikely to yield sharp results.
In nonlinear problems especially, the estimators given here are therefore at most
suitable for use as error indicators in adaptive mesh refinement.

We finally give a brief survey of relevant work related to pointwise a posteriori
estimates and a posteriori estimates for nonlinear problems. In [Ver94], a general
framework is given for a posteriori error estimation in canonical or energy norms
for nonlinear problems. As mentioned in the introduction, our global estimates are
maximum-norm analogues (in a rather more restricted situation) to the estimates
presented in that work in that they yield reliable estimators only for u; close enough
to u, and the constants in the a posteriori estimates depend on the unknown solution
u. The method of proof used here is partially inspired by that used in [Noc95] and
[DDP00] to establish reliable and efficient a posteriori estimates for [|u — ual/z (o)
for linear problems on general shape regular grids on arbitrary polygonal domains
in R? and R3. A technique related to our localized estimates when D consists of a
single point is the “dual weighted residual” method of [BRO1], which involves solving
a linear dual problem for each point for which one wishes to control the gradient
error. Finally, in [HSWWO1] and [SWO04], localized a priori pointwise estimates are
employed to provide sharply local and asymptotically exact pointwise control of the
gradient via “gradient recovery” operators. These estimates have been shown to be
valid only for smooth linear problems and on globally quasi-uniform meshes, however.

The outline of the paper is as follows. Section 2 contains further preliminaries and
assumptions. In sections 3 and 4 we give precise results and proofs along with more
detailed discussion of our global and localized a posteriori estimates, respectively. In
section 5 we briefly discuss extensions to problems of the form (1.1).

2. Preliminaries. In this section we make a number of definitions and state
some lemmas.

2.1. Finite element approximation and mesh. In addition to the notation
and assumptions introduced in the previous section, we make the following definitions.
By shape regular we mean that there exist positive constants r; and ry such that
for each T' € 7, one may inscribe a sphere of radius r1hp in T and inscribe T in
a sphere of radius rohy. Letting T, be an arbitrary element containing the point
x, we denote by h(x) the quantity hr,. Additionally, we define the patches Pr =
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T /o "o__ :
U{T’ET such that Tﬂ’f’;ﬁ@}TI’ PT = U{T'CPT}PT/v and PT = U{T'CPF}}PT/' Flnally,
we assume that there exists a finite element approximation u, € Sp, to u satisfying

(2.1) / ZFi(x,Vuh)Xzi dz = / fxdz V x € Sp.
Qi Q

The proof of our localized estimates requires a global growth condition on the
mesh which is implied by shape regularity, a fact which we now formulate and prove.

PROPOSITION 2.1. Assume the triangulation T is shape reqular. Then there
exists a constant Cr depending only on the shape reqularity of T such that for the
barycenter xr of each element T € T, there holds for each point y € Q\ T

(2.2) h(y) < Crlzr — yl.

Proof. First fix an element T" with barycenter zp. Shape regularity implies that
there exists 0 < K; such that

(2.3) diSt(.’L’T,aT) Z thT-

Next note that the elements contained in Pr are quasi-uniform, that is, there exist
constants K3 < 1 < K, such that for each T C Pr,

Kshy < hp < Kjhy.

We shall without loss of generality assume that K, > K;. Finally, shape regularity
implies that there exists 0 < K5 < 1 such that for each point y € T,

(2.4) Brane (y) C Pr.
We now assert that (2.2) holds with C'r = Kff{z' Note from (2.3) that if y €
Pr\ T, then |y — ar| > dist(xr,0T) > Kihr. Since Ky < 1, we thus have
K, K,
h(y) < Kshr < —|y — < —y— .
(y) < Kahr < K1|y zr| < Kle\l/ x|

Now assume that y ¢ Pr, that is, TN fy = (0. In order to reach a contradiction, we

assume that h(y) > KII(;{Q |y — xr|. Then since % >1,

K
Kah(y) > 7K4 |z — y| > |27 — Yl
1

that is, 27 € Br,n(y) (y). Thus by (2.4), 1 € Br,n) (y) C Pr,, that is, TUT, # 0.
This is a contradiction, so our proposition is proved. ]

We shall also employ the Scott—Zhang interpolation operator Ij, defined in [SZ90]
which preserves homogeneous boundary conditions and satisfies

1+ .
(2.5) v = Invllp, () < ChT+J||v||Wll+j(PT), j=1,2,
and
(2.6) v = Tnollwr(r) < Ohé\\vllwﬁj(pﬂ, Jj=0,1.

Here and throughout, C' is a constant which depends at most on {2 and the shape
regularity of 7.
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2.2. Auxiliary problems and assumptions on coefficients. We assume that
the coefficients F;(x, p) are twice continuously differentiable in p and define F;;(z,p) =

B%J_Fi(x,p) and F i (z,p) = ﬁ;pkﬂ(az,p). We also require that F;(z,p), 1 <i <mn,
have derivatives with respect to the x variable which are uniformly bounded with
respect to both = and p. We note that the analysis of our global results requires only
that Fj;(x,p) be Dini-continuous with respect to the = variable, but F;(x,p) must
possess bounded spatial derivatives over each element in order to guarantee that the

residual (1.3) is computable. Finally, we assume the ellipticity condition

(2.7) Y Fij(z.p)t&; >0V z€Q, £€R"\ {0}, p e R".

i,j=1

Remark 2.2. The conditions placed on the coefficients F; may be slightly relaxed
at the expense of some complication in our presentation. First, for our global re-
sults it is necessary not that F;;x(x,p) exist but rather only that F;;(x,p) be Holder
continuous in p with Holder exponent 0 < a < 1. A perturbation term of the form
IV (u — uh)||2Loo () arising in our global results would be replaced in this situation

by V(v — uh)||}:t:‘(9) Second, the ellipticity condition (2.7) must only hold for

p € range(Vu) and not for all p in R™. This latter observation would, for example,
allow analysis of the 3-Laplacian, where F;(x,p) = p;|p|®*~2 and 1 < 3 < o0, if it could
be established a priori that |[Vu| > C > 0. For W2 solutions of the 3-Laplacian with
8 > 2, Lemma 4.2 of [BL93] establishes such an inequality if |f| > C' > 0. However,
we are not aware of any regularity results in the literature which would guarantee
such smooth solutions of this problem.

Two auxiliary linear problems are used in our analysis of quasilinear problems.
Following for example [FR78], we define

¥

1
ah» :/ Fij(m,Vuh—i—tV(u—uh)) dt7 i’j: 1,...77’L,
0
and
a;j = Fij(z,Vu), i,j=1,...,n.
Correspondingly, we define bilinear forms
(2.8) Ap(v,w) :/ Z alhjvm].wxi dx
Q=1
and
A(v,w) :/ Z Aij Vg, Wy, d.
Q=1

From the ellipticity and smoothness of the coefficients F; and the boundedness of Vu,
we can conclude that [a;;] is uniformly elliptic in ©, that is,

(2.9) MNP < Y aii&igy < AJEP.

i,j=1

We emphasize that for nonlinear problems, A and A in general depend on ||[Vul|._ ()
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The ellipticity of A, on the other hand, depends upon [[Vus|r_ (o), but A
satisfies the error equation

(2.10) Ap(u — up, x / Z (z,Vu) — Fy(x,Vup)) Xz, dz =0

for x € Sy, and in fact for general v € HE (),

(2.11) Ap(u — up,v / Z (z,Vu) — F;(z, Vuyp,))vy, dz.

We finally note that with S denoting the convex hull of range(Vu) and range(Vuy,),

1
laji — aly|=| / Fju(Va) — Fyy(Van + 15 (u — up)) di]

(2.12) / Z 1 Fjikll e () (1 = 1)V (u — up)| dt

< C'F\V(u —up)|-

The essential estimate maxi<; j x<n || Fijklz.(s) < Cr may be established here in one
of two ways. It sometimes happens that Fj;; is bounded on 2xRR", so that the bound is
immediate and does not rely on Vu and Vuy,. If Fjjj, is not globally bounded, then we
must assume a priori that [|[Vuy|| 1 ) < C or alternatively that ||V (u—up)||. (o) <
C. CF can then be taken to be the bound for maxi<; j k<n | Fijx(z,p)| on the compact
set {z € Q, [p| < ||Vullr_ (o) + C}. Thus we shall assume that either Fjj;(z,p) is
globally bounded in both x and p for all 1 <, j,k < n or that ||Vuy|/;_ ) < C.

2.3. Green’s function estimates. We denote by G(z,y) the Green’s function
satisfying A(G(x,-),v) = v(z) for sufficiently smooth v € H}(Q). The following
estimate for the first and mixed second derivatives of G is essential to our proofs.

LEMMA 2.3. Assume that the coefficients a;; are Dini-continuous and satisfy
the uniform ellipticity condition (2.9), and let Q0 be smooth or convex. Assume that
la] <1 and |B| < 1. Then forn >3

(2.13) IDED)G(x,y)| < Cgla —y[*~" 1717
and for n = 2
(2.14) 1D DGz, y)| < Cglz -y~ 117 llog o=yl

Here Cg depends on Q, the Dini-continuity of the coefficients a;j, and X and A.

The estimate (2.13) for space dimension n > 3 may be found in [GW82] assuming
that OS2 satisfies a uniform exterior sphere condition. This condition is met by both
convex and smooth domains. The proof given in [GW82] does not carry directly over
to n = 2 due to the logarithmic nature of the singularity, but one may use the same
method to obtain the suboptimal estimate (2.14) so long as the estimate

1
Gz, )| < C(A A, Q) log
|z =yl
is known. This estimate is contained in [DM95] under the weak restrictions of L., and
uniformly elliptic coefficients and Lipschitz boundary 0€2. The suboptimal estimate
(2.14) will only add an additional logarithmic factor to our results in the case n = 2.
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3. Global estimate. In this section we state, discuss, and prove reliability and
efficiency results for global estimators for V(u — up,).

3.1. Reliability of global estimators. First we state the following upper
bound for ||V (u — upn)||1(0)-

THEOREM 3.1. In addition to the assumptions of section 2, assume that u €
CYv(Q) for some 0 < v < 1. Then for any 0 < a < v and any 3 > 1,

IV (u = un) |1 @) € CLBT My (maxrer Er + CrlIV(u = up)|3_ )
(3.1) of o
+ Cﬁ \u|Cl,“(§).
Here Cy depends on Cg, the ellipticity coefficients A and A, and the shape regularity
of T. In the nonlinear case, Cy thus depends on ||[VullL_(q), the Dini-continuity of
Vu, and the coefficients F;. In the linear case, Cy does not depend on u and the term
IV (u— uh)”%oo(ﬂ) in (3.1) does not appear.

Remark 3.2. The term ﬁa5|u\cl,a(ﬁ) may be omitted for A small enough if we
make the nondegeneracy assumption h|ulg1.q gy < [[V(u—un)llz_, () for some e > 0.
We may then take 8 = (e + 1)/ and h small enough to kick back the resulting term
Ch||V(u — up)||L(q)- In [De04] we give a more precise nondegeneracy assumption
which relies on lower bounds for polynomial approximations. In particular, assume
that there exists a single point Z € Q and 1 > 0 such that |D?u()| > C > 0 and
lullws (B, @) < C’. The term ﬁaﬁ\ubm(ﬁ) may then be removed at the expense of a
weak preasymptotic a priori dependence in the logarithmic factor. We do not give the
details here. This more precise nondegeneracy assumption leads to an estimate which
for linear problems is reliable on coarse meshes, and in most practical situations we
may thus omit this term.

In [Noc95] and [DDP00], the Hélder continuity of u (instead of Vu) and an
assumption similar to the condition h®|u|g1 .. @) < [V(u—un)l|L. (o) above were used
in the establishment of asymptotically reliable residual estimators for |[u — up|/z__ (o)
for linear problems on nonconvex polygonal domains. The technique we use in [De04]
to remove the term ﬁaﬁ |ul cra @) is essentially a more rigorous and careful version of
the argument contained in these works. A different and more sophisticated argument
was used in [NSV03] to remove such nondegeneracy assumptions completely and thus
prove L, estimates which have no a priori dependence in the upper bounds and which
are valid on coarse meshes. This technique does not appear to be applicable in the
current context of W1 estimates, however.

Remark 3.3. The estimate (3.1) includes a logarithmic factor, whereas typical a
priori estimates for ||V (u—up)| 1 () do not. It is possible to remove the logarithmic
factor under the restriction that the mesh be quasi-uniform on balls of size clog(1/h)
for any fixed ¢ > 0. Removing this computationally negligible factor would also lead
to a stronger dependence of C; on u in the nonlinear case or on the coefficients a;; in
the linear case.

Next note that we may kick back the term |V (u — uh)H%m(Q) in (3.1) if

(3.2) CrCpB" ™y |V (u — up) || o) < CF < 1.

See [FR78] for an asymptotic a priori estimate for ||V (u—us)|| L (o) on quasi-uniform
meshes and under stricter regularity assumptions than we have made here. Using (3.2)
and Remark 3.2 while noting that ||un||;_ (o) < C if (3.2) holds, we may formulate
an asymptotic reliability result which yields a computable estimator.
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COROLLARY 3.4. Assume that T is shape regular, u € CY*(Q), [|[V(u—un)| 1 (o)
is small enough, h < C, and that ||V (u — up)| 1) > Ch° |u|CLU(Q for some € > 0.
Then

e+ 1

y(n)
(3.3) IV (=)o) < O ( ) o o Er.
Here Cy is as in Theorem 3.1.

As stated in the introduction, the condition that ||V (u—up)| L (o) is small enough
is an a priori and uncomputable condition. We refer again to [Ver94] for a posteriori
estimates for nonlinear problems in integral norms which are reliable only for u;, close
enough to u and which have reliability constants depending on the unknown solution
u. For energy norms, an alternative approach to that of [Ver94] is to bound the error
in a weighted problem-dependent norm depending on up. In some cases one may
thus avoid the problem of unknown a priori constants replace the requirement that
Vu and Vuy be close enough with a computable condition whose fulfillment ensures
reliability of the a posteriori upper bound; cf. [FV03] for such an example.

We finally note that our results may easily be combined with those of [Noc95] and
[DDPO0] to establish a bound for |[u — u|| . (o) for quasilinear problems on convex
polyhedral domains in two and three space dimensions.

COROLLARY 3.5. Assume that the conditions of Theorem 3.1 are satisfied and
that in addition the coeffcients F; are nonlinear and u € W2 (Q). Then for any o > 0
and 3 >0,

(3.4) lu = un Lo (@) < CHY My [maxrer hr€r + maxrer £F
+ ||V(U — Uh)H%OO(Q)] + C[baﬁ|u|ca(§) + hQaﬁ|U‘C1,a(ﬁ)]7

where C depends on llullwz () and the coefficients F;, and €y, is a generic logarithmic
factor.

Dropping the higher-order terms in the second line yields an asymptotically reli-
able estimator for [|u —unl[z_ ()

3.2. Efficiency of global estimators. Before stating our efficiency result, we
define Py, to be the L, projection onto the functions which are piecewise constant
on 7 and let P, be the Lo projection onto the set of functions which are piecewise
constant on the edges of elements in 7.

THEOREM 3.6. Assume that either Fy; is globally bounded for 1 < i,j < n, or
that ||Vupl|L o) < C. Then for any element T € T,

Er <1V (u = up)| po(pry + Chr |l o = Pufulloo e

(3.5) + Clllun] = Palun]ll .. om)-

Here fi(z) = f(z)+30, 630 Fi(z,Vuy) and Cy = Clla|lr.. () is bounded indepen-
dent of up, under the assumptwns of this theorem.

Remark 3.7. If the coefficients F;(x,p) do not depend on x (as is the case for
example for the prescribed mean curvature problem), then the higher-order term

hollfu = Pufulln (pry + Ilun] — Pulun]llz or) reduces to | f — Pufllr..(pr)

3.3. Proof of reliability. In our proofs we shall use a discrete d-function. Modi-
fying the technique used in [Noc95], we fix a point = and define a function ¢, as follows.
Let x € T € 7. We then fix a simplex T such that 2 € T C T and T is shape regular
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with diameter p = % for 3 > 1, where 3 is as given in the statement of Theorem 3.1.
We then let 6, € C§°(T') be a nonnegative function such that fT bpdy =1,

(3.6) 62l yys 7y < CpmHPI7E,
P

and dist(supp(6,), 8T) > cp for some ¢ > 0. Such a function ¢, is easy to define by
scaling and translation to T from a reference element.

Denote by 0 a first-order directional differential operator, that is, d = V -
for some ¢ with |#] = 1. Let xo € T and O be such that |V(u — Uh)HLOO(Q) <

C|o(u — up)(z0)|, and let Ju = |T| J7Oudz. Noting that Quy, is constant on T and

—a

that Ou = Ou(zy) for some x; € T we compute

IV(u—un)lL.. ) < ClO(uw— un)(zo)|
< C(|6u(aco) — Ou(xy)| + [Ou — Ouy|)
C(p*ulgracpy + [(Ou — dun, 8s,)])
C(p*[ul g1y + (O — O, 650)| + [(D(u — up), b2,)])
Clplulgracpy + 10u(z1) = Oully, 7y + [(u — up, 064,)])
C(p*|ulcre) + [(u — un, 064,)])
C (B ulcrm@) + [(u = un, 064, ).

We next introduce a discrete Green’s function. With 0 and xg as above, we define
g € H}(Q) as the unique function satisfying

(3.8) A(v, g™) = (064, v)

for all v € H}(2). Since the bound given below does not depend upon zg, we shall
suppress the dependence of g and 6 on z( for the rest of this section. The heart of
our proof consists of proving the following bound for [|glly1 (q)-

LEMMA 3.8. If the conditions of Theorem 3.1 are satisfied, then

(39) lgllws ) < CoB" ™ nn,
where Cy = C(Cg, \, A).

In order to complete the proof of Theorem 3.1 given Lemma 3.8, we use (3.8),
(2.10), and (2.11) to find that

(u—up,00) = A(u — up,g) = (A — Ap)(u — up, g) + An(u — un, g)
=(A—Ap)(u—up,9) + Ap(u —up, g — Ing)
(3.10) < CF||V(U - Uh)H%OO(Q lgllw; )

\ / (e,Vu) — Fy. Vun))g — Ing)., dl.

Note that A, = A if (1.2) is a linear problem, so the term ||V (u — “h)HzLoo(Q) is
dropped in this case as claimed. We use the easily-proven scaled trace inequality

0l or) < Clhp 10l Loy + 1V Ly ()
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and integrate the last term in (3.10) by parts elementwise to find

'/ E?:l(Fl(Ivvu) - Fi(xavuh))(g - Ihg)xi dz

-| 2 / Z (2, Vu) = Fi(a, Vun))(g = Ing), da

TeT
Z / (Fi(z, Vu) — Fi(z, Vup)) (g — Ing) dz
TeT
(3.11) + /6T Z(Fi(a:, V) — Fi(z, Vuy))ni(g — Ing) ds
<D I+ Z 5 G V)l ol = Dugllacr
TeT

+ lunlllLooryllg = IngllL, o)
lg = IngllL, (1)

< Z f+z 5 Vuh
Loo(T)

TeT
+ [l[unlll Lo o) (hz lg = TngllLy oy + 11V (9 = Tng)ll L, (1) -

Finally, we apply the approximation results (2.5) and (2.6) and thus obtain

Z Hf+22 1az (Vuh)HL (T)Hg_ th

TeT
+llunlllz.or) (b7t g = Ingllzyr) + HV(g - Ihg)llle)

< Z Erllgllwa pr)
TeT

< Cllgllwi (@) maxrer Er.

(3.12)

Combining (3.12), (3.11), (3.10), and (3.7) and finally applying (3.9) completes the
proof of Theorem 3.1 assuming Lemma 3.8.
To begin the proof of Lemma 3.8, we first note the elementary inequality

( )

(3.13) 9]l (o) < 6122 ()

In order to prove (3.9) for n > 3, we then note that if |z — x| > 2p, we may apply
(2.13) and (3.6) to find that

Vag(a)| = / V.G, )96(y) d
supp(6)

/ 0, V.G(z,y)6 dy
supp(6)

(3.14)

<Cglro =y "[6llL, (@) < Calro —2|7",
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and similarly,
(3.15) lg(z)| < Calrg — x| ™.
We then use (3.13), (3.6), (3.14), and (3.15) to compute

lgllw; o) < Cﬂ"/QHQHHl(Bg,,(mO)) + 9w @\ Bsp (o))
c(Q diam(£2) B B
<P b+ e [
Cp
c9)

IN

"0 4 Calog(1/p)

<c <i + CG) Blog(1/h).

If n = 2, we must apply (2.14) instead of (2.13). Since we always apply (2.14) with
|z —y| > Cp, this results in an extra factor of log(1/p) in our estimates. d

Proof of Corollary 3.5. Letting 6,, = 6 be as above, it is easy to compute that
for some x¢ € Q, |lu — up||L_ () < Cﬁaﬁ|u|ca(§) + |(u — up, 8)|. Let then g € HL(Q)
satisfy A(v,g) = (v,6) for all v € H}(Q). Then

|(u = un, 6)| = [Alu — un, g)| < (A = Ap)(w = un, 9)| + [An(u = un, g — 1r7)|

3.16 _
(3.16) < C(IV (u— un)[_ gy + macrer hrér) [Flhwa -

Inserting the bounds established in Theorem 3.1 of [Noc95] (n = 2) and Corollary 2.3
of [DDP00] (n = 3) for [|g]lw2(q) and also (3.1) into (3.16) yields (3.4). |

3.4. Proof of efficiency. We follow here the local argument given in [Ver89] and
adapted to the maximum norm case in [Noc95] and [DDP00]. Recalling the definition
of fy from Theorem 3.6, we note first that for any v € H{ (),

(3.17) Z /Tfhv dz + % /aT[uh]v ds = Ap(u —up,v).

Now fix an element T and choose v = by, where by is the polynomial bubble function
of degree n + 1 which is obtained by multiplying the barycentric coordinates and
scaling so that by is 1 at the barycenter of 7. By transforming from a reference
element, we see that [, by dz = Chi%, ||br|| L,y < Chi, and || Vbr||p,(ry < Ch "
Since by = 0 on JT, we may thus compute from (3.17) that

Crhip™ IV (u = un)ll oy 2> |An(u — up, b )]

. 1 _
/ fubrdr + = / [up)br ds / frbr dz
T 2 Jor T

/(fh—thh)deI+thh|T/ br dx
T T

ZChTTL’|Ph~f~h|T|_CHfh~_ thNhULQO(T) ) )
= Chp([Ilfnllewcry = 1o = Pafulloecry| = Cllfa = Putfullor))
> Chp(IfellLwry — Cllfn — Patfullo ()

so that

(3.18) hellfull ooy < CollV (w = un)ll L cr) + Chrll fn = Prfullo r)-
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Next let S = TNT' be a face of T not contained in Q. We then define gg to
be the continuous piecewise polynomial of degree n which is 0 on (T UT") and 1
at the barycenter of S. Note that |lgs|/z, rur) < Ch%, [[Vas|o,rury < Chf}fl,
llasllz,s) < C’hgi_l, and [ qgds = Chg_l. Again computing using (3.17), we find
that

Crhi M|V (u—up) || oo (rorn = An(u — un,qs)
:/ thS dx + / ([uh} — ph[uh])qus + / ph[uh]qus
T S S

> Oy HI[un] Lo s) . ;
— C(hll fullLrory + ™ un] = Prlunlll.(s)

and

(3.19) Tun]ll Lo (s) < C1lIV (w = up)| Lo (Pr) )
+ Chrll full Lo pry + Clllun] — Pulunlllz..(s)-

Recalling that & = hr || fullp.(r) + |[[unlllz (o) and combining (3.18) with (3.19)
completes the proof of (3.5). 0

4. Localized estimates.

4.1. Reliability of localized estimators. We first give an a posteriori bound
for ||O'DV(U - 'U,h)”LOQ(Q).

THEOREM 4.1. Let D C Q. In addition to the assumptions of section 2, assume
that u € C1V(Q) for some 0 < v < 1 if the coefficients F; are linear and u € W2 ()
if the coefficients F; are nonlinear. Then for any 0 < a < v and any 8 > 1,

IV(u=un)llz.p) < lopV(u—un)llr. (o)
(4]_) < ﬁv(")fﬁ,n[CQ maxre7r O'D(T)ET + ClCFHV(u — uh)H%w(Q)]

+ Ch maxrer op(T)|ul g1, 7

Here Cy is as in Theorem 3.1 and Cy depends on Cg, |aijllwz (), A\, A, and the
shape regularity of T. In the nonlinear case, Ca thus depends on ||ullwz () and the
coefficients F;. In the linear case, Co does not depend on w and the term ||V (u —
uh)”%x(Q) in (4.1) does not appear.

Note that the term ||V (u — uh)H%W(Q) in (4.1) is not generally of higher order,
in contrast to the situation which arises when the global estimate (3.1) is applied.
One may insert (3.3) into (4.1) in the nonlinear case to yield the following asymptotic
reliability result.

COROLLARY 4.2. Assume that u € W2, (), [|[V(u — up)||_ (o) and h are small
enough and ||[opV (u—un)||L. (@) = Ch* maxrer op(T)|ulpa.. 7 for some positive v
and €. Then

IV (u = un)llL.p)
(42) < (Cy (1—}—6)7(”) Ehnmaxap(T)gT—l—CfC’F (
v = TeT
< 0(01, Cs, 6)(@ maxTGT(UD (T)(":T + 5%)

27(n)
lte 3 2
v ) b Ter &r

Here Cy and Co are as in Theorems 3.1 and 4.1, £ is a generic logarithmic factor,
and the term E2 may be dropped in the linear case.
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As in the case of our global estimator, the constants C; and Cy potentially make it
difficult to apply (4.2) efficiently and accurately as an error estimator in the nonlinear
case. Even if we only wish to apply (4.2) as an error indicator, it likely will be
necessary in most situations to gain some knowledge of the relative sizes of C; and
C5 as the terms in (4.2) could be weighted improperly otherwise. As stated in the
introduction, a purely theoretical determination of these constants appears difficult,
and their investigation is the subject of ongoing work.

One application of (4.2) is the computation of a gradient at a single point xg € 2
to within a given tolerance without requiring that Vu; approximate Vu to the same
tolerance globally (as would be the case if a global estimator were used). Here the
localized estimate (4.2) is an alternative to the “dual weighted residual” approach
of [BRO1], which in this case essentially involves computing a finite element approx-
imation to the discrete Green’s function ¢*° and inserting this approximation (using
appropriate methods such as difference quotients to approximate second derivatives)
into the appropriate residual equation, which for linear problems is

[0(u —un)(zo0)l < C Y hrérlg™ lwa(r).
TeT

Note that our localized analysis essentially involves bounding |g”°[yy2(7) a priori in-
stead of a posteriori as in the dual residual method. Since more of the work is done
ahead of time, so to speak, localized estimators may be applied more easily and over
larger subdomains than dual estimators, but potentially at the expense of some sharp-
ness and unknown constants as compared with the dual weighted residual method.
The advantages of localized estimators are their lower computational cost (the local
nature of the discrete Green’s function is employed a priori instead of being computed
a posteriori) and the fact that they can easily be applied over larger subdomains.

4.2. Efficiency of localized estimators. We shall show that our localized
estimator is efficient (up to higher-order terms) in the linear case and in a certain
sense also in the nonlinear case.

THEOREM 4.3. Under the same conditions as are assumed in Theorem 3.6,

(4.3) op(T)ér < CillopV(u—un)llLo(pr) + Cllhop(fr — Prfu)ll Lo pr)
+ Cllop(fun] ~ Plun)lz...om)
Here C; = ||a7€Lj||LOO(Q), and C only depends on T .

Proof. To prove (4.3), we simply distribute the weight op(T") through (3.5) while
noting that h and op are always equivalent on adjacent elements (and in particular
on PT) O

Remark 4.4. In the linear case, (4.3) establishes immediately that up to higher-
order terms,

1
& rj{lg%(UD(T)gT < NlopV(u— )|z @) < CoB" ™ty p I%lél%(UD(T)gT-

In the nonlinear case, the perturbation term maxrez £% “morally” should behave as
|hrV (u—up)| L. (), which is bounded by |lopV (u—wup)| 1. (o). However, one would
have to resort to a priori estimates to prove such a statement. Instead, we combine the
global reliability and efficiency estimates (3.1) and (3.5) with the localized estimates
(4.2) and (4.3) while consolidating constants and ignoring higher-order terms to yield
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the estimate
1
= max(op(T)ér + £7) < lopV(u — un)|zoi@) + [V —un)l_ o

C Te
< Clpmaxrer(op(T)Er + E2).

Thus the estimator maxper(op(T)Er + £2) reliably and efficiently estimates the
quantity ||opV(u—up)|lL (o) + [V (u—un) H%M(Q) instead of just the weighted norm
lopV(u —up)| L (o) as originally intended.

4.3. Proof of Theorem 4.1. First we assume that D is a single point ¢ € Q.
We begin by picking a point z; € Q and a first-order directional derivative 0 such
that [|o2, V(u—up)| ) < Coze(21)|0(u—up)(z1)|. Here we have abused notation
slightly by letting 0., (r1) = 04, (Ty,), where Ty, is any element with vy € T,,.
Proceeding as in (3.7) while noting that ||os,[/1_ () = 1, we obtain

020 V(U = un) L () < Coay(21)|0(u — up)(21)]
< Cogy(21)(|(w — up, 06z, )] +h°‘ﬁ|u|cm(T?))o

(4.4)
We now compute as in (3.10) and (3.11) that

0 e 960,)] < (A~ An) g A — g7 — L™
<CrlIV(u—uwn)l7 o lg™ lwi e

(4.5) + Z Hf—kz oz, (z,Vup)

TeT

g™ = Ing™ |1, (1)
Lo (T)

+ lfun)l ooy (hp g™ = Ing™ lycry + IV (6™ = Ing™ )Ly (1)) | -

Next we note that by shape regularity, the elements in Pj. are quasi-uniform. Also, the
weight o, is equivalent to 1 on Py and is always equ1valent on adjacent elements.

Using these facts, we then apply (2. 2) along with (2.5) and (2.6) to obtain

D

TeT

19" = Ing™* |, (1)

f+z a Vuh)

Loo(T)
+ H[Uh]HLoo(aT)( 7Hg™ = Ing™ oy ery + 1V(g™ = Ing®™ )|y ()
Z Erllg™ ||W11(PT)

TCPQ’,;1

hr
E — & (dist T)+ hr)|g™
o +Tnp,, B, 1) + R T T A b

C(llg™ HW1(9)+ > (dist(an, T) + hr)lg™ lwz(r))
TmP’II:@

*MaXTeT Ogq (T)ST
Clg™ i + / (& — 21]| D" d) max o, (T)Er
1 () onr, TeT

We next state the fundamental lemma in the proof of our localized estimate.
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LEMMA 4.5. If the conditions of Theorem 4.1 are satisfied, then for any x1 € €2,
(4.7) / |z — 21||D?¢" (y)| dz < Bty
Q

where Cy, depends on A\, A, |lai;llwi (), and the constant C, from Lemma 3.8.
Assumlng (4.7), we apply (3. 9) and combine (4.4), (4. 5) and (4.6) to find that

1020V (u—un)|| (@) < By n[C) maxper 02y (Te, )ow, (T)Er

4.8
(48) + CrCy||V(u —un)3 @) + Cmaxrer op(T)|ulcro )

In order to complete our proof, we thus must show that for T' € T,
(4.9) g (21)02, (T) < 04, (T).

We shall compute with the weight I hiz) which is equivalent to but more con-

Jzo—z[+h(z)’
venient than o, (r). Thus for any T € 7 and z5 € T,
h(z1)h(z2)
(Jro — 1] + h(z1)) (|21 — 22| + h(22))
h(z2) h(z1)(|zo — 22| + h(z2))
|20 — 22| + h(x2) (|wo — 21| + h(x1)) (|21 — 22| + h(z2))
h(z1)(|ro — z2| + h(x2))
(Jzo = 21| + h(x1)) (|21 — 22| + h(22))

Ozo (xl)o—ml (T) < C

(4.10)

S Caxo (1'2)

Using the triangle inequality and noting from (2.2) that h(z1) < C(|x1 — z2| + h(z2)),
we next compute that

h(z1)(|zo — z2| + h(x2))
h(z1)(|zo — 21| + 21 — 22| + h(22))
h(l‘l)ll‘o — l‘ll + h(l‘l) |a?1 — l‘2| + h(.’l?z))
C(|lz1 — x| + h(x2))|xo — 21| + h(x1) (|1 — 22| + h(22)).

(4.11)

I/\ (I VANS,

Noting that the expression above is bounded by C' times the denominator of (4.10),
we combine (4.10) and (4.11) to obtain (4.9). Inserting (4.9) into (4.8) completes the
proof of (4.1) for D = xy assuming Lemma 4.5. Taking the maximum of (4.1) over
xo € D while recalling (4.9) completes the proof of (4.1) for arbitrary D C .

In order to prove Lemma 4.5, we shall need the linear H3 regularity result

(4.12) 19ll12(2) < Cregll90| Lo (0

where Cyeqg = C(\, A, [laijl|wr (o)) This result is standard for smooth domains and
may be found in [Gr85] for convex (including convex polyhedral) domains. Here and
in what follows we suppress the dependence of g and ¢ on z;.

We now decompose 2 into dyadic annuli. Let Q¢ = Bs,(x1), so that according
to our definitions dist(supp(8), ) > Cp. We then define d; = 2/3p, j =0,..., N,
Qj = {.’E € R"” such that dj,1 < |(E — 561‘ < dj}, Qj = Qj N Q, and Q; = Qj,1 @]
; U Qjt1. Note that Q = U;V:O Q; with N < Clog(1/p). Finally, we let w; €
C3°(Q5-1 UQ; UQ i) be a cutoff function which is 1 on Q; and which satisfies
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lw;llwe ) < C'dj_k, k=0,1,2. Then

N
T n/2+1
/Q | — 21||D?g* | de < Cd}/*Y ID%gll ooy + Y dil Dgllzy o)

=2

N
(4.13) < Cregp™* 06| Ly + Y d41ID*(w;9) 11, ()
=2

N
<Creg + Z d; | D*(w;9) ||, (o)-

=2

Abusing notation slightly by letting A denote the matrix of coefficients [a,;], we
compute that for v € H3(Q) and j > 1,

A(v,w;g) = (v, — div(A"V(w;g)))
= (v, = div(4*(9Vw; + w;Vg)))
= (v,—gdiv(A*Vw;) — A*Vw; - Vg — A*Vg - Vw,; — w,; div(A*Vg))
= (v,—gdiv(A*Vw;) — A*Vw; - Vg — A*Vg - Vw; — w;b)
= (v,—gdiv(A*Vw;) — A*Vw; - Vg — A*Vg - Vw;)

since w; and ¢ have disjoint support for j > 1. Then applying the regularity result
(4.12) to wjg, we find that

1 1
(4.14) I1D*(wig)l|a(@) < Cregllasillwz @) | =519l Ly + 51Vl Loy | -
d J d J
g 3

We then insert (4.14) into (4.13) while recalling (3.14) and (3.15) to find that for
n >3,
(4.15)

N
T 2+1 1 1
=1 J

N
< Cregllaijllwy () (1 +) (@ Mgl @) + d}lHVSJHLm(Qj)))
i=1

N
< Cregllaijlwz @) Ca (1 + Z(d}“ld;’” + d;?dj”)>

i=1
< Cregllaijllwy (@) Ca(1 +log(1/p))
< Cregllaijllwy (@) CaBlog(1/h).

When n = 2, an extra factor of log(1/p) enters the estimate (4.15) as before. Thus
the proof of Lemma 4.5 is completed. ]

5. Extension of results to the general quasilinear equation (1.1). In this
section we outline the steps necessary to extend our results to operators of the form
(1.1). We first consider the treatment of nonhomogeneous Dirichlet conditions in a
model problem of the form (1.2), then we consider general operators of the form (1.1)
with homogeneous boundary conditions.
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5.1. Nonhomogeneous boundary conditions. We consider here the model
problem (1.2), but now with the more general Dirichlet boundary condition v = b on
o9 for some b € WL (). We also assume that by, is a piecewise linear finite element
approximation to b and that u, with up — by, € Sy solves (2.1). The following is a
corollary to Theorem 3.1 and Theorem 4.1.

COROLLARY 5.1. Under the conditions of Theorem 3.1,

IV = un)llz. (@) < CL8 ™ by [maxrer Er + CrllV(u— un)|2_ g

(5.1) ¢
IV~ b @] + Ol o -

Under the conditions of Theorem 4.1,

IV (u—=un)ll L (D)
< By, W [Comaxrer op(T)Er + C1CF ||V (u — un)ll? o)
+ Cu[(b — bp)[dist(-, D) + B°) 7", 00
+ Ch* maxper UD(T)|u|CM(f).

(5.2)

Sketch of Proof. We procede as in (3.7) through (3.10), then let 7@ be the outward
normal on Jf) and compute that for 6 and g defined with respect to the point xg,

(5.3) (u — up, 06) = Alu — up, g) — /asz(b —bp)(AVyg - 7T) do.

To prove (5.1), we bound A(u — up, g) precisely as before and compute

<[(A(b = br),8)| + AV — i)l IVIllL, ()

/ (b— bp)(AVg - 7) do
o0

(5.4)

and then apply (3.6) with p =1 and k = 1 along with Lemma 3.8.

In order to prove (5.2), we let 29 € D be such that ||V (u —up)|L_(p) = [V(u—
up)(zg)|. Recall that é,, may always be defined so that dist(supp(6),9Q) > cp. A
calculation similar to (3.14) then yields |(AVg-7)(y)| < Ci[lp+|zo—y|]~" for y € 0.
Inserting this inequality into (5.3), recalling that p = h”, and bounding A(u — uy, g)
as in (4.5) and following completes the proof. |

In [DR98] an a posteriori energy-norm bound is given which treats Dirichlet data
in a fashion similar to (5.1). The term ||(b—by,)[dist(-, D) +ﬁﬁ]_"||L1(8Sz) < Ch71b—
brllz.(o0) in (5.2) is very similar to one appearing in the a priori estimates given in
Theorem A.1 of [BTWO03]. One may easily compute that

(5.5) [I(b—bn)[dist(-, D)+h"] |, (00) < Cmin(dist(D,92) ™" A=) |[b=ba| .. (90)-

If D CcC Q this term is thus of higher order, reflecting the localization of the error
to D. If D abuts 89, however, the term A’ leads to suboptimality if 3 > 1. (Note
that this problem is not encountered in the a priori estimates of [BTWO03] on quasi-
uniform meshes, where h° may be replaced by the mesh size h.) One may in this case
instead estimate the error in approximating the Dirichlet data by [[V(b — bp)|[z_ (o)
as in (5.1), but this estimate does not reflect the more local nature of the error. Thus
(5.2) could likely be improved, although it appears difficult to do so using the present
techniques.
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5.2. Theoretical comments on more general operators. We assume that
u solves (1.1) with u = 0 on 9Q. As before, we assume {2 to be convex and polygonal.
We also assume that uj, € Sy, satisfies

/ ZFi(w,uh, Vup)vpz; + Fo(z,up, Vup)vy de =0, v, € S),.
Q=1

The essential linear auxiliary operators A and Aj, defined in section 2.2 may be
easily modified to aid in the analysis of problems of the form (1.1). Letting Fjo =
%Fj(x, z,p) and vy, = v, we have for i =0,...,n that

F; (z,u,Vu) — F;(x,up, Vup)
n 1
= Z/ Fyj(m,up + t(u —up), Vg, +tV(u — up))(u — up)g, dt.
j=0"0

For 0 <i,j < n, we then make the definitions

1
a?j(:c) = /0 Fij(z,up +t(u —up), V(up +tV(u —up)) dt,
a;j(z) = Fij(x,u, Vu),

Ap (v, w) :/ Z a?j(q:)vz].wwi dz,
Q-

1,7=0
A(v, w) :/ Z i () Vg, Wy, da.
5 5=0
Note also that
n
(5.6) laij(z) — aly (@) <D I1Fijkllpo | (0 = up)a, ()]
k=0

A and Ay, as defined here differ from their previous incarnations mainly in that some
lower-order terms are now included. (Note that summation indices now run from 0
to n instead of from 1 to n.) Finally, the residual & must be modified to reflect the
presence of lower-order terms. Thus we now define

&r = hr + un]ll L om)-

; %Fl‘(w un, Vup) = Fo(+; un, Vua)

Loo(T)

The analytical assumptions of section 2 must be modified only slightly. We must
still assume that the operator A is uniformly elliptic in Q, a fact which may be
established exactly as in seciton 2.2. Second, we must assume that A admits unique
and sufficiently regular solutions for homogeneous Dirichlet problems. Note that
establishing existence and uniqueness of solutions of such problems is potentially
complicated by the presence of lower-order terms. In nonlinear problems, we must as
before assume some regularity of u as well, although lower regularity may be required
of u in the case of mildly nonlinear problems, as we show below. Next, the Green’s
function estimates of Lemma 2.3 must hold. [GW82] states such results only for
divergence form operators with no lower-order terms, although the same techniques
should apply when lower-order terms are present. Finally, the constant Cr arising in
(2.12) must be bounded as before.
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5.3. Example: A mildly nonlinear problem. Consider the mildly nonlinear
problem

- i(&ij(%u)g;;):f(m) in Q,

u =0 on 99,

(5.7)

where we assume that the coefficients F;(x,u, Vu) = 2?21 aj(x, u)u,, satisfy the
requirements outlined in the previous subsection. Note that the term (A — Ap)(u —
up, g) appearing in (3.10) and (4.5) of the proofs of Theorem 3.1 and Theorem 4.1
led there to a nonlinear perturbation error term of the form ||V (u — uh)”im(a)- Since
F;(x,u, Vu) now depends only linearly on Vu, however, (5.6) yields

laij — aly| < Crlu— up|
so that

(A= Ap)(u—un, 9)| < Cllu —unllL @ IV(u =)z llgllw @)-

Thus the nonlinear perturbation term is now of higher order than it generally is for
approximations of u solving (1.1).

Using this observation, we may obtain estimates similar to, but often simpler
than, those in Theorem 3.1, Corollary 3.5, and Theorem 4.1. We assume here that
a nondegeneracy condition as outlined in Remark 3.2 is satisfied and that u possess
sufficient regularity. First, analogous to Theorem 3.1 and Corollary 3.4, we find that
if |u — upl|L (@) is small enough, then

[V (u—un)llL. (@
< Cslpn(maxrer Er + Cpllu — unll L) |V(u — un)|lL. ()
< QOggﬁ,n maxper Er.

Analogous to Corollary 3.5, we obtain for ||V (u — up)||1_ (o) small enough that
(5.8)
lu—un Lo < Calp(maxrer hrér + Crllu —unl|L @)V (u —ur)llL. (@)
< 204(@ maxper hrér.

Finally, we employ (5.8) and note that hy < Cop(T) for D C Q to find that for
IV (u — up)|| small enough,

oDV (u—un)llL.@)
< Cslpn(maxrer op(T)Er + Cp||V(u —un)ll L@ llu — unllz. ()
(5~9> < C’5€ﬁ,n(maXTeT op (T)ST + CFHV(U — Uh)HLOQ(Q)CzlEQ maxrer thT)
< Cg,@,n maxrer op(T)Er (1 + CFHV(U — Uh)”Loo(Q)Czlgﬁ)
< QCSEQ,n maXxre7 Op (T)ET

Since the coeflicients of the dual linear operator A now have essentially the same
regularity as u instead of as Vu, the constants C3, Cy4, and C5 above depend more
weakly on the regularity of w than do the corresponding constants in Theorem 3.1,
Corollary 3.5, and Theorem 4.1. Indeed, C3 depends on |lul|;_ (o) and the Dini-
continuity of u as opposed to Cy from Theorem 3.1, which depends on [[Vul[z__ ()
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and the Dini-continuity of Vu. Cy and C5 depend only on ||ullw1 () as opposed to
C and Cs from Corollary 3.5 and Theorem 4.1, which both depend on lullwz (). We

also note that (5.8) and (5.9) only require that u € C1(Q) for some v > 0 in order to

hold, whereas the corresponding estimates in Corollary 3.5 and Theorem 4.1 require
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