TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 350, Number 7, July 1998, Pages 2925-2937
S 0002-9947(98)02276-4
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ABSTRACT. Let Q C RN with N > 2. We consider the equations

N
02%u
S = o
— ox:
i=1 7
uloo = 0,

with a1 > a2 > .... > ay > 0 and a1 > ayny. We show that if Q is a
convex bounded region in R, there exists at least one classical solution to
this boundary value problem. If the region is not convex, we show the existence
of a weak solution. Partial results for the existence of classical solutions for
non-convex domains in R? are also given.

1. INTRODUCTION

The purpose of this paper is to answer two of the questions left open in [2].
Recall that that paper began the study of the boundary value problem

(1.1) UMy + ubuyy +p(x) =0,
(1.2) u|aQ =0,

in a smooth bounded convex domain €2 in R?. Here a and b are non-negative, but
are not equal, and the function p was positive and continuous on the closure of €.
There were two motivations for the study of this equation. First, there was a
large and interesting literature in the isotropic case where a = b, even for domains
in higher dimensions. (See, for example [5, 6, 3, 9, 10] for references.) When (1.1)-
(1.2) arose naturally from discussions involving fluid dynamics [1], it was natural to
wonder how much of the existing theory would carry over to the anisotropic case.
The short answer to this question was that not much did. It was proved that a
classical solution exists, but Q had to be made convex and restricted to R2.
Monotone iteration techniques in the usual treatment of semilinear elliptic equa-
tions fail in this case. The solution has to be extracted by a compactness argument.
The proof in [2] made use of an interior estimate that is valid only in two dimen-
sions. More seriously, the convex domain assumption is crucial in the construction
of an upper solution satisfying the boundary condition. This ensures that the con-
structed solution will satisfy the boundary conditions.
In this paper, we remedy two of the basic flaws in the earlier paper. First,
we remove the restriction that the dimension be restricted to two, even though in
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this case, we retain the convexity condition, and show that a classical solution still
exists.
Let @ ¢ RY with N > 2. We therefore consider the equations

al 0%u
(1.3) ;uala—ng +p(x) =0,
(1'4) u|aQ =0,

with a1 > as > .... > ay > 0 and a; > ay. This requires a new interior apriori
estimate. Then we have the following direct generalization of the main result in [2].

Theorem 1. Let Q C RN, N > 1, be a bounded convex domain with smooth bound-
ary 0 (of class C*T* 0 < a < 1) and let ay > az > ... > ay > 0 with a1 > ax.
If p € C*(Q),M > p(x) > m > 0 for all x € €, then there exists a function
u € C*(Q)NC(Q) such that (x) > u(x) > 0 for all x € Q and u is a solution
of (1.3)-(1.4). Here v is the solution to equations (1.5)-(1.6).

The second flaw in the earlier paper is that the existence result is restricted
to convex domains. This we improve with a result about non-convex domains.
Perhaps what is most interesting about this result is what we don’t prove. Given
the previous discussion, one might expect that we would prove theorem 1 in the
case of non-convex domains. Instead, we prove a weak version of theorem 1, namely

Theorem 2. Let all the assumptions in theorem 1 hold, except for the requirement
on the convezity of 2. Then there exists a function u € C*T(Q) such that ¥ (x) >
uw(x) > 0 for all x € Q and u is a solution of (1.3) with v’ € HE(Q), where

0 = “H > 0. Here ¢ is the solution to equations (1.5)-(1.6).

Our final theorem is a very partial result which tries to reconcile theorems 1
and 2. In this case, we show that if the dimension is restricted to 2, and severe
retrictions are imposed on the degeneracy, it is possible to get full classical solutions
in the non-convex case.

Theorem 3. Let all the assumptions in theorem 1 hold, except that Q is a non-
convez bounded smooth domain in R?. Also, assume a = a1 + as < 1. Then there
exists a function u € C*t(Q) N C(Q) such that u(x) > 0 for all x € Q and u is a
solution of (1.3)-(1.4).

In section 2 we will study a regularized problem which approximates equations
(1.3)-(1.4). In section 3 we will describe a comparison principle for quasilinear
elliptic problems. In section 4, results from the previous two sections are employed
to prove theorem 1, which is valid in convex domains. We deal with non-convex
domain in section 5, and theorem 2 is proved. In section 6, we show that theorem 3
is true, using a Harnack type inequality. In section 7, we summarise what remains
to be done on this problem.

For simplicity we denote the first (N —1) coordinates by x” and the last coordinate
xy by y. Hence x = (z1, 22, ..., an—1,2N) = (X, y). Moreover let b = ay.

Since 2 is bounded, we can make a translation of the domain so that it lies in
the interior of the strip RV~ x [0, L] for some L > 0. Let 0 < m < p(x) < M.
Define 1 as the solution of the ordinary differential equation

(1.5) Vyy + % =0,
(1.6) $(0) = H(L) = 0.
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By the main theorem in [5] (which is restated in theorem 2 in [2]), a unique positive
solution 9 of (1.5)-(1.6) exists in C?(0, L) N C[0, L].

2. AN APPROXIMATION PROBLEM

We want to study a regularized equation which approximates equation (1.3) in
some sense. Let r; = a; —ay for i = 1,2,..., N — 1. Therefore r; > 0 and r; > 0.
For any € > 0, consider the equation

=
L

2

- 07U
(2.1) (u+e€) W + Uyy +

p(x)

wreap

Il
-

i
subject to the boundary condition

(2.2) ulogo =0

But to study this quasilinear approximation problem, we have to first introduce
a related semilinear equation. Define S = {v € C(Q) : v =00n 990, 0 < v <

¥ on Q). Hence S is a closed bounded convex set in C(Q). Given v € S, we
consider the semilinear equation

2

— 0w p(x)
2. i A
(2.3) 1 (v+e) 522 + wyy + (w+ P 0,

(2

subject to the boundary condition
(2.4) wlag =0.

Lemma 1. Let ) be a bounded domain in RN with smooth boundary 0Q (of class
C?*, where 0 < a < 1). If p € C*(Q), M > p(x) >m > 0 for all x € Q, then for
any q > N, there exists a unique nonnegative solution w € W29(Q) for equations
(2.3)-(2.4), and it satisfies ¥(x) > w(x) > 0 for all x € Q. Furthermore,

(2.5) wllw2a < Cle; 6, 9),

where C(e,8,q) is a positive constant which can depend on ¢, the modulus of conti-
nuity § of v, and q.

Proof. The monotone iteration technique works in W29 for our case. This is well
known and is a slight modification of the proof in [8]. We include a brief outline
here. The details are similar to the discussion leading to p.26 in [§].

Since ¢ = 0 is a lower solution and v as defined by equations (1.5)-(1.6) is an up-
per solution, monotone iteration [8] still works because the Aleksandrov maximum
principle (theorem 9.1 in [4]) can be used to replace the classical maximum princi-
ple when ¢ > N. Starting from the lower solution, we have a monotone increasing
sequence w, € W24, ¢ > 1, with a uniform upper bound. Here wy = ¢ = 0 and,

forn=0,1,2, ...,
NZ_lw o) Pwnsr \ Ponsr Aw P(x)
€)" - n = - n -7 \p
(26) & D2 dy? i (wn + €)?

Wnt1loo =0,

where A\ = bM /bt Without loss of generality we let e < 1.

Let w, — w in a pointwise sense. From the L? theory of elliptic equations, this
sequence will have a uniform bound in W?24(Q) for any N < ¢ < co. By taking
q > N, the Sobolev theorem on compact embedding will ensure that a subsequence
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converges in the Hélder norm of C#(Q) for 3 = 1 — N/q, and hence converges
uniformly. But it has a unique limit w. Thus the original sequence (not only a
subsequence) must converge uniformly to w. Hence {w,} is a Cauchy sequence
in the uniform norm. Elliptic regularity of equations (2.6) ensures that {w,} will
be a Cauchy sequence in W24 for any ¢ > N. Thus it converges to w in W24,
Since ¢ > N, therefore w € C(Q2). Thus there exists a w € W27 which satisfies
equations (2.3) and (2.4). Moreover, 0 < w < ¢ by the construction. Furthermore,
the Aleksandrov maximum principle will ensure that this equation has a unique
non-negative solution.

By treating the nonlinear term in equation (2.3) as a given source term, the
equation becomes linear. We then note that w € W29(2) N W,9(Q) (see theorem
9.15 on p. 241 of [4]). We can now employ lemma 9.17 on p. 242 of [4] to conclude
that

C(e,0,q
fwllwss < 2Dl < 0(e,8.0)
where 0(676, q) and C(e, 6, q) are positive constants which can depend on e, the
modulus of continuity é of v, and ¢q. This completes the proof of lemma 1.

We now return to study the equations (2.1)-(2.2).

Lemma 2. Let Q be a bounded domain in RN with smooth boundary 0 (of class
C?*T where 0 < a < 1). If p € C*(Q), M > p(x) > m > 0 for all x € Q,
then there exists a solution u. € C?T(Q) for equations (2.1)-(2.2). Furthermore,
Y(x) > u(x) >0 for all x € Q.

Proof. Define T : S — S such that for all v € S, Tv = w as defined by equations
(2.3)-(2.4). Since for any given e > 0 the equation (2.3) is uniformly elliptic with

(2.7) € < Amin < Amaz < 1+ (M + €)™

and the nonlinear source term ||p/(w+¢€)?||oo < M/€?, it follows that we can employ

the global Holder’s estimate (corollary 9.29 on p. 252 of [4]) to conclude that
(2.8) ||T11||CB(Q) <k,

where 0 < 8 < 1 and k. are positive constants which can depend on €, but are
uniform for all v € S. The estimate implies that T is a compact operator.

Deferring the proof of the continuity of T, we can employ the Schauder fixed
point theorem in the closed bounded convex set S to conclude that there is a fixed
point u. of T'. Treating the nonlinear term as an L° source term and employing L4
elliptic regularity, we see that the solution u. € W24 for any 1 < ¢ < co. By taking
q large, we see that the solution u, € C'**(Q) for any 0 < a < 1. An application
of Schauder’s estimate gives u € C?T(€2). This completes the proof of lemma 2,
provided we establish the continuity of 7. This is done as follows.

For simplicity we rewrite the equation (2.3) as

Z aij(v)Di;Tv + g(x,Tv) = 0,
0,J

where g(x,u) = p(x)/(u+¢€)’. Let v,, € S and v, — v in the uniform norm. Then

Z aij (V) DijTvm + g(x, Tvpm) = 0.

.3
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Note that a;;(v) and a;;(vm) can be bounded by the same ellipticity constants in
equation (2.7), which depend only on € and M. On subtracting one equation from
the other, we have, using mean value theorem on g,

> i (m)Dij(Tv = Tvg) = A(x)(Tv — Tvm) = — Y (ai;(v) — aij(vm)) Dy T,
.5 ,J
where h > 0 for all x and is bounded. Since Twv — Tv,, satisfies the zero Dirichlet
boundary condition and is in W29 with ¢ > N, we can apply the Aleksandrov
maximum principle (theorem 9.1 on p. 220 of [4]) to obtain

1T0 = Tomlse < Ce Y [I(ai(v) = aij(vm))DijTo| g
i

< Cellaij (v) = aij(vm)]loo I T0lw2y — 0 asm — oo

because of the estimate (2.5). Here C. is a constant which depends on € through
the elliptic constants for a;;(v,,). Hence Tv,, converges to Tv uniformly. Thus T'
is continuous.

3. A COMPARISON LEMMA

In this section, using the maximum principle we will establish a comparison
lemma on a class of quasilinear elliptic equations. This allows us to obtain L
bounds on the solutions to this class of equations, using the method of upper and
lower solutions. The proof is similar to that of lemma 1 in [2], and hence will be
skipped.

Lemma 3. Given the equation

N-1 82u
(3.1) Z fi(uux)@ + Uyy + p(x)g(u, x) = 0,
i=1 v

subject to the boundary condition
(3.2) ulaga = uoloq,

with uglaq > 0, let fi, g, and p satisfy the conditions (A1)-(A8) respectively, where

(A1) fi : [0,00) x @ — [0,00) is continuous, and f(-,x) is non-decreasing for
each x € Q.

(A2) g : (0,00) x Q — (0,00) is continuous, and g(-,x) is non-increasing for
each x € Q.

(A3) p: Q — R is continuous, and there exist positive constants m and M such
that 0 < m < p(x) < M for all x € Q.

Further, we make the following assumptions:

(L) There exists a lower solution ¢ € C(Q) U C?(Q) with ¢ > 0 on Q satisfying

N-—1
82
(3.3) > e x) 55 + e +pX)g(0.%) > 0,
=1 z
2
(3.4) fo <0, i=1,2,..N—1,

on Q, and loa < uolaa- [If ¢ > 6 >0 on Q for some & > 0, we can allow > in

(3.3).]
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(U) There exists an upper solution ¢ € C(Q)UC?(Q) with ¢ > 0 on Q satisfying

N-1 agw
(3'5) Z fl(wv o 2 +1/’yy +p( ) (wax) <0,
=1
02 )
(3.6) a—;§<o, i=1,2,..,N—1

on Q, and 1/&99 > uploq-
Ifu € C(Q)UC%(Q) is any solution of equations (1.5) and (1.6) with u >0 on
Q, then

(3.7) p<u<y
on Q.
All remarks 1 to 3 in [2] hold. In particular we have the following.

Remark 1. If only conditions (A1)-(A3) and (L) hold, the proof for the lemma still
gives ¢ < u on ). The similar remark applies to the upper solution .

4. PROOF OF THEOREM 1

In order to extract a solution to equations (1.3)-(1.4) from the sequence {u.}, we
need to show that the sequence is bounded away from zero in any compact subset
of 2. We prove this fact by our comparison lemma. Without loss of generality, we
let €e <1 and R <1 in the following.

For any xg € €2, we take an open ball S centered at xg with S CC Q. Without
loss of generality we can regard x¢ as the origin. Letting the radius of S be R and
6 > 0, we then define

N
(4.1) 0 =06(R? —Z )
i=1
Hence ¢|gs =0, ¢ > 0on S, and 8?¢p/dz? < 0 fori =1, ..., N. Moreover for x € S,
— Py p(x)
;@_FE 82+¢yy+((p+6)b
N-1 m
> 26 SR? - 20+ ———
> 203 R+ =20t Gy
N-1 m
> -2 1) —2
> 6i:1(6+ ) 6+(6+1)b

>0

by choosing § = 6§(m,r;,b) = 8(m, ay, ..., an) sufficiently small. Hence ¢ is a strict
lower solution for equation (2.1). Thus, employing lemma 3 on the ball S, we
conclude that

N
(4.2) S(R* =D a}) <
i=1

on any ball S of radius R for any ¢, provided S C €.
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We now restrict our attention to the domain 35/4, which is the ball centered at
the origin with radius 3R/4. We treat equations (2.1)-(2.2) as a linear equation.
From equation (4.2), inside the ball 35/4 the equation is uniformly elliptic with

7
(4.3) (7G0RD)™ < Amin < A < 1+ (M +1)"

We can now apply the interior Holder estimate to equation (2.1) in the ball S/2
(corollary 9.24 on p. 250 of [4]) to get

(4.4) A —ye

for some positive constants 0 < v < 1 and Cy, which can depend on R but are inde-

pendent of e. Further bootstrapping using the interior Schauder estimate (theorem
6.2 on p. 90 of [4]) in the ball S/4, we can obtain

(4-5) ||u6||c2+v(5_/4) < O2(||u6||Loo(s_/2) + ||p/ug||cw(s_/2)) < ki,

where Cy can depend on the C7(S/2) bound on u., and k; = kﬂ, m, R,a1,...,an)
for any e. Hence there exists a subsequence ue — v in C?(S/4). Tt is also clear
from equation (4.2) that v(x) > 126R? > 0 for x € S/4. Since u, is a solution of
(2.1), v will satisfy
N-1
- 0% p(x)

2
o
i=1 g

on S—/4 Now we can cover any compact subset 2; of 2 with finite number of balls
S; such that 45; still lies inside 2. The previous argument immediately gives a
subsequence of u, such that they converge to v € C?(Q) with v > 0 satisfying
equation (4.6). Let 1 — Q. By taking a diagonal subsequence if necessary, v €
C?(Q) will satisfy the equation (4.6) on the whole domain 2. Moreover, 1) > v > 0
on . A standard regularity estimate on equation (4.6) gives v € C?T(Q).

Remark 2. From the construction up to now in this section, we see that there exists
a solution v of equation (1.3) in C?*%(Q) such that a sequence u. converges to v
in C?(Q) and 0 < v < ¢ on Q.

In order for v to qualify as a classical solution of equations (1.3)-(1.4), we have
to show that v € C(Q) and v|sq = 0. This is the case for a convex domain.

Let Q be convex in the rest of this section. Then for any x € 9, there is a
tangent plane Tx passing through x with 2 lying on one side of Tx. We can also
construct another plane T parallel to Ty such that  is contained in the semi-
infinite strip enclosed by Tx and 7. By translation we can let the origin lies in T.
Take coordinate axes X1, ...., Xny—_1 and y; so that the y; axis is perpendicular to
Tx. Let §; be the angle that the y; axis makes with the x; axis for: =1,..., N — 1,
and 3 be the angle that the y; axis makes with the y axis. It can be checked that

N—-1
Y1 =, T;cos B +ycosp.

We will distinguish two cases.

Case (i): The y axis and the y; axis are not perpendicular to one another. Thus
3 # /2 or 3r/2. Throughout case (i), 8 will be fixed.

Define ¢ = ¢(y1) such that it solves

5 m

(4.7) ay% + ?

207
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2932 Y. S. CHOI AND P. J. MCKENNA

subject to the boundary conditions
(4.8) Plr, =0, @lry =0.
Hence ¢ € C(Q) N C*(Q), ¢ >0, and 8?¢/dy; < 0 on Q.
Let ¢(z,y) = ¢(y1(x',y))/ cos? 3. Simple calculations show that fori = 1,..., N—
23 52F —
1, %¢/0x? = %2% g—y? <0, and 8%¢/0y? = 0%¢/dy?. By lemma 3 the function
¢ is an upper solution for equation (2.1) for any € > 0, because

N-1 62¢
>0+ 5+ By (X)) (6+ )

=1
< tyy +p(x)/¢"
= 0%3/0y? + p(x)(cos B)2 /&

< —M/F +px)/F
<0.

Hence by lemma 3 (and remark 1 in section 3), we have u. < ¢ on Q. By remark
2, we can take the limit as ¢ — 0 to obtain

(4.9) 0<v<¢ on Q.
Case (ii): The y axis and the y; axis are perpendicular to one another.
Define ¢ = ¢(x) such that it solves

020 M

(4.10) Szt g =

subject to the boundary conditions
(4.11) élr, =0, ¢l =0.

Hence Zf\sl(qb +e)i gi‘«f + Gyy + p(x)/ (¢ + €)® <0, and equation (4.9) holds.
Now in both cases, define v|gq = 0. Take any x € 9Q and y € . Since
lv(y) —v(x)| = v(y) < ¢(y) =0
as'y — X, hence v is continuous at x € 9f). Since x can be any arbitrary point on

00, v € C(Q) N C%(Q), and it satisfies both the equation (1.3) and the boundary
condition (1.4). This completes the proof of theorem 1.

5. WEAK SOLUTION IN NON-CONVEX DOMAINS

For non-convex domains, we cannot construct an upper solution ¢ as in the last
section. Hence an energy estimate is performed to establish the existence of a weak
solution. This result has been stated in theorem 2.

Remark 3. It may be tricky to construct an upper solution which forces our con-
structed solution to attain a value of zero at the boundary. Consider the approxi-
mation problem (see equations (2.1)-(2.2))

(U+ €)ugz +uyy +1=0

in the annulus domain {(z,y) € R?: 1 < 2% + y? < 4}. If the upper solution ¢ is
smooth up to the boundary, then at the point (0,1) we require ¢, < 0 according

to condition (U) in the comparison lemma. However, since ¢ = 0 at this point, it
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attains its minimum in the z-direction there, and hence ¢,, > 0 at (0,1). Thus
¢z = 0 at (0,1). These impose stringent requirements on ¢.

Proof of theorem 2. From lemma 2, we have a sequence of positive solutions {uc} €
C?T2(Q) which satisfy
N
0. 0%,
(5.1) ;(Ue +¢€) B_xf +p(x) =0,

(5.2) uelon = 0.

Moreover, 0 < u, < ¥ on Q. Let K = ||1]|c0, and define 7; = (1 + a;)/2 for
i =1,..,N. Then v} € H}(Q), and the sequence {u.} has a uniform L°°(f)
bound. Let n(x) be the unit outward normal at x € 9, and »_, = Zfilﬂpo, to
simplify our notation.

We perform an integration by parts on equations (5.1)-(5.2) to obtain

N ou ou\ 2
Ue + €)% —n; — ai(uc + €)%t (—E) —|—/p=0.
2 g e i X e ()

Oue .
S < 0 for

Since at any x € 01, u. attains its minimum value 0, it follows that

each i =1, ..., N. We therefore have
2
<l
Q
This gives

Z a; / (ue +€)*™! (aUE
m Q Oz;
a; ouY\” ou
53 —,L < = 7 € ai—1 ¢
(53) Z%?/Q <39€z> Za/n(u) (3%‘
+ +
We now claim that u?* has a uniform bound in H{.
Case (1): For any ¢ such that a; > 0, since v; < 71,

8”21 ? _ A2 a;—1 8U€ ’
/Q <8:z:1- > - /Q(UE) <8x1>

(5.4) ) . 1 (0u\?
< Ka—ai . a;—
<op e [yt (G2
<7f K70 M Q| fag,

2
) < M Q).

where the last inequality follows from equation (5.3).

Case (2): For any i such that a; = 0, observe that [, (uc + €)*p is bounded
uniformly in e. Thus we can multiply equation (5.1) by (ue + €)** and integrate.
Arguing as in case (1) above, we obtain equation (5.4) for ¢ in this case.

Combining cases (1) and (2), we establish a uniform bound on the H} () bound
on {ul'}.

By the H' norm uniform bound that we just established, there exists a w €
H}(Q) such that a subsequence u)t — w weakly in H()). Hence u)t — w
pointwise a.e. But by remark 2, we know that ' — v7* pointwise, where ¢ > v > 0
is a solution to equation (1.3). Thus w = v". The proof of theorem 2 is now
complete.
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6. BOUNDARY CONTINUITY OF SOLUTIONS

In the last section a weak solution was constructed for equations (1.3)-(1.4) in
smooth bounded non-convex domains. This solution is smooth in the interior and
satisfies the boundary conditions only in a weak sense. In some special cases we
are able to show that it is continuous up to the boundary and hence is a classical
solution.

Let N =2 and a = a; +as < 1. From lemma 2 there is a solution u, € C?+%(Q)
that satisfies

0 O s 0%u.
(6.1) (e + €)™ 8—13% + (ue +¢) 8$§ +p(x) =0,
(6.2) Uelon = 0.

Recall from remark 2 that u. — v in C?(Q2) and v satisfies equation (1.3). We
would like to show that v(x) — 0 as x — 99.

We will use a Harnack type inequality to show this fact. It is essentially the same
calculations as in the proof of theorems 9.20 and 9.26 in [4]. The only difference
is that we are dealing with the case that the equation is not uniformly elliptic
and have to bookkeep the important coefficients accordingly. For simplicity we
write equation (6.1) as Luc +p = 0 and Lu = ) a;;D;ju. Thus a1 = (uc + €)™,
ass = (ue +€)*2, and a2 = az; = 0. Let K = ||¢]|oo. Hence K is a uniform
L*° apriori bound on u., and there exists a positive constant A = A(K, a1, a2),
independent of €, such that a;; < A for i =1, 2.

Lemma 4. For any ball Bagr(y) C Q C R?, we have

1 1
6.3 sup ue < C u )2+ R / Uy
(63 Br(y) {(|BQR| Ban ) ( Bor (Ue +€)* )

where C' is a positive constant which depends on A, M and K, but is independent
of R and e.

Proof. We follow the procedures for theorem 9.20 on p. 244 of [4]. Without loss of
generality, we can assume that 2R = 1 and y is the origin. The general case will
be recovered by the transformation x — (x —y)/2R.

On the ball By, we define n = (1 — |x]?)? and v = nu.. Direct calculations give

Z aijDijv = Z [naijDijue + 2aiij Djue =+ ueaijDijn ]
i, %,J

=—np+ Y [2a;;Din Djuc + ucai; Dijn].

.3

(6.4)

From the calculations in [4], on the upper contact set T} of v in the ball By we
have

V| < 4n~%u,.
Furthermore it can be checked that

Din = —d;i(1—|x]),
Diin = —46;;(1 — [x[?) + 8z;z;.
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Hence on the contact set I}, equation (6.4) becomes

- ZaijDijv <p-+ 2A|VT]| |VUE| + 4u6(1 - |x|2)(a11 + agg)
2

6.5
(6:5) < p+ 32Au, + 8Aun'/?

< p+ 40Au..

By lemma 9.3 on p. 222 of [4] on v with diameter(B;) = 2 and v = 0 on 0By, there
exists a constant C' = 1/4/7 such that

Ei,j ai; Di;

ij U
(6.6) supv < C' || D [PERE

B,

where D = (uc + €)%/2. In what follows we use C' to denote any generic constant
which may depend on A, M and K. Thus, combining the previous two equations,

Ue
.
B L2(By1) D llL2(By)

(6.7) < o |([ e e>—a)1/2 ([ u)/]

< C (/Bl(u€+e>‘“>l/2+ (/Blw)l/z}] )

(1P
< |3l
supv < ID

where the last inequality follows because of the uniform L* bound on u.. With
16
sup ue < (—=)?*supw,
Bi/2 15" B
the proof of lemma 4 is now complete.
With balls centered at OS2, one can argue as in the proof of theorem 9.26 on

p. 250 of [4] by extending u. to be zero outside 2, and obtain the following key
boundary estimate:

Lemma 5. Let Q C R? be a bounded domain with smooth boundary 9Q (of class
C?** e 0<a<1), and let y € 9. Then for any ball Bar(y), we have

(6.8)

1 1
sup e < C{( ue>1/2+R</ —— )y,
QﬁBR(y) |B2R| BaorpNQ2 BaorpNQ2 (uf + 6)

where C' is a positive constant which depends on A, M and K, but is independent
of R and e.

Take a ball of radius R. Since the boundary is C?, there exists an Ry such that
if R < Ry then for any y € 09, the ball lies inside  and touches the boundary of
Q) only at the point y. Hence from equation (4.2), we know that for all x such that
dist(x,00) < Ry, there exists a §; > 0 such that

(6.9) ue(x) > 61 dist(x,00).
Hence, from the estimate (6.8),
(6.10)
1 1
sup U < CH{(—— Ue UQ—I—R/ N EAY
QNBr(y) {(|BZR| Barn® ) ( Bopna (dist(x,00))® 7

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2936 Y. S. CHOI AND P. J. MCKENNA

We now pass the limit as € — 0. Since u, converges in C?(f2) to v and u? converges
weakly in H3(Q) to v’ for & = (1 + a1)/2 (see the end of section 5), hence u?
converges in L2(Q2) to v?. So there exists a subsequence, still labelled {u.}, such
that u? converges pointwisely a.e. to v. In other words, u. converges pointwisely
a.e. to v. Because of the uniform L° norm bound, ue — v in L*(Q) by the

dominated convergence theorem. Therefore
(6.11)

1 1
sup v<C v 1/2+R/ _ /2y
o S OB Jnnn ) T 0 Wit o) )

Since v? € H} () with # < 1 and v has an L> norm bound, a simple calculation
shows that v € H}(Q). After extending v € H}(Q) to be zero outside 2, v €
H'(Bzg). Hence by Poincaré’s lemma there exists a k > 0, independent of R, such
that

1 2

N v <k <_
|B2R| BarN |B2R| Baor

1/2
gk(/ |W|2) —0 as R — 0,
BorNQ

where the last assertion follows from the dominated convergence theorem.
For a < 1, there exists a constant k; > 0 such that

1
(6.13) /BngQ 7(di5t(x,3ﬂ)a < k.

Hence by equations (6.12) and (6.13), the right hand side of estimate (6.11) goes
to zero as R — 0. In other words,

(6.14) sup v—0 as R — 0.
QQBR(y)

1/2
ﬁQ|Vv|2)
(6.12)

Thus v is continuous up to the boundary. The proof of theorem 3 is now complete.

7. WHAT’S LEFT

The most significant omission of this paper is the absence of any results on
uniqueness. Although this is not a problem in the isotropic case, there is almost
nothing known in the nonisotropic case. The only result, for a very restricted class
of domains and a restricted class of functions p, occurs in [7].

The second outstanding problem is to reconcile the various existence results with
the different hypotheses. It is natural to conjecture that the results of theorem 3 are
true without restriction on the geometry of the domain, the size of the “degeneracy
coeffients” a;, or the dimension of the space.

Finally, one should expect results which allow for more general degenerate quasi-
linear operators and a less restricted class of functions p.
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