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GARY M. LIEBERMAN

Much has been written about various obstacle problems in
the context of variational inequalities. In particular, if the
obstacle is smooth enough and if the coefficients of associated
elliptic operator satisfy appropriate conditions, then the solu-
tion of the obstacle problem has continuous first derivatives.
For a general class of obstacle problems, we show here that
this regularity is attained under minimal smoothness hypothe-
ses on the data and with a one-sided analog of the usual mod-
ulus of continuity assumption for the gradient of the obsta-
cle. Our results apply to linear elliptic operators with Holder
continuous coefficients and, more generally, to a large class of
fully nonlinear operators and boundary conditions.

Introduction.

For a smooth bounded domain 2 C R™ with unit inner normal v, we are
concerned with generalizations of the simple obstacle problem of finding a
function v € W12(Q) which minimizes the functional F defined on W12 by

}“(v):/ \Dv\QdaH—/ v? do
Q o0

over the set of all v € W? with v > ¢ for a given function 1. From
standard results in the theory of variational inequalities and the arguments
in [12], it follows that this minimizer has bounded second derivatives if 1
has bounded second derivatives and satisfies the inequality v /9y — ¢ > 0
on 0, which is assumed sufficiently smooth. To state our generalization of
this problem, we note that the minimizer u will be superharmonic in 2 and
harmonic on the set where u > 1; in addition du/0y —u = 0 on 9. It is
this formulation of the minimization problem that we wish to generalize.
We write S” for the set of all n X n symmetric matrices, and we set
F=0OxRxR"xS"and IV = 99 x R x R"™. For real-valued, differential
functions F and G defined on T" and I, respectively, we consider the problem

(0.1) min{—F(x,u, Du, D*u), uw — ¢} = 0in Q, G(x,u, Du) =0 on 9.
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(We justify this somewhat nonstandard way of writing the problem by point-
ing out that, in the special case that F' is the Laplace operator, our solu-
tion u will be superharmonic with u > % and u is harmonic on the set
{u > }.) Using subscripts to denote partial derivatives with respect to
the variables z € R, p € R" and r € S, we assume at least that the
matrix F.(z,z,p,r) is positive definite for all (x,z,p,r) € T' (so that the
equation F(z,u, Du, D*u) = 0 is elliptic) and that Gp(z, z,p) - v(z) > 0 for
all (z, z,p) € T’ for the unit inner normal v to 9 (so the boundary condi-
tion is an oblique derivative condition). If 1) € C!, then the analog of the
condition 0v/dy — ¢ > 0 would be G(z, 1, DY) > 0 on 9 (compare with
[12, (0.7)]); however, we shall assume a weaker condition than continuity of
D1 which still implies the continuity of Du, so we shall modify this con-
dition appropriately (see conditions (2.1) and (3.9) below). Under suitable
regularity hypotheses on F'; G, 9, and 2, we shall show that a modulus of
continuity for the first derivatives of u can be estimated in terms of known
data. In conjunction with known first derivative estimates, our results give
a complete description of the regularity of solutions for several problems.
As particular examples, we mention here the capillarity obstacle problem
from [12] and the Bellman equation problem with linear boundary condi-
tion from [23] (strictly speaking, we refer to the problem which the authors
of that paper defer to a sequel, listed there as reference [27], which has never
appeared in print). In [12], F' has the special form

_ i pipj
028 Pz = @+ D72 (59— 2y s (o),

for a suitable, Lipschitz function a and G has the form

N
T+ pP) 7

for a suitable, smooth function ¢ such that sup |¢(x, z)| < 1. Because of the
bound on the gradient of the solution of (0.1) in [12], it follows that our
estimates apply to this problem assuming that a is Lipschitz and ¢ is C1®
for some a € (0,1). In [23], F' has the form

(02b) G($,Z,p) = "7+(p(ajvz)

(032)  Flwzp,7) = inf (0 @)y + (a)pi + o)z + filo),

where J is some index set (assumed to be countable in [23]) and there are
uniform (with respect to k) bounds on the C? norms of the coefficients afcj,
b, ¢k, and fi as well as a positive lower bound (independent of k) on the
minimum eigenvalue of the matrix [a;g]; G has the form

(0.3b) G(x,z,p) =B(z) - p+b(x)z+ g(x)
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for some vector 3 such that 3- is bounded from below by a positive constant,
and the C? norms of 3, b and g are assumed to be bounded. Again, from
the gradient bounds proved in [23], it can be shown that our results apply
to such problems if we only assume bounds on the Hoélder norms of azj, b};,
¢k, and f (see Theorem 2.2) and on the Holder norms of 3, b and g (see
Theorem 3.2); for second derivative bounds, we need to assume that 3, b,
and ¢ have Holder continuous derivatives (see Theorem 3.3). Of course, the
uniform lower bounds on the minimum eigenvalue of [a;’] and on 3-~ cannot
be relaxed for our techniques to work.

In addition to the one-sided condition on 1, our hypotheses are weaker
than those in [11, Section 2], [12], [16, Section 4], [1], and [2] because we
relax the smoothness hypotheses on F', GG, and ().

A basic interpolation inequality appears in Section 1, which allows us to
use a weak Harnack inequality rather than the usual Harnack inequality.
An interior regularity result is proved in Section 2 using a modification of
the technique pioneered by Caffarelli and Kinderlehrer [4]. Specifically, we
show (via the weak Harnack inequality) that our one-sided condition on
1 implies a two-sided integral bound for w — L with L a suitable linear
function, and then the interpolation inequality from Section 1 gives a two-
sided estimate on the first derivatives of u. The corresponding estimates
at the boundary are proved in Section 3. Most of our work is to analyze
the hypotheses on the obstacle; only some simple elements of the theory of
differential equations enters into this analysis. Some similar results, with
a Dirichlet boundary condition replacing the oblique derivative boundary
condition, appear in a preprint by Jensen [13]. The analysis of the obstacle
also provides a straightforward extension to the two obstacle problem, which
we present in Section 4, and Section 5 discusses applications of our methods
to some degenerate variational inequalities; in particular, problems with the
p-Laplacian operators are considered. We close in Section 6 with an outline
of the existence theory in a special case.

Our notation follows that in [10]. In addition, we write F'*/ for the compo-
nents of the matrix F, and F* for the components of the vector Fj,. Similarly,
G' denotes the components of the vector G,. We always assume here that
1) is Lipschitz with

(0.4) ] + |Dyp| < Wy,
and we define

I ={(z,z,p) €T : |2| + |p| < ¥}
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1. An interpolation lemma.

Our first lemma is an improvement of results on second derivative estimates
in terms of estimates on lower order derivatives. For brevity, if ¥ C €, we

use ]u\((lb)z to denote the norms weighted in terms of distance to 9% N €.

Lemma 1.1. Let Q) be a bounded Lipschitz domain, let ¥ be a subset of

Q, and suppose u € C*(X) for some o € (0,1). Suppose that there are
positive constants C1 and Cy such that

(1.1) [D*ulaysnpr)y < CLR™*|D*ulosnper) + Co

for any two concentric balls B(R) and B(2R), with radii R and 2R, respec-
tively, such that the boundary of ¥ N B(2R) is disjoint from Q\ X. Then
there is a constant C' determined only by C1, a, and Q) such that

(1.2) [ul Y s < C (Juloss + Ca(diam £)2+9) .

In addition, if ¥ = QN B(2R) for some ball B(2R), and if k > 0, then
(13)  [DPulosy < C(Crya,k,Q) (B2 0/l os + CoR))
where ¥ = QN B(R).

Proof. The proof of (1.2) is a simple combination of the interpolation in-
equality

2/(a+2)
D2l < € (D2 + Julo) " (lulo)™ @)
and the observation that (1.1) implies that
D22+ < ¢ (c 1D2u)?) + Cy(diam E)M) .

To prove (1.3), we imitate the proof of [19, Lemma 4.5]. From (1.2), we
infer that

psup [Du| < C <sup |ul + Czp2+°‘>
S(p) S(2p)

where S(p) = XN B(p) and the boundary of S(2p) is disjoint from Q\ X. It
follows that there is a constant Cjy determined only by C1, «, x, and €2 such
that

osc u < Cof) | sup |u| + Cop®™
S(0p) S(2p)

for any 6 € (0,1). Now we take z; so that d(zy)"/"|u(z1)| > & 5luly (/%) and
we choose our balls to be centered at z; with p = 1d(x1) Then

lu(z)| > |u(zy)|[1 — Cof2F] — CofCop> e
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for z € S(0p). If we take 6 so small that Coh2n/F < 1/2 and Cpf < 1, then
rearranging the resulting inequality and integrating over S(p) yields

pn’u(im)‘ﬁ <C (/ \u|“ dr + Cgp(Q-l-oz)ff-&-n) :
S(6p)

and therefore
G < © (Jull + CaR2Hr /).
Hence

[ulo;onBER?2) < C (R‘”/”||u||,$ + 02R2+a)

for any ball B(3R/2). The desired result follows from this one after applying
(1.2) with X replaced by 2N B(3R/2). O

2. Interior derivative estimates.

Our main ingredient is a pointwise estimate of how fast © moves away from
the obstacle near a contact point. In this section, we prove this estimate at
an interior point. The argument is a straightforward modification of that
in [4], but because of Lemma 1.1, we only need to estimate the L" norm
of a function related to w; this estimate is proved quite simply. Our basic
assumption on the obstacle 1 is that there are functions Y defined on 2 and
¢ defined on [0, diam Q] with ¢ continuous and increasing such that

(2.1) Y1) = P(x2) + Y (22) - (w1 — @2) — (|21 — 32) |21 — 32

for all 1 and z2 in 2. We have not assumed that ((0) = 0, even though this
assumption is needed to conclude that Du is actually continuous, because it
does not affect the form of our estimates. Note that the usual assumption
(from [1, 4,11, 12,16, 18]) is that |Dy(z1) — Di(x2)| < ((Jz1 —22]), which
is equivalent to the combination of (2.1) and the companion inequality

Y(21) < (x2) + Y (22) - (21 — 22) + (|21 — 22]) |71 — 22].

Our condition includes functions which are not continuously differentiable
even if ((0) = 0. For example, if (¢4)aecr is a family of functions (with
arbitrary index set I) satisfying (2.1), then a simple calculation shows that
¢ defined by ¢(z) = sup,er ¥a(x) also satisfies this condition provided we
have a uniform L* bound on 9, and D1),. In particular, condition (2.1)
includes the obstacles studied by Troianiello in [30, 31].

Lemma 2.1. Suppose that u € Wlicn satisfies

(2.2) min{—F(z,u, Du, D*u),u — ¢} = 0 in Q
and that there are positive constants A, A, and pg such that
(2.3) )\|£|2 < Fij(:n,u, Du, D2u)§i§j
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for allx € Q and £ € R",

(2.4a) F(z,u, Du,0) > —puoA,
(2.4b) |, (z,u, Du, tD?*u)| < A,
for all x € Q and all t € [0,1]. Suppose also that (2.1) holds and that

xo s a point such that u(xg) = ¥ (x9). Then there are constants k and C
determined only by n and A/ such that the function @ defined by

(2.5) a(z) = u(z) — u(zg) — Y(xo) - (x — x0)

satisfies the estimate

1/k
(2.6) R" / @fdz| < CluoR? + C(R)R]
B(a:o,R/Q)

for all R < d(x0)/2.

Proof. Since u > 1 and u(xo) = (zp), it follows from (2.1) that u >
—((R)R in B(zo, R). Next, we note that a" D;u < —F(z,u, Du,0) for

1
0 (z) = /O Fii (@, u(x), Du(x), tD?u(x)) di.

It follows that v = @ + ((R)R satisfies the conditions a* D;ju < Ay and
v > 0 in B(zg, R). Therefore [10, Theorem 9.22] and the obvious inequality
infg(p/e) v < v(0) = ((R)R yield

1/k
(R_"/ \U!”diﬁ> < CluoR* + ((R)R],
B(R/2)

and the triangle inequality gives

1/k 1/k
(R_” / ]u!”dm) < C(r) (R‘" / wdx) +C(R)R
B(R/2) B(R/2)

We complete the proof by combining these last two inequalities. O

Note Lemma 2.1 continues to hold if we only assume that the minimum
in (2.2) is nonnegative; however, our full regularity result will use that the
minimum is zero.

The regularity of the derivatives of u at an arbitrary point follows from
this estimate and Lemma 1.1 by a simple variation of the argument in [4].

Theorem 2.2. Suppose that u, 1, and F satisfy conditions (2.1)-(2.4) with
¢ a continuous increasing function on [0,diam Q| satisfying

(2.7) @ > Ltg)

> if t1 < ta.
tq 2
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Suppose also that there are constants o € (0,1) and py such that
(2.8) |F(x,2z,p,7) = F(y, w, q,7)| < (po + palr|)Alz = y|%,

and that F is convex or concave with respect to r. Then there is a constant
C determined only by n, o, p1, A/X, |u|1, [¥]1, and diam Q such that

(2.9) |Du(z1) — Du(zs)| < C [C(!xl —x9|) + (/Lo + W) |z — m2|]

for all 1 and x5 in Q with |z1 — 5| < 3 min{d(z1),d(z2)}.

Proof. Using I to denote the contact set I = {x € Q : ¢¥(x) = u(x)}, we
consider three cases:

(i) both points are in I,
(ii) one point is in I,
(iii) neither point is in I.

In all cases, we set p = |x; — z2| and Z = ((p) + pop-
In the first case, we use (2.6) twice, first with R = p and 29 = 1 and
then with R = 2p and zg = z2 to infer that

1/k
(wﬂ/ \M@—¢@»—Y@»«x—aW¢Q <0z
B(xlvp)

for i = 1,2 because B(x1,p) C B(x2,2p) C Q. Next, we use the observation
that

Y(x1) —(z2) — Y (22) - (21 — 22) + [Y(21) — Y(22)] - (7 — 21)
= [u(z) —P(z1) = Y(21) - (7 — 21)] = [w(z) — P(22) = Y(22) - (T — 72)]

along with the triangle inequality to infer that

<V%/ (1) — blaz) — Y (za) - (21 — 22)
B(z1,p)

1/k
—i—V-(:c—xl)\”dx) < CZp,

where V =Y (z1) — Y (x2). In addition, (2.1) implies that
(1) = (we) = Y(we) - (11 —22) + V- (x —21) 2V - (z — 1) = C(p)p
in B(p). We therefore infer that

1/k
<p‘”/ (V- (z—a)]")" dl‘) < CZp,
B(z1,p)
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and this inequality easily gives |V| < CZ. It follows that

(2.10) |u(z1) — u(ze) — Y(x2) - (21 — z2)|
< Cl¢(|lz1 — z2]) + polr1 — @2|]|z1 — 22|

for any z1 and x2 in I, so u is differentiable in the interior of I with Du =Y
there.

In the second case, we may assume without loss of generality that z; € I,
and we write & for the closest point to xo in I. Note that u is a solution of
the equation F(z,u, Du, D*u) = 0 in ¥y = B(xa,|z2 — &), so (1.1) holds
with ¥ any subset of 3. (This estimate is proved in [28], but the precise
form used here does not appear in that reference; see [19, Theorem 14.7] for
a proof of the corresponding parabolic estimate.) If z is on the line segment
between zo and &9, it follows from (1.3) with R = 2|z — & (applied to @
defined with &, in place of x) that

|Dia(x)| < CIR™) |l + po R
and hence
Y (&2) — Du(z2)| < Clag — &| < CZ.

Since |z1 —&2| < 2p, it follows from Case (i) that Y (z1) —Y (&)| < CZ, and
hence (2.10) holds if ;1 € I and x2 ¢ I. Therefore u is also differentiable
on 0I with Du =Y there. Now that we know Du =Y on I, our estimates
imply (2.9) for z; € I and z € Q.

In the third case, we set d*(z) = dist(z, I) and my = min{d*(x1), d*(x2)},
and we consider three possibilities. If 2p > mg, then, with & denoting the
closest point to x; in I, we have

|Du(z1) = Du(zs)| < |Du(z1) — Du(&)]
+ [Du(&1) = Du(&2)] + [Du(&2) — Du(xs)],

and the three terms on the right-hand side of this inequality are estimated
either by Case (i) or Case (ii) along with the observation that

lz1 — &1 < Cp, |61 =& < Cp, |z2 — &2 < Cp.

If 2p < mg and d(z1) < myg, then we can use Lemma 1.1 as in Case (ii) and
(2.7) to infer that

+ Momg] <C [C(pp) + Mo]

mo
on the line segment joining x; and x2. An easy integration of this inequality
yields (2.9) in this case as well. Finally, if 2p < mg and d(z1) > mg, then
(1.3) with k = oo gives the desired result. O
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Note that the hypothesis (2.7) really involves no loss of generality. Specif-
ically if ¢ is a continuous, increasing function, then the function (;, defined
by

G(t) = tsup@,
s>t S
satisfies (2.7) and (1 > (, so (2.1) holds with (; in place of ¢. In addition (; is
clearly continuous. To see that (; is increasing, we let {; < t5 and choose s;
so that C1(t;) = (ti/si)¢(s:). If ((s1) = ((s2), then C1(t1)/Ci(t2) = t1/t2 < 1.
If C(Sl) < <(82), then s1 < to, SO Cl(tl) = (tl/sl)C(Sl) < (tl/sl)C(tg) <
C(t2) < (i(t2). Moreover, if ¢(0) = 0, then (;(t) — 0 as t — 0, as we see
by considering two cases. If ((s)/s is bounded as s — 0, say by S, then
Ci(t) < St — 0. If ((s)/s is unbounded as s — 0, let (s;) be a sequence
tending to zero with ((s;)/s; > j and ((s;)/s; > ((s)/s if s > s;. Then
Ci(sj) = ((sj) so Ci(sj) — 0, and then ((t) — 0 as t — 0 because (; is
increasing. In addition, we note (see [24, Section 3.5] for details) that the
modulus of continuity for a function defined on an open set satisfies (2.7).
Condition (2.8) can be weakened, say to

|F(z,2,p,7) — F(y,w,q,7)| < (o + pa|r))Az — y|* + poA|p — |,

since this condition is only used to infer the appropriate form of the Holder
for second derivatives of solutions of the equation F(z,u, Du, D*u) = 0 (see
[28]). In particular, our results apply to the operator F' defined by (0.3a)
if we assume uniform Holder estimates on the functions a;/, b};, ¢k, and fi

along with a uniform lower bound on the minimum eigenvalue of [a}’]; this
structure was considered in [23]. Moreover, we can infer condition (2.8)
for more general classes of fully nonlinear, uniformly elliptic operators F
once we have a Holder gradient estimate for u. Such an estimate follows by
virtue of the following variant of Theorem 2.2, which is also important for
our study of oblique derivative problems.

Theorem 2.3. Suppose u, ¢, and F satisfy conditions (2.1)-(2.4) with ¢
a continuous, increasing function on [0,diam Q]. Suppose also that F is
concave or convexr with respect to r. Suppose finally that there are a positive
constant vy and a continuous, increasing function (1 with (1(0) = 0 such
that

2.11)  |F(z, 2,p,7) = Fy,w, q,7)| < pod + Aalp — gl + G|z — y))Ir].

Then there are positive constants a(n, A/A,v1) and C(n, (1, A/\, vi, diam Q)
such that

¢(t1) > ((t2)

(2.12)
t ty

forty <ty
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implies
(2.13)
Du(er) — Du(a)] < C [cuwl )t <uo n ‘””'D“’) a1 — ma]
d(x1)®

for all x1 and x4 in Q with |x1 — x2| < %min{d(xl),d(xg)}.

Proof. We basically follow the proof of Theorem 2.2. The main notational
change is that we set Z = ((p) + pop®. From the argument in [19, Lemma
12.13] (see also [3, Theorem 2] and [32]), we infer that

[Dulo;p(r) < CIR™“[Dulo,p2r) + 1ol

if B(2R) C Q and F(x,u, Du, D*>u) = 0 in B(2R). The proof is completed
by using this inequality in the obvious modification of Lemma 1.1. O

Note that if ¢ satisfies (2.7), then ¢y defined by (2(¢) = (sup ) =*(¢(2))®
satisfies (2.12), so Theorem 2.3 also does not restrict our choice of obstacles.

Condition (2.11) is certainly satisfied for quasilinear operators, that is,
F(z,z,p,1) = a"(x,2,p)rij + a(z, z,p) provided [a¥] is elliptic, continuous
with respect to z and z, and Lipschitz with respect to p. In particular (after
using the gradient bound from [12]), this result applies when F' is given by
(0.2a). Moreover, we can remove the hypothesis that I’ be either concave or
convex with respect to r in Theorem 2.3 by considering viscosity solutions as
in [3, 32] and suitably modifying the arguments. Finally, as noted before,
we can replace condition (2.11) by any condition which yields the Holder
gradient estimate

r\o
Du<C (7) D o
sy P = [(R)" gy Pt

See [5] for an alternative structure condition which provides such an esti-
mate.

3. Estimates for the oblique derivative problem.

To prove a modulus of continuity estimate for the gradient up to the bound-
ary for the oblique derivative problem, we use a slight variation of the ideas
in the proof of Theorem 2.2. We begin with a preliminary estimate which
is related to the boundary condition in which we write v’ for the first n — 1
components of the vector v. The connection of this lemma to our original
problem will be made clear in Theorem 3.2.

Lemma 3.1. Let wy, w1, and r be positive constants with wg > w1, and
define

(3.1)  K={a">wl2'|, lz| <7}, E={a" Zwila/|, r/4 < 2] <71}



OBLIQUE OBSTACLE PROBLEMS 399
Let 1) be a Lipschitz function defined in K and suppose that there are positive
constants z and k along with a vector-valued function Y such that
(3.2) P(x) > (1) + Y (21) - (= 21) — 2

for all x and z1 in K and

1/k
(3.3) (/ijywx) < apnin.

Suppose also that there is a Lipschitz function g defined on R™ with
0

g
3.4 2| < ,
(3.4a) oy | = H2X0
99
3.4b — >
(3.4b) op, 2 X
for some positive constants xo and ps with powy < 1. Then
(3.5) 9(0) > g(Y(0)) — C(n, r,wo, wi, 2) x02/7-

Proof. The first step is to prove a pointwise upper bound for % in
E' = {2" > |2'|/p2,3r/8 < |x| < 3r/4}.

To prove this estimate, let 21 be a point in £’ at which the maximum of P
is attained and suppose that 1)(z1) > 2z. Then

1/}{ ]./N
3.6 b|ed | d n/r
(3.6) (/B Ll :c) <([ira) <er

for any p such that B(z1,p) C E. In particular, we can take p = C'(wy, u2)r.
With this choice for p, we set

E* ={z € B(z1,p): Y(21) - (x — 1) > 0},
and note that |[E*| > 3|B(21,p)| > Cr™. In addition, for z € ET, we have
U(x) 2 (1) +Y(21) - (z —21) — 2 > ¥(@1) — 2,

and therefore

1/k 1/k
(/ |1l)(33)|”dl‘) > < @D(w)ﬁdfl‘) > (|E¥|(h(x1) — 2)") /"
B(z1,p) Et

> Clg(ar) — 2r"".

In conjunction with (3.6), this inequality implies that 1) < Cz on E'.
Next, we note that there is a point zo with |zo| € (7r/16,9r/16) and
x> 2puglah| such that ¥(zg) > —Cz. In addition, if Y (z2) # 0, then
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there is a positive constant ¢ such that x3 = x3 + corY (m2)/|Y (z2)| € E'.
Therefore

Cz > P(x3) = (x2) + Y (22) - (23 — 22) — 2 = Y(22) — o[V (22)] — 2.
It follows that |Y (z2)| < Cz/r and hence

Y(z
(3.7) U(x) > P(x2) + Y (22) - (v — w2) —2 > —C
for any z € K.

To continue, we define £ to be the unit vector in the direction of

/ (17 (0) dt,
0

1
9(F(0)) — g(0) = /0 g, (t7(0)) - ¥(0) dt < Cxof - (0).

Now set p = r/(2"). It is easy to see that r/2 < p < Cr, In addition, we
infer from our estimate ¢» < C'z on E’ along with (3.2) and (3.7) that

Cz 2 ¥(pg) 2 1(0) + Y (0) - (p§) — 2 = =Cz+ pY(0) - &.
It follows that Y (0) - £ < Cz/r, which yields (3.5). O

To state our gradient estimate for the oblique derivative problem, we use
I'y to denote the set of all (z,z,p) € IV with |z| + |p| < max{|u|i, 1}
Because of the way that a Holder gradient estimate is used to prove second
derivative estimates for the oblique derivative problem without an obstacle,
we first prove our estimate in a situation analogous to that in Theorem 2.3.

Theorem 3.2. Let u € I/Vli’: N CH(Q) solve (0.1) with 9Q € CH* for some
a € (0,1) and F either convex or concave with respect to r. Suppose that
there are positive constants A\, A, o, and v along with a continuous, in-
creasing function ¢ with (1(0) = 0 such that conditions (2.3), (2.4), and
(2.11) hold. Suppose also that there are positive constants xo, p2, and s
such that

(38&) Gp($’ Z7p) . ’7(33) > X0,
(3.8b) |Gp(z,2,p) - 7(2)| < p2xo,
(3.8¢) |G(z, z,p) = Gy, w,p)| < poxo(lz —y| + |z — w|)*

for all (x,z,p) and (y,w,p) in Ty and any vector field T(x) with 7 -~ =
0. Suppose further that there is a continuous increasing function ¢ on
[0,diam Q] satisfying (2.12) such that ¢ satisfies (2.1) and

(3.9) G(z,v,Y) >0
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for all x € 0. Then there are constants ag(n, p2,vi, A/X) and C deter-
mined only by n, o, AJX, 2, V1, (1, and Q such that o < o implies
(3.10)  [Du(x1) — Du(w2)| < C[¢(|z1 — x2|) + (1o + sup [Dul)|zy — @2[*]
for all 1 and o in €.

Proof. We imitate the proof of Theorem 2.2. First, we show (as in Lem-

ma 2.1) that, if g € Q is a point at which u(zg) = ¢(xo) and if @ is defined
by (2.5), then

1/k
(3.11) (R-" / u|“dx> < Cl(o + p2) R + C(R)R]
B(zo0,R/2)NQ

for any sufficiently small R (that is, R is smaller than a constant deter-
mined only by pe and Q). If d(z¢) > R, then this inequality is just (2.6). If
d(xo) < R, then we first prove an estimate for G(x,u(x),Y (zo)) by appro-
priate application of Lemma 3.1.

Let z* be a closest point to zg in 0§2. By rotation and translation, we may
assume that x* is the origin and that zg is on the positive z™-axis. Then
K C Q provided wy > 1/u9 and R is sufficiently small (determined only by 2
and p2), and g(p) = G(z*,¢(z*),p + Y (o)) satisfies (3.4). Next, we define

P by Y(z) = Y (x) —(x0) =Y (20) - (xr—x0) and we set Y (z) = Y () — Y (xp).
For z = ClpuoR* + ((R)]R and r = 2d(x(), we have (3.2) directly from (2.1)
because r < R. Now, we note that using a chaining argument in the proof
of [10, Theorem 9.22] allows us to replace B(zo, R/2) by E and R by r in
the proof of (2.6). Thus, we obtain

1/k
(r"/ \u|“daz> < Cz,
E

which yields (3.3) because @ > ¢ > —C((r)r in E. It then follows from
Lemma 3.1 that

G(a™,9(x%), Y (20)) = 9(0) = =C=

because g(Y (0)) = G(z*,u(z*),Y (2*)) > 0. For x € B(xg, R) NS, we have

(") = u(@)] < |ip(2") = P(xo)| + [u(x) — u(zo)| < (V1 + [Dulo)|R,
and therefore

G(z,u(z),Y (x0)) > —poxo(¥1 + |Dulo + 1)*R* — Cxoz > —Cz/R.
It follows that

8- D < Cxol((R) + poR°

on B(xg, R) N 0N for

1
B(x) = /0 Gp(z,u, tDu+ (1 — )Y (o)) dt.
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We then infer (3.11) by arguing as in Lemma 2.1 but with [20, Theorem
4.2] in place of [10, Lemma 9.22].

To prove the modulus of continuity estimate for Du, we consider the
three cases from Theorem 2.2 with Z = ((p) + pop®. In addition, we set
Qly, R] = B(y,R) N Q. In Case (i), we note that there is a cone @ with
height p, opening angle 6 (determined only by ), and vertex 0 such that
x; +Q C Quy, p] for i = 1,2. Tt follows that

1/k
<p"/ (V- (z—a)])" da:) < CZp,
Q[Ihp]

and similar reasoning gives

1/k

Combining these two estimates gives

1/k
(p”/ \V‘x\”dx> < CZp,
Q

which again implies |V| < CZ. For Cases (ii) and (iii), we proceed as in
Theorem 2.3 with [19, Lemma 13.22] in place of [19, Lemma 12.13] to prove
(3.10). O

The remarks from Section 2 show that this result applies to the examples
from [1, 2, 12, 16, 23]. The function G given by (0.2b) satisfies conditions
(3.8) by virtue of the gradient bound in [12] and G from (0.3b) clearly
satisfies these conditions if 3, b and g are Holder continuous. Moreover, if
(Ya)aer is a family of C! functions which satisfy conditions (2.1) and (3.9)
with Y = D, (), then it is immediate that there is a vector field Y such
that 1) = sup,cj 1 satisfies these conditions.

We note that this result is a purely local one. Hence if the hypotheses of
the theorem are satisfied only in a neighborhood N of some point x*, then
we obtain a modulus of continuity estimate for the first derivatives of u in
N’ N Q for any compact subset N’ of N. The corresponding local result
was proved by B. Huisken [11] although she only considered quasilinear
equations and her hypotheses are stronger than ours.

In addition, we have the following result which corresponds to Theo-
rem 2.2.

Theorem 3.3. Let u € Wlif N CY(Q) solve (0.1) with 9Q € C1< for some
a > 0. Suppose that there are positive constants A, A1, A, po, and p1 such
that conditions (2.1), (2.3), (2.4), (2.7), (2.8), (3.8) are satisfied. Suppose
also that G € CY*(TY) and that ((t) < zot® for some zo. Then there is
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a constant C determined only by n, zo, o, A/X, wo, p1, w2, ps, Y1, (1,
sup |Dul, |G|1,a, and Q such that

(3.12) |Du(x1) — Du(x2)| < C({(Jz1 — z2]) + |21 — x2|).

Proof. We observe that our hypotheses imply a Holder estimate for Du.
With this estimate, we can follow the proof of Theorem 2.2 with [29] (as
modified in [19, Theorem 14.22] to deal with nonlinear boundary conditions;
this step uses the Holder gradient estimate) in place of [28]. O

In particular, if ((¢) = t, Theorem 3.3 gives a bound on the second deriva-
tives of wu.

4. The double obstacle problem.

The crucial new element in our study of double obstacle problems is a
Harnack-type inequality for the difference between the upper obstacle and
the lower obstacle. The basic ideas for this inequality were used in Lemma 3.1,
but, here, we shall use some precise information on how fast the ratio of the
maximum of the difference to its minimum goes to one on a ball of shrinking
radius, provided the obstacles are defined in a ball of fixed radius. Specifi-
cally, we have the following result.

Lemma 4.1. Suppose 11 and vy are two functions defined in B(xq,r) with
Y1 < 9 and that there are two vector fields Y1 and Ya such that

(41a)  i(x1) = P1(z2) + Yi(z2) - (21 — 22) — (|21 — 22|)|21 — 22,
(4.1b)  aho(w1) < Pa(w2) + Ya(z2) - (v1 — 22) + (|21 — 22|)|21 — 22

for all x1 and x4 in B(xg,r). Then for any e € (0,1), we have
1+e
(42)  sup (Yo —¢1) < ——— inf (¢ — 1) +4e(C(2er) + ((r))r.
Bl(zo,er) 1 — € B(zoer)

Proof. Set ¢ = 9 — 41 and I = infp(,, ). Then choose z2 so that
|zo — z2| < er and ¢ (x2) = I. Our first step is to show that
_r
(I—¢)r
so let us assume that Y (z2) # 0 and set & = Y(x2)/|Y (x2)]. Then for
R < (1 —¢)r, we have that xo — R € B(zg,r), so (4.1) implies that

(g — Re) < p(w2) = Y(x2) - (RE) +20(R)R

= I — R|Y(z2)| + 2¢C(R)R.

(4.3) Y (22)] < +2¢(r),

We infer (4.3) from this inequality by sending R — (1 —¢)r and noting that
Y(z2 — RE) > 0.
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Now let « € B(zg,er) and use (4.1) to infer that

() < Pplrg) +Y(22) - (2 = 22) + 2(|2 — 22|) |2 — 29
< I+ 2er|Y (x2)| + 4¢(2er)er.

Simple algebra then completes the proof. O
We also shall use the following simple variant of (4.2).

Corollary 4.2. In addition to the hypotheses of Lemma 4.1, suppose that
P1(xo) =0 and Yi(zg) = 0. Then

1+4+¢ de
4.4 su < ll'lf + 4= 9er n N
(4.4) B(IOET) Y < T s vy + 2 (C(2er) +¢(r))

If also 19 > 0 on B(xg,er), then

4.5 sup Y < in
( ) Bl(zo,er) 1—¢e2 B(zo.er)

o o (C(2er) + ()

1

Proof. Because 19 > —((r)r, we can follow the proof of Lemma 4.1 with ¢
replaced by 2 + ((r)r to infer that

Sup (s +C(r)r) < 10 nE (s Cr)r) + 22(C(220) + ()
B(zo,er) — & B(wo.er)
1
< it W G+ 22(C(2en) + )
SO
o Ur €t (5 1) s e(Ceen) + O

Since (14+¢)/(1—e)—1=2¢/(1—¢) and 1 < 1/(1 —¢), this inequality gives
(4.4).

Next, we set 1 = o — 91, [ = infpy, ey ¥ and Iy = infp,, o) P2 to see
that

I < tola0) = ¥(zo) < sup ¥ < ?1 +4e(C(2er) + C(r)r

B(zo,er) — &
and hence
sup Y1 < sup g — 1
B(zg,er) B(zo.er)
1+4e 1-—¢ 4e 2e
< — I 2 .
< (T2 1) e (T + 5 ) en) + <o

The desired inequality follows from this one by simple algebra. O
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These lemmata allow us to imitate the argument in [18, Lemma 1.1] to
prove an analog of Lemma 2.1 when u is a solution of the double obstacle
problem:

(4.6a) 1 < u < g in €,
(4.6b) min{—F(z,u, Du, D*u),u — 1} = 0 if u < s,
(4.6¢) min{ F(z,u, Du, D*u), 19 — u} = 0 if u > 1.

Lemma 4.3. Suppose u, 11, and ¥y are as above, and suppose that there
are positive constants A, A, and po such that conditions (2.3), (2.4b), and

are satisfied. If xg is a point such that u(xg) = ¥1(xo), then there are
positive constants C, §, and k determined only by n and A/\ such that 1,
defined by

(4.8) u(z) = u(z) — u(xg) — Yi(xo) - (x — x9),

satisfies the estimate

1/k
(4.9) R™ / @™ da < CluoR* + ¢(R)R]
B(z0,0R)

for all R < d(xo).

Proof. We first note that the hypotheses of this lemma are unchanged if we
subtract the same linear function from wu, ¥ and 9, so we may assume
that ¥ (x0) = 0 and Yi(xg) = 0. Then, for £ € (0,1) to be chosen, we set
Ir = inf g, cr) V2.

If I < 12¢(R) R+ poR?, then (4.4) implies that v < C(&)[uoR?+((R)R)
in B(zo,eR), and (4.9) follows for any ¢ < e.

On the other hand, if Iy > 12¢(R)R + uoR?, we set
M = (1—¢)ls,

: f; I, + 2¢(R)R,

U = min{u, M} + My,

and we note that U > 0. Now, for n > 0, define f;, by

Fa(t) = (max{t, 0} +7)1/* —,

My =

and set
Uy=M+ My — f(M — ).

Then U,, — U uniformly as n — 0 and U, > 0 in B(zg,cR). Moreover,
because a” Dyju < Apg wherever u < M and f, is C? with f;’ > 0, it follows
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that a% D;;U, < Apo. It follows from the weak Harnack inequality [10,
Theorem 9.22] that

1/k
(eR)™ / U, |* da < [ inf U, + po(eR)* + ((cR)(¢R)
B(z0,eR/2) B(eR/2)

for some Ci(n,A/A) and k(n, A/A). Sending n — 0, we infer that

1/k
4.10) [ (er/2)™ / |U]”da:> < Ci[M; + epoR? + C(R)R]
B(z0,eR/2)

because U(xg) = M.

Next, we set Mz = supp(y, -r) %1 + ((R)R and V' = max{u, M2}. By a
similar approximation argument, we infer from the local maximum principle
[10, Theorem 9.20] that there is a constant Co(n, A/)\) so that

sup V
B(zo,eR/4)

_n 1/k
< Oy (€R> / vV da + uo(eR)? + ¢(¢R)eR
2 B(zo,eR/2)

Now we note that u < U (because My > 0 and M + My > suppy, -r) ¥2)
and My < M; — ((R)R (because My < 5Ise/(1 — €2)), so Uy < U; provided
e < 1/2. It follows that
sup  u < Co(C1[My + poeR?* + eC(R)R] + poeR* + e¢(R)R)
B(zo0,eR/4)
5C

< 10y T

2e
1

Pa(x2) + ( +C + 1) Coels.

—€
By taking e sufficiently small, we conclude that u < 1y on B(xg,eR/4).
Therefore, u+ ((R)R is a positive supersolution on B(zg,eR/4) and we can
use the weak Harnack inequality directly to infer (4.9) with § = /8. O

Note that the arguments of Lemmata 3.1 and 4.3 can be combined to
prove pointwise decay of @ near a contact point. Specifically, suppose u
satisfies (2.2) with F satisfying (2.3), (2.4b), and (4.7). If u(xzo) = 9 (xo),
then (2.6) and the proof of 1) < Cz in E’ (from Lemma 3.1) give a constant
c1 such that ¢ < ¢1[¢((R) + poR]R in B(R). The local maximum principle
applied to max{@, (14+c¢1)[C(R)+ uoR|R} then yields u < C[¢(R)+poR]R in
B(R/4). With this pointwise estimate in hand, we can imitate the proof of
[4, Theorem 2.3] to obtain a modulus of continuity estimate for solutions of
obstacle problems with linear equations when ¢ does not necessarily satisfy
condition (2.7).
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For our purposes, the next important step is to obtain a modulus of
continuity for Du.

Theorem 4.4. Suppose that u, 1, V2, and F satisfy conditions (4.6),
(4.7), (2.3), and (2.4b) with { a continuous increasing function on [0,
diam Q). Suppose also that there are constants «, vy and vy along with a
continuous increasing function ¢ with (1(0) = 0 such that conditions (2.11)
and (2.12) hold. If F is convex or concave with respect to r, then there
are constants ag(n, A/, v1) and C determined only by n, o, v1, AJA, |u|y,
and diam Q such that o < o implies (3.12) for all x1 and xo in Q with
|21 — 22| < 2 min{d(z1), d(z2)}.

Of course, the double obstacle analog of Theorem 2.2 holds with o = 1 if
condition (2.11) is replaced by (2.8).

We can use the same ideas for oblique derivative problems, but the proofs
are more complicated. In place of Lemma 4.1, we have a similar, but more
subtle, inequality. To state our results more simply, we let w be a C'* function
in some (n — 1)-dimensional ball B(0, R) with R > 0 and w(0) = 0, and we
set wy = sup |Dw|. We also define

Klrl]={z e R": 2" <r — (wo + 1)|2|, 2" > w(2)},
2[7"] = {l’ € R"™: .Z‘n <r-— ((,UO —+ 1)|[L’,|’xn = w xl)}

for r € (0, R), where here and below we abbreviate 2’/ = (x!,..., 2"71).

Lemma 4.5. Let vy and 1y be two functions defined in K[r]UX[r] for some
r € (0, R) with Y1 < 1y there. Suppose that there are vector fields Y1 and
Ys such that conditions (4.1) hold for all x1 and xo in K[r]UX[r]. Suppose
also that there are positive constants o < 1, us < 1/wp, us, and xo along
with a function G such that

(4.11a) 'gg(w,z,p)‘ < p3Xo0,
(4.11b) G"(z,2,p) = X0,
(4.11c) |G(z,z,p) — G(z,w,p)| < poxolw — 2|
for any (x,z,p) € B[r] x R x R™ and any w € R, and set
(4.12) g = inf (G(z, 2 (x), Ya(x)) — Gla,91(x), Y1(2)) T
Xo Kfnr]
Then, for any € € (0,1), there is a constant n(e, u3,wo) such that
(4.13)
sup (2 — 1) < (14 ¢) inf (Yo — 1) + 3e((r)r + Crer?/ =) 4 egor
Knr] Kinr]

for Cy = 3(uo sup[ihy — 11]@/2)%/ =),
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Proof. To simplify the notation, we shall set ¥ = 99 — 11, Y = Yo — Y7, and
K = Kinr]. In addition, we write I for the infimum of ¢ over K and we
let 2o be a point in the closure of K at which ¢(xz2) = I. We now consider

several cases.
Suppose first that xo € X[r]. Then we infer from (4.11) and (4.12) that

(4.14) goXo = —Hoxo|Y(z2)|* +v - Y (x2)

for some vector v with |[v/| < pgv™ and v™ > xo. Now we set & = v/|v| and
we set

1
T =T2+ %Tf, T3 = T2 + 57“5-

If n < 1/2, it follows that =1 and x3 are in Q[r]. Setting I = ¢ (x1), we see
that

L<T+Y(x2) (w1 —x2) + C(r)r =1+ %TY(;@) e+ g{(r)r

8
<I+ %Oelo‘r + %C(r)r + %ggr
< (1 + %) I+ %67’2/(2_0‘) + %C(r)r + %gor

by virtue of (4.14) and Young’s inequality. Now we obtain two estimates for
Y (z1). First, there is a constant k(wo, p3) such that B(x1, ker) C K[r| and
then the proof of (4.3) with £ = 1/2 shows that

26 3 20, _ 2 90
< 275 < _° M a/(2-a) z N
Y (x1)] < . +4¢(r) < 2ng[+ Tl + (k +4> ¢(r) + ik

Moreover,

0<t(x3) <I) + (; - ;) rY (z1) - §+¢(r)r

because z3 —x; = (1/2 — £/8)r{ and hence

1—|—€/2 4 2/(27a) 3
_ < ST = < anr.
rY(z1)-€ < /s —5/8I+8C(T)r+ 30167” + 29@1"

Now we note that, for any = € K, we have |z| < 2nr, and hence

Y(z) < P(r1) + Y(z1) - (x — w1) + 4An¢(4nr)r.
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To analyze the right hand side of this inequality, we first observe that z —
x1 = (z — x2) + (x2 — x1) and that |z — za| < 4nr. It follows that
Y(z1) - (z — 1)
€
< —gr¥(en) - €+ 4nrlY (21)]

<(aremplgram) i ((3a)mee)con

2 8 9 € 277
/(2—a) <
+Ch < +3k>7“ + ( 2k> gor,

w(-%') < ((1-i-z’;‘/?)l/21£2€/8_i_ZZ)I_i_C?;1 (2 +8k) 2/(2—a)

+ <2s+ <z+6> 277> C(r)r + < §k> gor

provided 4n < 1. By simple calculation, (14+¢/2)(1/2)/((1/2)—¢/8) < 1+-¢,
so we can take 7 sufficiently small to infer (4.13) in this case.

If o9 ¢ Xr], then Y"(z2) > 0 and we can imitate the calculations of the
preceding case with £ = (0,...,0,1), to see that

o= (g 21+ (9 () o

which implies (4.13) if n is sufficiently small. O

and

Our next step is to prove a corresponding estimate for our general geo-
metric situation.

Lemma 4.6. Let 11 and 1o be two functions defined in Q0 with ¢ < 1o.
Suppose conditions (4.1) and (3.8) are satisfied. Let xg € Q and set

(415) () = — sup (Gla, (@), Ya(x)) — Gla s (@), 1 (2)))
X0 aQ[r]

If 92 € C, then for any € > 0, there are constants R(uz2,Q), d(e, pa, Q)
and C(u2, po, o, sup(thy — 1)) such that
(4.16)

sup (v = ¢1) < (1+¢) dnf (2 = 1) + CeC(r)r + /GO egi(r)r
Q[or]

for any xo € Q and r € (0, R).

Proof. Let x1 be a closest point to zg in 02, which we can take to be
the origin, and rotate axes so that x, = 0 and z{j > 0. Then there is a
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constant Ry determined only by ue and €2 so that there is a function w with
pasup |[Dw| < 1/2 such that

QR ={r eR": |z — x| < R, 2" > w(z')}

and w(0) = 0 and Dw(0) = 0. By choosing R < R; sufficiently small, we
can also arrange that [G" — G - 7| < $x0 and |Dw| < 1/2. Tt follows that
conditions (4.11a,b) hold with pg = 2pus.

Now take ) to be the constant from Lemma 4.5 and note that there is a
constant 7, such that d(xg) < mr implies that Q[nir] C K[nr]. Therefore
(4.16) holds in this case with any § < n;. On the other hand, if d(xg) > mr,
then Lemma 4.1 (with n;7r in place of r) implies (4.16) in this case with
d = me/3 because (1 +¢/3)/(1 —¢/3) < 1+ e. Combining this two cases
yields the desired result with § = n1e/2. O

As before, we then have the following estimates.

Corollary 4.7. In addition to the hypotheses of Lemma 4.6, suppose that
P1(xo) =0 and Yi(zo) =0, and set

(4.17)

g2(r) = L sup (G(z, ¥2(z), Ya(x)) — min{G(z,0,0), G(z, 1 (x), Yi(z))})T.
X0 8Q[r]

Then

(4.18)

sup by < (1+¢) inf oF 4+ Ce[¢(r) + 1= 4 go(r) + (C(r)r)°r.
B(zo,0r) Qfor]

If also vy > 0 in Q[or], then

(4.19) sup 1 < 2e inf o + CelC(r) + =Y 4 go(r) + (C(r)r)°]r.
B(zo,0r) Q[or]
Proof. We follow the proof of Corollary 4.2, noting that

Gz, =C(r)r,0) = G(x,0,0) — po(¢(r)r)”
and that (1+¢)—1/(1+¢) < 2e. O

The estimate on the modulus of continuity for the gradient of the solution
of the double obstacle problem follows easily.

Theorem 4.8. Let 9 € CY* for some a € (0,1), and let 1 and 12 be
two functions satisfying condition (4.1) in Q for some continuous increasing
function . Suppose also that 1 < Py in Q. Let u € Wlif N CYQ) satisfy
(4.6) and G(z,u, Du) = 0 on 0. Suppose there are constants X\, o, 2,
and v1, along with a continuous increasing function (1 with (1(0) = 0 such
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that conditions (2.11), (2.12), (2.3), (2.4b), (4.7), and (3.8) hold. Suppose
finally that
(420) G(x,¢1(x),Y1(x)) >0, G($,¢2($)7Y2(95)) <0,

forallz € 0Q2. If F is concave or convex with respect to r, then there are con-
stants aO(na K2, A/)‘> Vl) and C(’I’L, «, A/)\a K1, [2, |D17Z}1|17 |D71ZJ2|1’ C1, Q) such
that if a < ag, then (3.10) holds for all x1 and x2 in Q.

Proof. We proceed by combining the proof of Theorem 3.2 with that of
Theorem 4.4, taking Corollary 4.7 into account. U

We omit the obvious two-obstacle analog of Theorem 3.3.

5. Variational inequalities.

Our methods also apply to certain types of variational inequalities. In par-
ticular, let H be a convex, C? function defined on [0, oc) with H(0) = 0 and
suppose that h = H’ satisfies the conditions

th(¢)
(5.1) 5<

< 9o

for some positive constants § and gg, and all ¢ > 0; we also assume that
H(1) =1 for simplicity. The model such function is H(t) = t"™ with m > 1.
Let W1 denote the set of all functions v € W with H(|Dv|) € LY(€),
and write K for a convex subset of W1 # such that v > ¢ for all v € K.
(For example if H (t) = ™, then W = W™ and we can take K to be the
set of all v € WH™ with v > 1).) We then consider the problem of finding a
function v € K such that

(5.2) /Q[A(x, u, Du) - D(u — v) — B(z,u, Du)(u — v)]dz <0

for all v € K, where A is a vector-valued function (for example A(x, z,p) =
h(|p|)p/|p|) and B is a scalar-valued function, which we shall assume to be
bounded. Such problems have a long history for various choices of h provided
A and B satisfy suitable structure conditions; see, for example, [14, Section
I111.4], [18], [6], [8], [9], [22], [25], [27]. We note, however, that all of these
works assume that 1 has Holder continuous gradient when trying to prove
a modulus of continuity estimate for the gradient of u.

We first observe that, when h(t)/t is bounded from above and below by
positive constants and A and B are sufficiently smooth, smooth solutions of
this variational inequality are also solutions of (2.2) with

A i i

F(z,z,p,r) = @(m, 2, p)Tij + g(fc, 2, p)pi + @(w, z,p) + B(x, z,p).
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More generally, we assume that A is differentiable with respect to p and that
there are nonnegative constants o, A and A; with o € (0,1) such that

0A’ h(lp])

N 2
(5.3a) p; &i&j = ) €17,
(5.3b) | Ap| < Ah([pl)/Ipl,
(5.3¢) |B| < A4,
(5.3d) Az, z,p) — Ay, w,p)| < Mi(|z —y| + [w — 2[)".

These conditions were studied extensively in [17]. In fact, we have simplified
the conditions there somewhat by assuming a known bound for the gradient
of u.

We begin by proving an estimate like (2.6). As in [18], we first prove the
estimate for a simpler problem.

Lemma 5.1. Let A be a vector valued function defined on R™ and sup-
pose that there are positive constants §, go, and A along with o function
h such that conditions (5.1) and (5.3a,b) are satisfied. Let u and 1 be in
CYY(B(zg, 7)) for some ball B(xg,r) with u > 1, and let K be the set of
all v with v —u € W(}’H(B(:EO,T)) and v > 1 in B(xo,r). Then there is a
unique solution U of the variational inequality

(5.4) / ADU)-D(U —v)dx <0 forallv e K,
B(zo,r)

and there are constants Cy(n, 0, go, | Dulo, | D)o, A), Co(A,n), O(A,n,d,go),
and k(A,n) such that

(5.5) [U)0: w0y < Car'™°
and
1/k
(5.6) r_"/ U—LiFdz| <Cp inf (U-1L)
B(zo,r/2) B(xo,r/2)

for any linear function L such that U — L > 0 in B(xg,r).

Proof. The standard theory of variational inequalities gives the existence
and uniqueness of U. In addition, (5.5) follows from the arguments in [18,
Lemma 1.3].

To prove (5.6), we proceed by approximation. First, we fix o € (0,1)
and note (from the proof of [17, Lemma 5.2]) that there is a sequence of
C1@ functions (Ag) which converge uniformly to A on compact subsets of
B(xg,r) and which satisfy

DAL
apj

hi(Ipl)
Ip|

§i&G > £?
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and

DAL
0

< 2Ahg(|pl)/1pl

for functions hy satisfying (5.1). For ¢ € (0,1), define 5. by [:(t) =
(min{t,0})?/e, and let Uy, solve div Ap(DUy) + 515Uy — %) = 0 in B(zo, )
and U = u on 0B(zo,r). The existence of a unique solution to this prob-
lem is straightforward, and classical regularity theory implies that Uy €
C?(B(z0,7)). Thus, the weak Harnack inequality [10, Theorem 9.22] im-
plies that

1/k
r—" U — L|"dx <C(A,n) inf (Uy—L
( /B(zo,r/m' Lo ) <O it U= 1)

for any linear function L with Uy — L > 0 in B(zo,r). It is not hard to
show that Uy converges uniformly to U as k — oo (see, for example, [14,
Theorem IV.5.2]), so the desired result follows immediately. (]

From this lemma and a suitable choice for the linear function L, we infer
a version of (2.6).

Lemma 5.2. Under the hypotheses given before Lemma 5.1, suppose that
satisfies condition (2.1) for some continuous increasing function . Suppose
u(xo) = Y(xo) and define w by (2.5). If k and 0 are the constants from
Lemma 5.1 and if r < 1, then there is a constant C determined only by A,
n, A1, |Dulg such that

1/k
(5.7) (M / |u\”d:z> < C[r/ @20 e ())r
B(zo,r/2)

Proof. Let U be the solution of (5.4) given by Lemma 5.1 with A(p) =
A(zo,u(zg),p) and set w = u — U. Then we can use v = U in (5.2) and
v=uin (5.4) to see from [17, (5.8) and Lemma 2.2] that

/ H(|w|/r)dz < C’/ H(|Dw|)dx < Cynte/2
B(zo,r) B(wo,r)

because H is convex. Then Jensen’s inequality gives

(5.8) / lw| de < Crrtitel?
B(zo,r)

because [17, Lemma 1.1(c)] says that H(r*/?)/H (1) < r®/?/1.

To continue, we use a variation of the argument in Lemma 1.1. Choose
x1 so that d(zq)|w(x1)| > (1/2)]11)\(()”) and set p = ed(x1) with € € (0,1/2).
We have from (5.5) that

w(@)] > fw(en)] (@)~ wan)] > gd(en) el - er' =0’
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for |x — 1] < p, so

w
/ |w| dz > / |w| dz > 7”5"[10|(()n) — cwprtfpnto,
B(wo,r) B(z1,p)
where w;, is the measure of the n-dimensional unit ball. Therefore

|w|((]n) < Cs‘”/ wdz + CeP/d 00 < ot (e /2 4 &%)
B(zo,r)

from (5.8). Now we take ¢ = r®/(2"+20) /2 to conclude that

sup |w‘ < Cr—n|w‘(()") < Crl+a/(2n+20).

B(zo,r/2)
Thus we can take L(z) = ¢ (zo) — Y (z0) - (x — z0) — ((r)r — Cpl+a/(2n+26)
in Lemma 5.2, and hence (5.7) holds. (]

The interior gradient modulus of continuity estimate for such problems
follows by using the argument of Theorem 2.3 and the Holder gradient esti-
mates for weak solutions of divergence structure equations from [17, Section
5]. The correct form of this estimate is an easy consequence of the last in-
equality on page 346 of [17].

Theorem 5.3. Let A and B be, respectively, a vector-valued function and
a scalar-valued function on Q x R x R™, and let H be a convez, C? function
on [0,00) with H(0) = 0, and suppose h = H' satisfies (5.1). Suppose also
that conditions (5.3a—d) are satisfied. Let ¢ satisfy (2.1), let u € CO1(Q)
and suppose u > 1 in Q. If u is a solution of (5.2) with K the set of all
v e WM withv—u e WOI’H and v > 1, then there are constants oo(A, d, go)
and C(n, A, d, go,sup |Dul, W1, Ay, o, diam Q) such that

sup |Du
(5.9) |Du(z1) — Du(z2)| < C [C(Lrl —x2|) + (1 + CZ|$1)|> |z — x2|0}
for all z1 and x5 in Q with |x1 — 2| < $d(21), where o = min{og, a/(2n +
20)} and 0 is the constant from Lemma 5.1.

The corresponding boundary regularity result is similar, and the proof is
similar.

Theorem 5.4. Let 9 € C1% for some o € (0,1), let A and B be, respec-
tively, a vector-valued function and a scalar-valued function on 2 X R x R™,
let ag be a scalar valued function on OQ xR, and let H be a convex, C? func-
tion on [0,00) with H(0) = 0, and suppose h = H' satisfies (5.1). Suppose
also that conditions (5.3a-d) are satisfied and that

(5.10) |ao(x, 2) — ao(y, w)| < Aa(|z —y[ + [z — w])*



OBLIQUE OBSTACLE PROBLEMS 415

for all (x,z) and (y,w) in OQ x R. Let v satisfy (2.1) and

(5.11) A(x,,Y) - v+ ap(z,v) >0

on 0Q2. If u is a solution of

(5.12)

/ [A(z,u, Du) - D(u—v) — B(x,u, Du)(u — v)]dx < / ap(z,u)(u—v)do
Q o0

with K the set of all v € WHH with v > 1), then there are constants
o0(A,6,90) and C(n, A, 6, go,sup |Du|, V1, A1, a, Q) such that

(5.13) [Du(z1) — Du(x2)| < ClC(|lzr — @2]) + |21 — 22|°]
for all x1 and z2 in Q, where o = min{og, a/(2n + 20)}.

Proof. To prove the analog of (5.7), we let U solve the variational inequality
[ Ateo,ulan), DU) - D ~v)do < [ fao(an, ula)) + Cof] do.
0 o0

where K is the set of all v € W1H with v > 4 in Q and v = u on Q\ Q[R];
the constant Cy, which is independent of xg and R, is chosen so that

A(xo,(w0), Y (2)) - v(x) + ao(zo, ¥ (20)) + CoR > 0

for all € OQ[R]. The appropriate Holder gradient estimate was proved
in [15, Section 4] for the special case that A depends only on p, ag is con-
stant, and B is identically zero, and the general estimate follows from the
perturbation argument in [17, Section 5. [l

We leave the straightforward modifications of these results for double
obstacle problems to the reader. We do observe that the previous results
for double obstacle problems (specifically [7, 18, 26]) all assume that the
obstacle has Holder continuous first derivatives. Thus, we have improved
these results by considering general moduli of continuity and also suitable
one-sided conditions.

6. Existence of solutions.

A suitable existence theory for our obstacle problem is based on known
a priori estimates and the penalization method of Lions (see [14, Section
IV.5]). We assume first that 9Q € C? (although this assumption can be
relaxed by the remarks at the end of [21, Section 3]), and we assume that
1 satisfies (2.1) with ((t) = 2ot. In addition, we assume that (3.9) holds.
For p a C%(Q) function such that Dp = v on 9Q (which always exists), we
suppose that there are nonnegative constants My and M; such that

(6.1a) 2F(x,z,—MDp,—M;D?p) < 0in Q,
(6.1Db) 2G(x,z,—My7y) < 0 on 02
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for z > Mjy. Next, we assume that there are increasing functions p and pg
such that

(62&) )\(SE,Z,]),T)‘&F < Fij(xﬂz)pv T)glgj < A(CL‘,Z,p, T)’§|2a
(6.2b) Az, z,p,r) < p(lz))A(z, 2, p,7)
(6.2¢) |F (2, 2,p,0) < pol|z)A(, z,p,7)[1 + [p]?]

for all (x,z,p,r) € T and
(6.2d) |G(z,2,0)] < po(|2)Gp(z, 2,p) - v[1 +[P]]

for all (x,z,p) € TV, where p’ = p — (v - p)y. We also assume that there is
an increasing function w1 such that

(6.3) (1 + [pDIFp] + [Fo| + [Fel < pa(J2DAIL + [pl* + |rl]
on I' and
(6.4) (1 + [pDIGp| + G| + [Fe] < pa(2))Gp - y[1 + [pl]

onI". Finally we assume that F is concave (or concave) with respect to r and
that A is uniformly bounded above and uniformly positive on bounded sets
of I', and we assume that G,(x, z, p) - v is uniformly bounded and uniformly
positive on bounded subsets of I". Note that [21, Lemma 7.1] implies the
upper bound u < M sup p while the obstacle condition imply that v >
mint. Hence, we may assume that conditions (6.2)—(6.4) hold with u, o,
and p; independent of z by redefining F' and G for large |z| as needed. In
particular, we may assume that F' and G are independent of z for z < ¢(x).
Now for € € (0,1), we define . by

B-(t) = (min{t,0})?/e.
It then follows from [21, Lemma 7.1, Theorems 3.3, 4.1, and 7.8] along

with [29, Theorem 3.3] (see also [19, Theorems 14.22 and 14.23]) that the
problem

F(z,ue, Duc, D*u.) + Bo(us — ) =0 in Q,
G(z,us, Duc) +e=0 on 00

has a C??(Q2) solution for any ¢ € (0,1) and some 6 € (0,1) upon recalling
our previous observations that we may take p, po, and g1 independent of
z. As previously remarked, [21, Lemma 7.1] implies that (u.) is uniformly
bounded, independent of ¢.

Now we estimate [:(us — ). If the minimum of u. — v is nonnegative,
then 8. = 0. In addition, at a boundary minimum,

—e = G(x,us, Dus) > G(z,ue,Y),
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so if the minimum of u. — 1 is negative, it must occur at some xy € 2. In
this case, Du.(x9) = Y (z0) and D?u. > —2201, where I denotes the n x n
identity matrix, so

ﬁE(UE - ¢)($0) = _F($07u€7Du67D2u€) S F(x()vw(xO)?Y(xO)a _2201)

It follows that (- (us—1:) < ¢1 for some nonnegative constant ¢; independent
of . We can then use [21, Theorem 3.3] to infer a global gradient bound
for u., which is uniform with respect to e. We can then apply [3, Theorem
2] (see [19, Lemma 13.21, and Theorems 14.14 and 14.20] for a discussion
of the extension to the oblique derivative boundary condition) to infer that
[Duela < co for constants o € (0,1) and co independent of . Finally,
[3, Theorem 1] shows that (D?u.) is bounded in L () for any p < oc.
From these estimates and the argument on pages 44 and 45 of [1], we infer

that there is a sequence (g(j)) such that (u.(;)) converges to a function
u € I/VliC”(Q) N CH* and that u solves (0.1). Theorem 2.3 then implies that
u e CHH(Q).

Note that a more thorough existence theory can be derived via approxima-
tion of the obstacle; however, the convergence of the approximating solutions
to a function in W'IZO(? (Q) requires at least that the obstacle be a supremum

of VVIiCn(Q) functions. On the other hand, the extension to two-obstacle

problems, which we leave to the reader, is very simple.
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