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DATA: POTENTIALS AND LOW ORDER REGULARITY

CHRISTOPH SCHEVEN

Abstract: We consider obstacle problems with measure data related to elliptic equa-
tions of p-Laplace type, and investigate the connections between low order regularity
properties of the solutions and non-linear potentials of the data. In particular, we
give pointwise estimates for the solutions in terms of Wolff potentials and address
the questions of boundedness and continuity of the solution.
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1. Introduction

The problems treated in the present work are related to measure data
problems of the type

(1.1) —diva(xz,Du) =p on Q,
where the left-hand side is given by an elliptic differential operator of
p-Laplace type for p > 2% and p is a bounded Radon measure. Such

n+1
problems have been studied extensively in the literature, see [5], [7], [2],

[10] for the foundations of this theory. Interesting examples for solu-
tions to measure data problems are given by super-solutions studied in
nonlinear potential theory, see [16], [28]. In many applications, e.g.
in mechanics or in control theory, elliptic equations are coupled with an
obstacle constraint of the form u > v for a given function ¥: Q — R, see
e. g. [3], [21] for examples and an overview of the classical theory. An-
other motivation for considering obstacle problems are their applications
in non-linear potential theory, where solutions to obstacle problems can
be employed very effectively for approximating super-solutions, see e. g.
[17], [22], [16]. Obstacle problems with measure data have been consid-
ered e. g. by Boccardo and Gallouét [6] and by Boccardo and Cirmi [4].
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In this work, we are interested in the connections between non-linear
potentials of the data p and 1 and regularity properties of the solutions.
The important role of such potentials in the theory of super-solutions has
been illuminated in the fundamental work of Kilpeldinen and Maly [19],
cf. also the book by Maly and Ziemer [28]. They observed that non-
negative solutions to (1.1) can be estimated in terms of the non-linear
Wolff potentials of the right-hand side measure, which are defined as

(12) WS, (o0 = [ ' | ” &S

whenever 5 € (0,n]. More precisely, Kilpeldinen and Maly derived the
following pointwise estimate from above. For every non-negative solution
to (1.1) and every ball Br(zo) C Q, they proved

;
(1.3) u(zg) < c (/ u? dx) + WY (20, R),
Brya(zo)

for some v > p — 1. Moreover, they achieved an estimate from below by
the Wolff potential of i and a criterion for the continuity of non-negative
solutions in terms of the Wolff potential [19], see also [18], [20] for re-
lated results. A different method of proof for such estimates has later
been developed by Trudinger and Wang [36], who provided extensions to
much more general settings. While all of the above-mentioned results are
concerned with properties of the solution itself, analogous results for the
gradient of solutions have been achieved by Mingione [30] for p = 2 and
by Duzaar and Mingione [11], [13], [14] for general growth exponents.
Moreover, their techniques allowed not only to bound the gradient in
terms of potentials, but to go one step further and analyze the conti-
nuity of the gradient with the help of non-linear potentials [12]. Their
approach yields results analogous to the continuity result by Kilpeldinen
and Maly mentioned above, but now on the level of the gradient. Fi-
nally, we remark that Kuusi and Mingione [23], [24] recently gave an
improved criterion for gradient continuity in terms of Riesz potentials,
which implies in particular the sharp criterion pu € L(n,1) for gradient
continuity also for growth exponents p > 2.

Gradient estimates for solutions to obstacle problems in terms of
potentials have been investigated in our preceding works [32], [35],
where we considered more regular vector fields a(z, ) that depend Dini-
continuously on x € (2 and differentiably on the gradient variable ¢ € R™.
In the present work, we are concerned with the question what can be
said for much less regular vector fields that need only be Carathéodory
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functions, i. e. measurable in z and continuous in £. Moreover, contrary
to the situation in [35], we are now able to allow an additional diver-
gence term on the right-hand side of (1.1). In such a general situation,
regularity of the gradient can not be expected anymore, but one might
still ask for local boundedness or continuity of the solution itself. Also
for these questions, the techniques developed by Duzaar and Mingione
in [11], [12], [14] provide answers in the case of the elliptic equation (1.1).
The question of local boundedness can be answered positively with the
help of the bound (1.3) by Kilpeldinen and Maly if the Wolff potential
Wi (-, R) is locally bounded. On the other hand, continuity of the so-
lution to (1.1) follows if the Wolff potential W' (zo, R) vanishes in the
limit R N\, 0, uniformly in zg € Q' for all compactly contained subdo-
mains Q' € Q (cf. [19]). The aim of the present work is to investigate the
analogous questions for a rather general class of elliptic obstacle prob-
lems. Parabolic analogues of these results have been discussed in [32],
[33], [34].

1.1. The setting.

We investigate solutions to elliptic obstacle problems on a bounded
domain Q C R of dimension n > 2, and more generally suitable limits
of solutions as stated in Definition 1.1. Our general assumptions are
the following. We suppose that a: 2 x R® — R"™ is a Carathéodory
function, i.e. that £ — a(x,£) is continuous for a.e. x € Q and that
x +— a(z,§) is measurable for every £ € R™ Moreover, we assume
the following standard ellipticity and growth properties for some growth

exponent p € (f—fl, n] and given structure constants 0 < v < 1 < L and
s €10,1].

(14)  (a(x,8) — a(x,&)) - (€ = &o) = v(s + €] + [&])P2IE — &of?,
(15) Ja(@, ) < L(1+1¢)",

for all x € Q and £,& € R™. We consider an obstacle function ¢ €
WhP(Q). In the classical setting, we consider inhomogeneities f €
LP () and F € LP(Q,R") and investigate solutions u € W'?(2) with
u > 1 a.e. on () of the variational inequality

(1.6) /Qa(x,Du)~D(v—u)dx2/Qf(v—u)—i—|F|p_2F-D(v—u)dx

for all comparison functions v € u+ Wol’p(Q) with v > 9 a. e. on . The
existence of solutions to this inequality with given Dirichlet boundary
data follows from classical results, see e. g. [27], [21].
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However, we are also interested in solutions to obstacle problems with
measure data in the sense that we want to replace the inhomogeneity
f € LP' () appearing in the above formulation of the obstacle problem
by a signed Radon measure u. For this purpose, we introduce the nota-
tion M, (Q) for the space of bounded Radon measures, i. e. the space of
signed Radon measures p whose total variation || is bounded on 2 in
the sense |u|(2) < co. When considering elliptic problems with general
measure data g € My(Q), it is evident that even in the obstacle-free
problem

—diva(x,Du) = pu on Q,

we can not expect the existence of solutions in the space W1(Q) unless
the right-hand side satisfies p € W‘l’p/(Q). Therefore, it is not possi-
ble to use the formulation (1.6) of the obstacle problem in the case of
general measure data. For such more general settings, different notions
of solution and corresponding existence results have been developed in
the literature. For example, solutions to elliptic obstacle problems with
measure data in L'(Q) + W17 (Q) have been constructed in the arti-
cles [6], [4], [25], based on the concept of entropy solutions (see [5], [2],
[8] for the case of obstacle-free problems). In [31], the notion of renor-
malized solutions has been adapted to the case of obstacle problems,
which allows also to treat measures with non-negative singular part. For
a brief summary of these results, we refer to our article [35, Section 1.1].
The solutions from the mentioned works can all be constructed by ap-
proximating the solution by solutions to regularized obstacle problems
for inhomogeneities f; € W~ (Q) N LY(Q) with f; % u weakly* in
the space M;(f2), as ¢ — oo. According to classical theory [27], [21],
the approximating obstacle problems have solutions u; € W1?(Q) in the
sense of (1.6) and can be shown to converge to a limit map in a suitable
way, cf. [35, Lemma 3.4]. We follow the approach of approximation with
regularized problems also for the derivation of our estimates. More pre-
cisely, we first derive certain comparison estimates for solutions of the
regularized obstacle problems and then pass to the limit. It turns out
that the limit maps fulfill the desired potential estimates regardless of
the fact if or in what sense they solve the obstacle problems. This is the
reason why we state our results not only for solutions, but more gener-
ally for limits of approximating solutions in the sense of the following
definition. However, the class of functions introduced in the following
lemma includes in particular the solutions for obstacle problems with
measure data constructed in [6], [4], [25], [31], and clearly, also classical
solutions of the variational inequality (1.6).
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Definition 1.1. Suppose that p > 1 and that an obstacle function
Y € WHP(Q), measure data u € My(Q), a function F € LP(Q,R") and
boundary data g € W1P(Q) with g > 1 a.e. are given. We say that a
map u € T;"P(Q) (see Section 2 for the definition) with u > ¢ a.e. on Q
is a limit of approzimating solutions of the obstacle problem OP(¢; u, F)
if there are functions

feW W (QNLYQ) with fi 5 p in My(Q) as i — oo,

and solutions u; € WHP(Q) with u; > 9 a. e. of the variational inequali-
ties

(1.7) /Qa(:c,Dui)D(vfui)d:c > (fi,vfui>+/ﬂ\F\p*2F~D(vfui)d:c

for all comparison functions v € u; +W01’p(Q) with v > 9 a. e., such that
the maps u; tend to u as ¢ — oo in the sense

Ui — U almost everywhere on (2,
(1.8) /Q‘Ui—u|qu—>0 for every 0 < g < (p_l)ni_p7
/ |Du; — Du|"dx — 0 for every 0 <7 < (p—1)-"5.
Q

The existence of approximating solutions converging in the sense of
the above definition follows with standard techniques for measure data
problems, see e.g. [2], [5], [7], [9]. A proof tailored to the particular
situation considered here can be found in [35, Lemma 3.4].

Remark 1.2. The convergence (1.8) implies u; — u in L'(Q2) as long as
p > nz—fl Consequently, every limit of approximating solutions in the
meaning of the above definition satisfies u € L'(Q) if p > nz—fl The
gradients of the limits of approximating solutions may not be locally
integrable anymore, but they still satisfy |Du|7+T € L'(Q) as a conse-
quence of (1.8). These integrability properties are consistent with clas-
sical results in measure data problems, which have first been obtained
by Lindqvist [26] in the case of p-superharmonic functions, see also [16].
The fact that this level of integrability is optimal is already indicated by
the simple example of the fundamental solution u(z) := c|z|~%, where
%, of the p-Laplacean. This map solves the measure data prob-
lem —Apu = &y on R™ and satisfies u € Lj, (R") if and only if p > 2.
In order to exclude solutions that are not locally integrable, we therefore

impose the general assumption p > f—fl throughout this work.

o =
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1.2. Summary of results.

We begin by stating our results in the case p € [2,n]. In this case,
we prove the following potential estimate for every limit u € L'(Q) of
approximating solutions to OP(1;u, F), in the sense of the preceding
definition. For every Lebesgue point xy € € of u and every radius
0 < R < min{1, dist(xg, 9Q)}, we have

[u(zo)] < c][ L+ |u| dz 4 cWY (0, R)
Br(zo)
(1.9)

3 =

de

1%

with the Wolff potential WY = as defined in (1.2) above. Here, we
adopted notations such as |F|P(B,(z0)) = fBg(wU) |F|P dx. For the
proof, we refer to Theorem 4.3. By classical estimates for potentials,
the right-hand side of (1.9) can be bounded further. As an example of
the possible applications, we derive criteria for Lorentz space regularity
of solutions. In the case of exponents below the duality exponent, i. e.

for r < (p*) = npiL]:L-‘,—p’ we deduce that

o P n—p

e /R PDMBQ(%))]% . [|F|p<Bg<xo>>}

p € L(r,t) implies |u[P™' € Lige (L t)

n—pr’
for every 1 <t < o0, together with the corresponding local estimate, see
Corollary 4.5. In the case (p*) <r < %, this implication remains valid

under additional assumptions on |F| and |D|. More precisely, in this
case we have that

p€ L(r,t) and |F|P~Y |DyP~teL ( nr t)

n—r’

implies  [u[P™! € Lige (L t) )

n—pr’

The borderline case r = % is particularly interesting, since here one
might hope for local boundedness of the solution. This is satisfied by
the bound (1.9) if the Wolff potential and the last integral in (1.9) are
locally bounded. If more strongly, these quantities tend to zero in the
limit R\, 0, uniformly in zq € Q’ for every compactly contained subdo-
main Q' € §, the solutions are even continuous, see Theorem 4.6. This
is in particular the case if the data belong to certain Lorentz spaces,
which yields the following Lorentz space criterion for continuity, pro-
vided p < n (cf. Corollary 4.7).

» p—1

(1.10) ueL(g L) and |Dy|,|F|€L(n,1) implies ueC? (5).
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Moreover, we also derive a criterion for Holder continuity of the so-
lution in terms of a Morrey type condition on the data, see Lemma 4.8.
To be precise, if the data satisfy

sup sup |o" " TP |u|(B,(z0) N Q)
o€ 0<p<1

Lo / FIP + Dyl de | < oo
BQ(ZEO)OQ

for some v € (0,1) and every subdomain Q' € €, then we have u €
CIOO’CO‘ (Q) for some « > 0 that can be determined in dependence on 7, n,

p, v and L.

The proofs are based on a comparison argument, a strategy which has
first been used by Mingione [30] for the derivation of potential estimates.
All of the above-mentioned results rely on an excess decay estimate for
solutions of obstacle problems with measure data. Such excess decay
estimates are available for solutions to homogeneous elliptic equations
by the DeGiorgi-Nash-Moser theory (cf. Section 4.1). We extend these
decay estimates to obstacle problems by a comparison scheme of several
steps. In a first step, we remove the right-hand side measure and consider
the resulting obstacle problem. In order to derive suitable comparison
estimates, we have to make use of truncation methods, as they are stan-
dard in the theory of measure data problems (see e.g. [16], [2]). In a
second step, we compare with a suitable elliptic equation, whose solu-
tions obey the obstacle condition due to a comparison principle. Finally,
in a third step, we compare with the solution of a homogeneous equa-
tion to which the DeGiorgi-Nash-Moser theory applies. This procedure
yields an excess decay estimate, cf. Lemma 4.2, which can be iterated
to give the desired pointwise estimates by potentials of the data, see
Theorem 4.3. On the other hand, the mentioned excess decay estimate
can be used to examine the continuity of the solutions, as carried out in
Theorem 4.6 and Lemma 4.8.

The case ng_fl < p < 2 is more involved since the problem might
degenerate for large values of |Du|. This causes particularly intricate
problems for exponents p € (ngfrll ,2— %], since in this case, the solutions
do not in general satisfy Du € L'(Q2,R"). However, we need some
bounds on the gradients in order to control the degeneration, and this is
implemented by bounding integrals of the type

(1.11) ][ | Du| 77T da.
By(z0)
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These integrals turn out to be finite for solutions of measure data prob-

lems provided p > nzfl In fact, the solutions that we consider satisfy

|Du|P~! € L7(Q) for every v € [1, -7), which implies |Du| 7T € L(Q)
if and only if p > f—fl, cf. Remark 1.2. In order to bound the inte-
grals (1.11) for all of the maps occuring in the comparison argument, we
have to derive comparison estimates for the gradient below the L'-level,
namely on the integrability level — +1 (cf. Lemma 3.2). For this aim
we use once more the truncation arguments from the theory of measure
data problems. During the iteration process, we have to deal with ad-
ditional terms of the type (1.11), but it turns out that most of them
can be re-absorbed during the iteration, so that again, we arrive at a
potential estimate. However, since the degeneration of the problem de-
pends on the size of the gradient, it seems natural that in this case, the
right- hand side contains an integral involving | Du|. To be precise, in the
case < p < 2 the potential estimate reads as follows.

n+1

|u(:c0)|§c][ 1+ |u|dx+cR ][ | Du|=+T dx
Br(zo) Br(zo)

+cw§‘,p(z0,R>+c/OR[Dw'];fff“’”o”ﬁ PFW?_QZ() ))F dgg

for all Lebesgue points x¢g € Q of u and every radius 0 < R < min
{1, dist(zq, 0Q)}, see Theorem 4.3. Moreover, the condition (1 10) for the
continuity of solutions continues to hold in the same way 1f T <p<2
and also the Lorentz space estimates and the Holder contlnulty result are
valid analogously for exponents p < 2, cf. Corollary 4.7 and Lemma 4.8.

1+1

n

2. Preliminaries

Notation. In what follows, we consider elliptic obstacle problems on a
bounded domain €2 C R"™ of dimension n > 2. For the open ball with
radius ¢ > 0 centered in z¢ € Q2 we write B,(z), and occasionally we use
the shorter notation B, := B,(0) in case zp = 0. Given a subset A C Q2
and g € L'(A), we abbreviate (g)a := £, g dx for the mean value of g
over the set A. In case A = B,(x) is a ball, we write furthermore

(9)wo.0 = (9) B, (x0), Tespectively (9)e == (9)B,-

Function spaces. We employ the customary notation W12 (Q) for the
Sobolev space of weakly differentiable functions v € LP(2) with |[Du| €
LP(Q) and write Wy*(Q) for the closure of C%,(Q) in Wh?(Q) with

cpt
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respect to the W1P-norm. The dual space to Wol’p(Q) will be denoted by
W12 (Q), where p’ := 527, and for the dual pairing between WL (Q)
and Wol’p(Q) we write (-, -). For parameters 1 < p < oo and 0 <

q < oo, the Lorentz space L(p,q)(f2) is defined via the non-increasing
rearrangement of a measurable function f: 2 — R that is defined by

fr:00,00) = [0,00), f*(s) :=sup{t >0:|{|f| >t} > s}

The space L(p, ¢) with 0 < ¢ < oo consists of those functions f: Q — R
for which the norms

(21) = ([ [r”pf*wﬂqdr)é

r

are finite, and the spaces L(p, c0), also known as Marcinkiewicz spaces,
are defined analogously by the condition

(2'2) ”fHL(p,oo) = Sli}g?“l/pf*(r) < 00.

Moreover, we write Lioc(p, q)(€2) for the space of functions f: Q@ — R
with flo, € L(p, q)(€') for every compactly contained subdomain Q' C
Q. For a more detailed exposition of the properties of Lorentz spaces we
refer to [37].

Natural function spaces for dealing with measure data problems are
defined via the truncations

Y if [y[ <k,
2.3 T, =
23) <) {ksgn@) i ly| > k,

for k> 0 and all y € R. Following [2], we abbreviate

(2.4) T'?(Q):={u: Q=R measurable: Tj,(u) € W"P(Q) for all k>0}.

For a discussion of the properties of these spaces we refer to [2]. In
particular, functions u € 71?() have an almost everywhere well-defined
gradient Du = ®, whose definition is consistent with the weak derivative
in case u € THP(Q) N WL1(Q). Moreover, for given Dirichlet boundary
data g € WP(Q), we define

T, 7(Q) := {u: Q - R measurable: Tj,(u—g) € WyP(Q) for all k > 0}.
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Potentials and Lorentz spaces. We consider parameters d > 1, v €
(0,n] and ¢ > 0. Then we define a general potential of f € LY(Q) by

! : /1% (Bo(x0)) ]
(2.5) P, 4 ,(@0, R) == /0 [Q" >
for zp € R™ and R > 0, and |f|*(B,(z0)) := [5 (o) |f|? dz, where we
extended f by zero outside of €2 for the definition. The above potentials
include the localized Riesz potentials

Q"’Y N

as the special case d = 1 = ¢, and the non-linear Wolff-potentials de-
fined in (1.2) as the case d = 1 and ¢ = ﬁ. More generally, the poten-

tials Pﬂ;,dﬂ can be estimated by iterated Riesz potentials of Maz’ja-Havin
type as they have been used in the seminal works [1], [29]. Therefore, the
above potentials can be estimated by means of classical Riesz potential
estimates. Here, we will use the following estimates in Lorentz spaces,
a detailed proof of which can be found in [35, Section 5]. Suppose that
d>1,1<r<ooand 1l <s < ooaregiven and f € L(rd, sd). Then,
for every 0 <y < 2 and 0 < ¢ <1 we have

(2.7) 1P aC R s e ey < e IS

for every R > 0. In the borderline case f € L4(Q) and 0 < v < n, the
following estimate holds true.

(28) HP'ydq ’ HL(I _n_ oo) CHfH

For the proof we refer to [35]. Moreover, we have the following L>°-bound
of the potentials P'];,d,q for every d > 1,0 <y <n and g > 0:

sup P/ (z,R) <c(n )/lBR[ %f*( )]qd@

S P (@ B) S elmay) | e Al
for every R > 0. In particular, we have the implication
2. L( ) li P R)=0.
(2.9) fe qd) () = Al sup ! ag@R) =0

The proof has been carried out in [35].
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A comparison principle. The following classical comparison principle
will be crucial for constructing comparison maps that satisfy the obsta-
cle constraint v > v a.e. on Q. A proof can be retrieved from [16,
Lemma 3.18].

Lemma 2.1. We assume that O C R™ is a bounded domain and that
(1.4) and (1.5) are in force for the vector field a: O xR™ — R™. Suppose
that the maps v,y € WHP(O) satisfy

—diva(-, Dv) > —diva(-,Dy) on O,
v > on 00,

where the second inequality is to be understood in the sense (¢ —v)4 €

Wy P(O). Then we have v > a. e. on O.

Some auxiliary lemmata. The proof of the following well-known lem-
ma can be found e. g. in [15, Lemma 6.1, p. 191].

Lemma 2.2. For R > 0, let f: [£, R] — [0,00) be a bounded function
satisfying

A n B
(e—a)*  (¢e—o0)
for all g < 0 < ¢ < R and fixred non-negative constants A, B, C,
a> >0 and a parameter ¥ € (0,1). Then we have the estimate

R A B
f <2> < c(a,ﬁ) (m + ﬁ +C> .
The following lemma will be useful for estimating potentials by sums
and vice versa.

f(0) < 9f(0) + e

Lemma 2.3. Assume that ®: (0, R] — [0,00) is a function with the
property
(2.10) (o) < K®(r) ifor<o<r<R,

for constants K > 1 and 0 € (0,1). Then the following chain of estimates
holds true.

log 0| R d >
S awn < [ 00 < Klogo) Y- we')
=1 £=0

Proof: For Ry := 0'R, { € NNy, we decompose (0, R) into the inter-
vals (Rg41,Re), on which the assumption (2.10) implies the bound
K '®(Ry11) <®<K®(Ry). Summing over ¢ € INg yields the claim. [
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3. Comparison estimates for measure data problems

3.1. Comparison estimates below the growth exponent.

The following lemma will enable us to derive comparison estimates
below the growth exponent by testing with suitable truncations. Results
of the same type have been established in [16, Lemma 7.43] and [2,
Lemma 4.1]. The particular form of the lemma that we present here was
proven in [35].

Lemma 3.1. For fized constants M > 0, o € (0,1] and p € (1,n], we
suppose that the map h € Ty"P(Bgr(xo)) satisfies

/ |Dh|P dx < ME®  for every k > 0.
Br(zo)N{|h|<k}

(i) For every 0 < q < (p— a);%;, the bound
M 7=

‘h‘|q dx < C(n7p7Q7 CY) |::|

][BR(%) e

holds true. In the case p = n, this estimate is valid for every
q < o0.

(i1) In the case 0 <r < (p— a)-2

n—ao’

we additionally have

M 7=
][ |DR|" dz < ¢(n,p,T, @) [n_a} .
Br(x0) R

Our first goal in this section is a suitable comparison estimate between
a solution of a measure data problem and the solution of the correspond-
ing homogeneous obstacle problem. We start with a comparison estimate
in the classical setting, i. e. with an inhomogeneity in WLy

Lemma 3.2. Assume that f € W2 (Br)NL'(Bg), F € L?(Bg,R"),
and that uw € WYP(BR) with u > 1 solves the variational inequality

(3.1) / a(-,Du)-D(v—u)dz > (f,vfu>+/ |FIP~2F-D(v—u)dx
BR BR

for all v € u+ Wy P(Bg) with v > 1 a. e., where (1.4) and (1.5) are in

force. Moreover, let w € u+ Wy P (Bg) with w > 1 be the weak solution

of the obstacle problem

(3.2) /B a(-,Dw)-D(v—w)dmz/B |F|P~2F - D(v —w)dz
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for allv € u+ Wol’p(BR) with v > 1. In the case 2 < p < n, we have
the comparison estimate

(3.3) ][ |Du—Dw|dx§c<R |fdx)p_,
Br Br

while for f—fl < p < 2, we have the zero order estimate

1+
][ |u—w|dw+R<][ |Du — Dw| 7+t dx)
Br Br
%1
(3.4) sC(RPf’|ﬂdx)
Br

L\ G+be-p
+cR*P <][ (s + |Dul) =+ dm) Rp][ |f| dx.
Br Br

In both estimates, the constant ¢ depends at most on n, p and v.

Proof: We point out that it is not possible to use u respectively w as
comparison functions in the variational inequalities since these functions
might not be bounded, and consequently, this approach would result
in comparison estimates involving stronger norms than the L'-norm of
the inhomogeneity f. Therefore, we use the truncated functions vy =
u+Th(w—u) € u+W,P(Bg), for k > 0, as comparison functions in the
variational inequality (3.1). This is allowed since the maps vy, satisfy the
obstacle constraint vy > 1 as a consequence of u,w > 1. We thereby
get

—][ a(x, Du)-D[Ty(w—u)] dacgk][ |f| dx
BR BR
(3.5)
~f 1P DT~ ) da,
Br
where we used |vy — u| < k, by the definition of the truncations vy.
Similarly, we may use ¥y := w — T (w — u) € u+ Wy*(Bg), for k > 0,

as comparison function in the inequality (3.2), which gives

(3.6) ]{3 a(x, Dw) - D[Ti(w —u)] dz < ]é |F|P~2F - D[Ty(w — u)] dz.
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Adding the two preceding inequalities, we arrive at

(3.7) / [a(z, Dw) — a(z, Du)] - D[Ty(w — u)] dz < k/ |f|dx.

BR BR
Abbreviating Dy, := {z € Bg : |w(z) — u(z)| < k}, and applying the
monotonicity assumption (1.4) on a, we thus deduce

(3.8) / (s + |Dw| + |Du|)?~?|Dw — Dul* dz < k/ || da.

v
C(p) Dy, Br

In order to bound the left-hand side from below, we have to distinguish
between two cases.

Case 1: 2 < p < n. In this case, the bound (3.8) readily implies

14

—/ |Duwa|pd:v§k/ |f| dx
C(p) Dk BR

for all £ > 0. An application of Lemma 3.1 with h:= w —u, « = 1, and
M := [ |f|dx now yields the claim (3.3).

Case 2: 2 f% < p < 2. Because of p > 2% > %2 the expo-

nent r = -ig satisfies » > 2 — p and consequently, the exponent
2r

V= satisfies v € (1,2). Applying Holder’s inequality with the

2r
exponents
P v(2-p)

and %, we infer

2-p
=

2
2

| Du—Dw|” dx < </ (s + |Du| + | Dw]|)" dx)
Dk Dk

ol
2
X (/ (s + |Du| + |Dw|)?~2|Du — Dw|? d;v)

Dy,

2-py o

< k( / <s+Du+|Dw|>*dx)” ( / |f|dx)2,
Br Br

by an application of (3.8) in the last step. Next, we wish to apply
n

Lemma 3.1 with p replaced by ~, the choices a = 3, ¢ =1 and r = T
as well as

2—p~y
2

M:=c (/ (s + |Du| + |Dwl|)" dx) '
Br

()
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In order to apply the lemma, one has to check the assumptions 1 = g <
(v=3)7% andr < (v— %)H_LW, but these are equivalent to v > nQ—fQ,
which in turn is equivalent to our assumption p > f—fl Therefore,

Lemma 3.1 yields the estimate

1
][ |uwdx+R<][ |Dqu|rdx)
BR BR
2
=
< | —
- | R~

R (][ (s+|Du|+|Dw|)”dx> ' Rp][ | da.
Br Br

In the penultimate integral, we use the estimate | Dw| < |Du|+|Du—Dw)|
and apply Young’s inequality with exponents ﬁ and p%l in order to
derive the bound

1
]Z uw|d:17+R(][ |Dqu|de>
BR BR

X : e
<=-R <][ |Du—Dw|Tdm> —I—C(R”][ |fda:)
2 Br Br

bR <][ (s+|Du|)Td:c> ' Rp][ £ da
BR BR

This yields the last claim (3.4) after re-absorbing the first integral from
the right-hand side. O

Since the comparison estimates in the preceding theorem depend only
on the L'-norm of the inhomogeneity f, they imply also comparison
estimates for measure data problems as follows.

Corollary 3.3. Let w be as in the preceding Lemma 3.2, but now let
1€ My(Q) and u be a limit of approximating solutions for OP(v; u, F),
in the sense of Definition 1.1. Then we have the following comparison
estimates on every ball Br € (), where we write ¢ for constants that
depend only on n, p and v.

:“|(BR)} o
Rn—l

(3.9) ][ |Du — Dw|dx < ¢ [
Br
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if p > 2, while in the case f—_ﬁl < p < 2, the corresponding statement
reads
14+
][ |uw|dx+R<]l Dqu|"11dz>
BR BR

N

(3.10) <e lul(Br)]""
< Rip

HHRE |l (Br)
)R

+cR*P <][ (s + |Du|) 7+ dx
Br

Proof: By Definition 1.1, there are functions f; € W12 (Bg) N L'(Bg)
with f; = p weakly* in My(Bg) and solutions u; € WYP(Bg) of the
obstacle problems (1.7) with u; — w in the sense of (1.8), as i — oo.
We begin by considering the case p > 2 — %, which is equivalent to
(p—1)-5 > 1. In this case, the convergence (1.8) includes in particular
the convergence u; — u in W11(Bg). Moreover, the weak*-convergence
fi = pin M,(BgR) implies

timsup [ || de < |4 (Br).
71— 00 Br

Therefore, the claim (3.9) follows by applying the comparison estimates

from Lemma 3.2 to the solutions u; of the regularized problems and

passing to the limit ¢ — oco. For the proof of the last claim (3.10), we

note that for exponents with nz—j:l < p < 2, the convergence (1.8) implies

in particular u; — u in L'(Bpg) and

/ |Du; — Du| 7+ dx — 0,
Br

as i — 0o, since the assumption p > 7%2 implies 1 < (p — 1)%_17 and

7 < (p—1);%5. Thus, the last asserted estimate follows from the

estimate (3.4) for u; by passing to the limit. O

3.2. Comparison estimates at the level of the growth exponent.

The proof of the potential estimates also contains some estimates
involving LP-norms of the gradients of solutions. These will be matched
with the comparison estimates on L'-level from the preceding paragraph
by the following reverse Holder inequality.
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Lemma 3.4. Assume that w € WYP(Bgr) with w > 1 a. e. on Bg solves
the variational inequality

/ a(m,Dw).D(v—w)de/ |FIP2F - D(v —w)dx
BR BR

for all comparison functions v € w + W&m(BR) with v > 1 a. e. on Bg,
where the assumptions (1.4) and (1.5) are valid for a growth expo-
nent p > 1. Then, the solution satisfies the reverse Hélder inequality

][ \Dw|? dz < ¢ <][ Dw’"dx) T c][ 1+ DY + |F|P de
Br/2 Br Br

for every exponent r € (0,p), with a constant ¢ = ¢(n,p,r,v, L).

Proof: For arbitrary radii ¢ and p with % < 0 < 9 < R, we choose a
cut-off function ¢ € C§°(By, [0,1]) with ( = 1 on B, and [Dy| < 222
on B,. We define a comparison function

vi=w+P Y= (1Y), —(w—(w),)] = (1=CP)w+PP+CP[(w)o— () o] = ¥
The obstacle constraint v > 1 is satisfied since w > 1 and (w)g >

(1), and moreover we have v € w + Wy?(Bg). The function v is thus
admissible in the variational inequality for w, from which we obtain

0< /B la(z, Dw) — |[F|P72F] - D(C* (¢ — (), — w + (w),)) dx

=— | (Pa(z,Dw) - Dw — CP|F|P2F - Dwdx
Br

_ p—2
+/BR la(z, Dw) — |F|P~*F]

x [¢PDY +plPTIDC @ (b — (¥) — w + (w),)] da.

By means of the assumptions (1.4) and (1.5) on a(z, ) and the properties
of ¢, we deduce

¢*(s + | Dwl)*? Duwf? do
Br
<cf @IDul+ PP |Dulds
BQ

e[ [ puly 4 B
Br

dx.

% {|Dw + |¢g— ()] + lw — (W),

-0 o—0o
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From this we infer by Young’s inequality

1
CP|DwP dx < 7][ CP|Dw|? dx
Br 2 Br
p

w— (w), de.

o—0o

+c][ 1+|pr+|F|p+‘

B,

¥ = @)
4

— 0

p

Here, in the case p < 2 we distinguished between the cases | Dw| < s and
|Dw| > s in order to estimate |Dw|P < 1+227P(s+ |Dw|)P~?|Dw|?. Re-
absorbing the first term on the right-hand side of the preceding estimate
and applying the Poincaré-Sobolev inequality, we arrive at

P
]Z |prd:c§c< ¢ >
B, 0—0
ntp
x ][ 1+Dz/)|p+dex+<][ |Dw|$iadgc>
B B,

o

For the estimate of the last integral, we interpolate the L+7 -norm
of |Dw|" between the LP/"- and the L'-norm and apply Young’s in-
equality, which leads us to

n+p

0 P p n
c( ) ][ | Dw|™+7 dx
0—0 B,
1 0 nt
< 7][ |prdx+c<> ][
2 B, e—0 B

Joining the last two estimates, we deduce

P
r

|Dwl|" dac)

[+

1 R \"7 ;
][ |Dw|P dx < 7][ |Dw|pdx+c( ) (][ |Dw|’“dm)
B, 2 B, 0—0 Br
R p
+c<> ][ 1+ |Dy|P + |F|P dz.
0—0 Br

Applying Lemma 2.2, we absorb the first term on the right-hand side,
which proves the claim. O

Clearly, an analogous statement holds for solutions of an obstacle-free
problem:
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Lemma 3.5. Let w € WYP(BR) be a weak solution to the elliptic equa-
tion

—diva(z, Du) = —div(|F|P"2F) on Bg,

where the assumptions (1.4) and (1.5) are in force. Then, for an arbi-
trary r € (0,p) and a constant ¢ = ¢(n, p,r,v, L), the following estimate

holds.
P
][ |Dw|pd:c§c<][ |Dw|’"dx) +c][ 1+ |F|P dx.
Br/2 Br Br

Proof: We test the equation with ¢ := (P(w — (w),), where ¢ € C§°(B,)
is a cut-off function as in the preceding proof. The remainder of the
proof is analogous to the preceding one, with the only difference that all
terms involving v can be omitted. O

Lemma 3.6. Under the assumptions (1.4) and (1.5), we assume that
u € WYP(BR) with u > v a. e. is a solution of the variational inequality

(3.11) /B a(x, Du) - D(v — u) de/ |FIP~2F - D(v — u) dx

Br

for all comparison functions v € u + Wol’p(BR) with v > 1 a. e., and let
w € u+ W,y P(Bg) be the weak solution to the elliptic equation

(3.12) —diva(z, Dw) = —diva(z, DY) on Bg.
Then, with a constant ¢ depending at most on p, v and L, the bound
][ |Du — Dw|? dz < c][ 1+ |Dy|P + |F|P dx
Br Br
holds true in the case p > 2, while for 1 < p < 2, we have the estimate

][ |Du — Dw|? dx < c][ 1+ |Dy|P + |F|P dx
Br

Br

2—p
—|—c<][ 1—|—|Du|pdx>
Br

p—1
><<][ 1+|D¢|p+|F|pda:) .
Br
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Proof: We use v := w as comparison function in the variational in-
equality (3.11). This is possible because the comparison principle from
Lemma 2.1 guarantees w > v a.e. on Br. Moreover, we test the equa-
tion (3.12) with w — u € W, (Bg). This leads us to

]l [a(x, Dw) — a(x, Du)] - D(w — u) dx
Br

< ]éR la(z, Dv) — |FIP~2F] - D(w — ) da.

Estimating the left-hand side from below by the monotonicity assump-
tion (1.4) and the right-hand side from above by (1.5) and Holder’s
inequality, we deduce

(s + |Du| + |Dw|)?~?|Du — Dw|? dz
Br
(3.13)

§c<][ 1+|D¢|p+|F|pd:c> ’ <][ Du—Dw|pdx)p
Br Br

with a constant ¢ = ¢(p,v, L). In the case p > 2, we can absorb the
last factor into the left-hand side, which readily yields the claim. For
exponents p < 2 however, we estimate

%
][ |Du—Dw|pdx§c<][ (s—|—|Du|—|—|Dw|)p2Du—Dw2dz>
Br Br

2—p

p—1

2

X (][ 1+ |Du|? 4+ |Du — Dw|? dx)
Br

§c(][ 1+|D1/J|”+|F|pdx)
Br
1 2-p
2 2
><<][ |Du—Dw|pdx> <][ 1+|Dupdx)
BR BR

p—1
be <][ L+ Dy + |F|pdx>
Br

X <][ |Du—Dw|pdx> ;
Br

where we applied the estimate (3.13) in the last step. We bound the
right-hand side by Young’s inequality, once with the exponent 2, and
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once with exponents p%l and ﬁ. This gives

1
][ \Du—Dw\pda:Sf][ |Du — Dw|? dx + c][ 1+ |Dy|P + |F|P dx

p—1 2—p
+c<][ 1+|D¢P+|F|de> <][ 1+|Du|pdx> .
BR BR

Here, we can absorb the first integral on the right-hand side in order to
derive the claim in the case p < 2. O

Finally, we have a similar result for the comparison of two equations.

Lemma 3.7. We assume that (1.4) and (1.5) are in force and that
u € WYP(BR) is a weak solution of the elliptic equation

(3.14) —diva(z, Du) = —diva(z,Dy) on Bg

and that w € u+ Wol’p(BR) weakly solves the corresponding homogeneous
equation

—diva(z, Dw) =0 on Bg.
Then, for p > 2 we have
][ |Du — Dw|? dz < c][ 1+ |Dy|P dx
BR BR
with a constant ¢ = c(n,p,v, L), while for 1 < p < 2, we can estimate

][ |Du—Dw|pdac§c][ |DY|P dx
Br

Br

2—p p—1
+c<][ 1+Du|pdx> (f 1+|Dwd;c) .
BR BR

We omit the proof because it is analogous to the proof of the preceding
Lemma 3.6.

4. Zero order estimates by potentials

4.1. Decay estimates for a zero order excess.

We begin with the following decay estimate at L'-level for solutions
of homogeneous equations, which follows from classical theory.



348 C. SCHEVEN

Lemma 4.1. Consider a solution u € WYP(Bg) of the elliptic equation
(4.1) —diva(z,Du) =0 on Bg,

where 0 < R < 1, and where the assumptions (1.4) and (1.5) are in
force. Then the solution satisfies the decay estimate

B
Ql_"/ |Du|dx < ¢ (£> ][ lu — (u)g|dx + cR?
B, R Br

for all radii o € (0, %]. Here, the constants B € (0,1) and ¢ > 1 depend
only onn, p, v and L.

Proof: The standard DeGiorgi-Nash-Moser theory (see [15, Theorem 7.7])
yields the excess decay estimate

_ oNPB
(4.2) o "/ |Du|P dx < ¢ (—) R? ”/ |Dul? dz 4 cRP?
B, R Br/2
for all radii o € (0, %], where 8 € (0,1) and ¢ > 1 depend only on n,
p, v and L. Moreover, testing the equation (4.1) with ¢P(u — (u)g),
where ¢ denotes a suitable cut-off function, standard estimates yield the
well-known Caccioppoli inequality

(4.3) ][ |Dul? dx < c][ 1+
B B

o e

p

u—(u)g de

0— 0

for all radii o, o with % <o < 0 < R (cf. also the proof of Lemma 3.4).
We let p# := +% in the case p < n and choose p# arbitrarily with
p# > pif p > n. Then, we interpolate the LP-norm appearing in the pre-
ceding estimate between the L'- and the LP" -norms and apply Young’s
inequality in order to derive the estimate

fle - (G5)
<s(f,
() (. 2]

for any k € (0,1), with an exponent v > p, depending only on n and p,
and a constant ¢, depending additionally on x. By the Minkowski and

u—(u)g P

u—(u)r
o—0 R

e
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the Poincaré-Sobolev inequality, we have

(F, [l o)< (4
gc(][B

Joining the last two estimates and keeping in mind that p € [%, R], we

deduce
p R\ _ p
dSUSIiC][ |Du|pdx+c,.;<> (][ 7|u ()R] dm) .
B 0—0o Br R

f, Q

In view of (4.3), we have thereby established the bound
|DulP dz < ke ][

Y _ p
][ | DulP dz+c, ( R ) <][ [u— (W)r| d;v) +e
B B, 0—0 Bgr R

for all % < 0 < p < R. Choosing x € (0,1) sufficiently small to
guarantee k¢ < %, we can absorb the first integral on the right-hand side

with the help of Lemma 2.2. This leads us to
P
d:c) .

]l |Du|pdx§c<1+][
Br/2 Br
Plugging this into (4.2), we arrive at
B 0\ P8 P 5
o " \Du|pdw§c<—) R+ |lu— (u)r|dx ] + cRP
B, R Br
for all p € (0, %] From this we derive the claim by bounding the left-

hand side from below by Holder’s inequality and keeping in mind that
R<1. O

u— (u)r

e

%
|Du”daz> +][ lu= Wl 4,
. R

e e

u—(u)R
0—0

o

u—(u)g

Before stating the excess decay estimates for the solutions to obstacle
problems, we introduce the abbreviation

(4.4) W(Br (o)) :—/B( DU P

for all zp € Q and 0 < R < dist(xg,02). With this notation, our result
reads as follows.
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Lemma 4.2. Let u € L'(Q) with u > 1 a. e. be a limit of approzimating
solutions for OP(v; u, F') with measure data p € My(€Q) and divergence
term given by F € LP(Q,R"™), as in Definition 1.1. Here, we assume
o 2
that the conditions (1.4) and (1.5) hold for a growth exponent p > =4
Furthermore, we consider balls B,(x9) C Bprsa(zo) C Br(zo) C Q.

Then we have the following excess decay estimates:

][ lt — () o
Bg(zo)

4 ’8][ 3
<cl= |u — (w)zo,r| dx + cR
(4.5) (R) B (o) 0

o) M

|u<BR<xo>>] L {@(BR@O))} ’
for p > 2, while for exponents

Rr—p Rr—p

2n

71 <p <2, we have

(4.6)
14+
][ [u = (W)gy,0l dx + 0 ][ \Du|"nﬁ dx
By (z0) By(z0)
B
Sc(£> ][ lu — () gy.r| dx + cRP
R/ JBr(xo)

o) {[ME e

Rn—p
(1+3)(2-p)
+cR*P 1+ ][ | Du|=+T dx
Br(zo)

o <|M(}€w) N [\D(]I;f(io))}‘“?>

Here, 8 € (0,1) and ¢ > 1 denote constants that depend at most on n,
p, v and L.

Proof: We will prove the claim by a comparison argument consisting of
the following steps.
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Step 1: Comparison with the obstacle problem without measure data.
/ a(x, Dwy) - D(v — w;) dx
Br

for all v € K,,(Br),
> / |FIP72F - D(v —wy) dz
Br

(4.7)
wy > Y a.e. on Bg,
w; =u on 0Bg,
where the space of comparison maps is given by K, (Bg) := {U € u-+

Wy P(Bg) :v > a. e.}.

Step 2: Comparison with the obstacle-free problem.

{— diva(z, Dwy) = —diva(z, D) on B/

We = W1 on 3BR/2.
Step 3: Comparison with the homogeneous elliptic equation.

—diva(x,Dw3) =0 on B
(4.8) { ( 3) R/2

w3z = W1 on OBpg/s.

The existence of the solutions to these comparison maps is guaranteed
by classical results, see e.g. [27]. Next, we will give the comparison
estimates for the three steps listed above.

Step 1: Transition to a problem without measure data. We apply Corol-
lary 3.3 in order to obtain a comparison estimate for v — w;. In the
case p > 2, the mentioned corollary in combination with the Poincaré
inequality yields

1

B

(4.9) ][ |u—w1|dx§cR][ Du—Dwﬂdec[ —
Br Br Rrop
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In the case n2TT-l1 < p < 2, however, the same corollary yields, with the

. L
abbreviation r := o

1
][ |u—w1|dfc—|—R<][ Du—Dw1|Td:c>
BR BR

1 2 (Ba
Br

Rn—p
1 1
p—1 ™
} +cR <][ 1+ |Du|" dm) ,
Br

with constants c=c¢(n, p, v), where the last estimate follows from Young’s
inequality with exponents —— and ——. As a consequence of the pre-

n—

=

2—p p—1
ceding inequality (4.11), we obtain the following estimate for Dw;, for
the case f—fl <p<2.

Y Br) " Y\
(4.12) R (][ | Dwq|" dm) <c {|M§1R)] +cR (][ 1+|Dul” dx) .
Br Rn—P Br

For this estimate, we used the elementary inequality (a+b)" < 2" (a"+b")
that holds for all a,b > 0 and r > 0. Moreover, according to Lemma 3.4
we have the following reverse Holder inequality for the solution w; of the
problem (4.7).

P
]l |Dw1|pdx§c<][ |Dw1|rd9:) Jrc][ 1+ |Dy)P 4+ |F|P dx.
Br/2 Br Br

In view of estimate (4.12), this implies that in the case f—fl <p<2we
have
Rp][ | Dw|P dx < ¢RP <][ 1+ |Dul" dz)
Bry2 Br
(4.13)

Wl(Br)7" . W(Bg)
—1—0[ Rnp +c R
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Step 2: Removing the obstacle. The Comparison Lemma 3.6 gives the

estimate
1
][ |wy —waldx < cR <][ |Dwy — Dws|? d;v)
Bry» Brya
1
(4.14) <cR <][ 14 | D[P + dex>
Bry2
1
<. [‘I’(BR)] v
< Rip

in the case p > 2. For exponents n2TT-l1 < p < 2 however, the same lemma,
combined with Poincaré’s and Holder’s inequality, yields the estimate

1

][ |wy —ws|dx + R ][ |Dwy — Dws|" dx
Brja Bry2
2-p

1 m p=1
. [\II(BR)] te Rp][ |+ |Dwy [P da [‘II(BR)] .
Rn—P Brs Rn—P

Estimating the right-hand side with the help of (4.13), we arrive at

1

][ |w1—w2dm+R<][ |Dw1—Dw2|de>
Brys Brya

(4.15) <C[M]A+C[W(BR)F

Rn—p

R-r
L
+ cR*7P <][ 1+ |Dul” daz) [ ( R)] ,
Br Rn—p
1

where we additionally applied Young’s inequality with exponents >

and —. Combining this with the energy estimate (4.12), we deduce

1
e

R<][ |Dw2|Td:r> < cR <][ 1+|Du|rdx>
(4.16) Bry2 br

o [E) (2B
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where we applied Young’s inequality once more. Furthermore, we note
that according to Lemma 3.5, the map ws satisfies the reverse Holder
inequality

p

Rp][ Dw2|pdm§cRp<][ |Dwgrdm>T—|— cR”][ 1+|Dy|? dx
Br/2 Br Br

(4.17) gcRP(][ 1+ |Du|’”dx) '
Br

where we applied (4.16) for the last estimate.

Step 3: Transition to a homogeneous equation. According to Lemma 3.7
and Poincaré’s inequality, we have the following comparison estimate for
the case p > 2.

" [W(Bg)¥
(4.18) ][ |we —ws|dz< cR ][ 14 |[Dy|Pdx ] <c [ ( R)] .
Bry/2 Br/> Rn—p

In the case nz—fQ < p < 2, Lemma 3.7 combined with Poincaré’s and

Holder’s inequalities yields

1
T

][ |w2—w3dx—|—R<][ |Dw2—Dw3|Tda:>
Bry2 Br/2

U(Bg) 7 u V(Br) 7
Sc[ Rnp] +c<RP]éR/21+IDw2|pdx> {R"p

<o) e )

2—p p—1

+CcR*P ][ L4 | Dufdz) | | BRI
Br Rr—rp
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For the last step, we applied (4.17) and Young’s inequality with expo-

nents 2# and
-p p—1

Final step: Proof of the excess decay estimate. Joining the estimates (4.9),
(4.14) and (4.18), we infer in the case p > 2

W@ | [¥Br]7
(4.20) ]{BR/z lu —ws|dx <c [ Tnp +c Rop |

Similarly, in the case f—fl < p < 2, we combine the estimates (4.10),

(4.15) and (4.19) in order to deduce the bound

][ |u—w3|da:+R<][ |Du—Dw3|rdm>
Bry2 Brys

(4.21) <ec P/‘(BR)] o +c P(BR)F

Sl

Rn—p

~ C N (11l(Br) | [®(Br)T
seten (oo r)” (2 [ 7).

Next, we exploit the fact that w3 weakly solves the homogeneous equa-
tion (4.8), so that by the DeGiorgi-Nash-Moser theory in the form stated
in Lemma 4.1, it satisfies the excess decay estimate

ﬁgws—(w3)9|d$+9<]{3

(4.22) gcgl_"/ | Dws| dx
B

e

=

| Dws|" dm)
0\" 8

< = _

- C(R) ]{312/2 |w3 (w3)R/2|dx+CR

for all ¢ € (0, £], where the exponent 3 € (0,1) and the constant ¢ both
depend only on n, p, v and L. From this we infer the analogous decay
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estimate for u as follows. For all radii ¢ € (0, %], we estimate

£ lu=ylds

e

§][ |w37(w3)g|dw+2][ |lu — ws| dx
B

e BQ

2)? 5 R\"
<c(2 71 - dr + cR il 71 ~ws|d
_C(R) BR/2 |w3 (w3)3/2| vre +C(g> Br |u w3| !

9 B R
< — — — — .
C(R) ZZ |u — (u)g| dx + cR +c( ) ZZ |lu — ws| dx

From this we deduce the claim (4.5) in the case p > 2 by estimating the

last integral by (4.20). In the case f—fl < p < 2, we can analogously

estimate the last integral by (4.21) in order to bound the first term on the
left-hand side of the claimed estimate (4.6). However, we additionally
need to control the integrals of |Du|". For this we apply (4.22) in order

to deduce

1 1

0 <][ |Du|’“dm> <cp <][ |Dw3rd$c) +co (][
B, B B

4 B 8
<clE _
=¢ (R) ]ém hes = (ws) ol o+ e

R\ ’
+c () R <][ |Du — Dws|” dx)
0 Br/a

AN _ 8
SC(R) ]{3R|u (u)r|dz + cR

+c(é)ﬂ]€3m2|u—w3d$

+C<R) R ][ |Du — Dws|"dz | .
e Br/2

Estimating the last two integrals by (4.21), we derive the remaining part
of the claim (4.6) and thereby conclude the proof of the lemma. O

| Du— Dws|" dm)

e e
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4.2. Pointwise estimates for solutions in terms of potentials.

We continue to use the notations W', for the Wolff potential and
I for the Riesz potential as defined in (1.2), respectively in (2.6), and
furthermore we use the abbreviation ¥ as introduced in (4.4). With
these notations, the zero order potential estimate reads as follows.

Theorem 4.3. There is a constant ¢ = ¢(n,p,v,L) > 1 such that the
following holds. Under the assumptions (1.4) and (1.5), we assume that
w is a limit of approrimating solutions to OP(¢;u, F), with measure
data 1 € Mp(Q) and divergence term given by F € LP(Q,R™), ¢f. Defi-
nition 1.1. Then, in the case p > 2 the following estimate holds true.

R 1
v(B ? d
[u(zo)l < c Lt Juldo+ cWE (w0, R) +c [ | Y Bel@)) |7 do
1,p n—p
Br(zo) 0 0 0

in every Lebesgue point xo €Q of u and any 0 < R<min{1, dist(zq, 9Q)}.
In the case f—fl < p < 2, however, we have the bound

|u(zo)| < c][ 1+ |u|dz+cR ][ | Du| 751 dx
BR(fI:g) BR(-TO)

1+1

n

(4.23)
R 1
Y (By(x0)) | ¥ de
+ WY (29, R +c/ [Q —.
1717( ) 0 gnfp 0
Moreover, for n2-|7-11 < p < 2 the following Morrey type estimate holds:

(4.24)

14+
o ][ Dl da gc][ 1+ Ju] de
0<o<R B,(z0) Br(zo)

1++
+cR ]l | Du| 7+ da
BR(I())

+ CWip(xo, R)

. /OR {‘I’(Bg(ﬂfo))} > do

onr 1%
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Remark 4.4. We point out that in the case p < 2, we can replace the
nonlinear Wolff potential Wf,p appearing in the estimate by a power of
the linear Riesz potential I because of the estimate

Wip(‘r()a R) < [ (’1207 QR)}

that holds for every =g € Q and 0 < R < 3 dist(zg, Q2), provided p < 2.
This is a consequence of an elementary inequality for infinite sums, see
e.g. [35, Lemma 2.4].

Proof: We fix a Lebesgue point xy € €2 of u and choose a parameter § €

(0,4) so small that

(4.25) chP <

where ¢ > 1 and 8 € (0, 1) denote the constants determined in Lemma 4.2.
In particular, this choice of # can be made only in dependence on the
data n, p, v, and L. With such a choice of 6, we let R, := #°R and
By := Bp, () for every ¢ € IN. For notational convenience, we introduce
the abbreviations

®(0) ==

onP onTP

Iul(Bg(wo))] a P(Bg(xo»r

for every g € (0, R]. We begin with the elementary estimate

‘(U)Bn1+l = B2| + Z| U)Bpy1 — Be|

1
<@, ( Iudx+wg]iz\u—<u)32\d$

r(zo0)

(4.26)

that holds for every m € IN. The remaining part of the proof will be
given separately for the cases p > 2 and p < 2.

Case 1: p > 2. In the last sum of (4.26), we can estimate each term by
means of the excess decay estimate (4.5) from Lemma 4.2. In view of
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our choice of § according to (4.25), this yields

m 1m71

u— (u der < — u— (u dx
;]{%r ()| 2;]{%! ()|
m—1 m—
¢ R giZ
=1 =1
m
Z][ ’u— ledx
=2

<

l\DM—t

m—1
—|—c][ ful o+ cRP + ¢ 3 &(Ry)
Br(zo) =1

Here, we can absorb the first term on the right-hand side, while the last
sum can be estimated by the corresponding integral with the help of
Lemma 2.3. In this way, we deduce

Z |u— (u)p,|dz < c |u| dx + cR” + ¢ O(9)—
=2/ Be Br(wo) 0 e

for all m € IN. Plugging this into (4.26), we arrive at

8 RN
‘( an+1‘ <C |u‘dl‘+CR +C (I)(Q)i
Br(zo) 0 0

for all m € IN. Since zy was chosen as a Lebesgue point of u, letting
m — oo yields the claim.

Case 2: f—fl < p < 2. The main difference in this case is that we

additionally have to control integrals of |Du|", where r := T, since
these terms appear on the right-hand side of the excess decay estimate.
Therefore, we iterate the excess decay estimate (4.6) from Lemma 4.2 in

the following way, keeping in mind the choice of 0 in (4.25).

é]ij“‘(“)mﬂx—ki Ry (]iz|Du|Td:c>7

%Z][]u— Be’dx—kaRﬁ—ka(I)Rg

2-p
I

m—1
+ec Z R;P (1 + ]{3 | Du|" da:) O(Re)P1
(=1 £
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Applying Young’s inequality with exponents 5— and 7 to each term
of the last sum, we get

P

m—1 s
cY RyP (1 + ]{3 |Dqux> B(R,)P 1
(=1 £

m—1

%mX: <][Be|Durdx> +cZR5+cZ (Re).

Joining the last two estimates, we arrive at

2][ |u—(u)B£‘dac+Z Ry <][ |Du|de)r
¢=2 "B (=2 By

1 & 1 & .o\ "
<2;—;]{Bé|“—(u)3e|d$+2;1ﬁ (]{BZ |Dul dx)

1
™ m—1
—|—c][ |u\dac—|—cR][ |Du|" dx —i—cRﬁ—i—cZ
BR(Zto) BR(mO)

{=1

Here, the second last line can be absorbed into the left-hand side, and
the last sum can be estimated by means of Lemma 2.3. In this fashion,
we deduce

m 1

Z][ |u— (u Bg‘dx—kz Rz(f |Durdx>r

T

(4.27) < c][ |ul dz
Br(zo)
do

R
+cR ][ |Du|" dx —i—cRﬂ—i—c/ D(o)—.
Br(zo) 0 0

Combining this with (4.26), we infer

1

v R
d
|(u) m+1|<c][ |u| dx+cR ][ |Du|" dx +cR'B+c/ @(g)—g.
Br(zo) Br(zo) 0 Y
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Keeping in mind that R < 1 and that zy € €2 was chOben as a Lebesgue
point of u, we infer the claim (4.23) for the case < p < 2 by letting
m — oo. Furthermore, we infer from (4.27)

1
sup Ry (][ |Du|’”da:> < c][ 1+ |u|dex
LeN By Br(zo)

1
o\ N

+cR |Du|"dx | +¢ d(0)—,
Br(zo) 0 0

which implies the last claim (4.24). The proof is complete. O

7+1

Combining the potential estimates from the preceding theorem with-
the Lorentz space estimates from Section 2, we infer the following Lorentz
space estimates for solutions.

Corollary 4.5. Suppose that u € L'(Q) is a limit of approzimating
solutions of OP(y; u, F) —where the assumptions (1.4) and (1.5) are
in force for a growth exponent p € (nz—]:l,n)— and let 1 < r < % and
max{1, 27} <t < oo.

(i) (Estimates above the duality exponent): In the case r > (p*) =

Py the assumptions

peL(rt) and |FIP',|DylP~" e L( nr t)

n—r’

imply [ulP~! € L(:2 el t)(Q) for every Q' € Q and the correspond-
g estimate

(4:28) ([0l ey S © {1+ llullz + [Dul 2

HIEP ] ey + me-lnL(%,ﬂ}

with a constant ¢ = c(n, p, v, L,dist(Y,00Q)), where the term

[Du] = (/ |Du| 75 d:p) o

can be omitted in the case p > 2.
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(i) (Estimates below the duality exponent): If r < (p*)’, under the
general assumption F Dy € LP(Q,R") the condition p € L(r,t)
implies |ulP~1 € L(=22- )(Q) for every Q' € Q and

n— pr’

(429) el [ asyay < (T Ilullzr + [Du) 2y

—1 —1
+IFIL, + 1DvlE ),
with ¢ = ¢(n, p, v, L, ||, dist (€', 0€2)). Again, the term [Du]_»_ is
superfluous for p > 2.

Proof: We start with the case p > 2. From Theorem 4.3 we infer the
estimate

u(zo)| < c(1+ R ufl L + WY (20, R))

(4:30) B /OR LX) P (106 Bt 7 do

onP onP 0
for every o €€ and 0 < R<min{1, dist(Q', 9Q)}, where ¢ = ¢(n, p,v, L).
For the estimate of the Wolff potential of u, we use the bound (2.7)
withd =1, v=p, ¢= =5 <1 and s = ¢, which yields
Wi, (- ||L("'<P Doap-1) S ”'U’HL(rt
For the estimate of the integral in (4.30) we proceed differently depending
on whether r is larger or smaller than the duality exponent (p*)’. In the

first case, we have - > p', which enables us to apply (2.7) with the
(p 1)

choices 7 = =L 0 > 1 5 =
p n—r
function F', with the result

i)

dfp,’yfpandqf to the

;t(p—1))

< C||F||L(m~(;f1)
L2l (p—1)) ’

—CH|F|p 1“ LT t)

At this stage we note that formally, the estimate (2.7) is only apphcable
if £ > p/, but in view of the quasilinearity of the integral on the left-hand
side, the Marcinkiewicz interpolation theorem yields the preceding esti-
mate for all ¢ > 1. The same estimate as above holds for the function Dy
instead of F. This concludes the proof of (4.28) in the case p > 2.

In the case of exponents r < (p*)’, however, we apply the borderline
estimate (2.8) with the parameters d = p, ¥ = p and ¢ = -, with the
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/OR {Flpg(ﬁiﬂ))} » df

!/

result

< c|Fllur.
L(-E c0)

n—p

Since the assumption r < (p*)’ is equivalent to
exploit the continuous embedding

with the result
/R {wwwr do
0

onP Y

nr(p—1) <

, We can
n—pr n—p

< Q)| F| e,
(=D 4 (p—1)) ()

n—pr

with a constant ¢(QY') = ¢(n,p,r,v, L,|Q]). The same estimate holds
for D4 instead of F', which concludes the proof of (4.29) in the case p > 2.

The proof in the case p < 2 is similar. Here, Theorem 4.3 implies by
Remark 4.4 that

[u(eo)l < 1+ R ullps + R™"[Dul s, + [Ly(ao, 2R)] 77

n+1

e /R {IFIP(BQ(W)} ", [pr(B@(xo))}

P P

T =

do
=
The last integral can be estimated in the same way as for p > 2, while
for the Riesz potential, we apply the bound (2.7) in the cased =1,y =p
and ¢ = 1, which yields

|‘Ig($0’2R)HL(nf—;T,t) < dllpllLae-

This completes the proof of the corollary. O

4.3. Continuity of solutions.

Based on the excess decay estimates from Section 4.1 and the potential
estimates from Section 4.2, we are now able to provide conditions on
the data that imply boundedness or even continuity of the solutions to
obstacle problems with measure data pu € M;(€2). This is the subject of
the following theorem.

Theorem 4.6. We assume that for a growth exponent p > nz—fl, the
conditions (1.4) and (1.5) are satisfied for a structure function a: € x
R™ — R™. We consider a limit of approzimating solutions u € L'(Q)
with w > 1 of the obstacle problem OP(¢; u, F') with measure data p €
Mp(Q), divergence term given by F' € LP(Q,R™), and an obstacle func-

tion ¢ € WHP(Q).
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(i) If for every subdomain Q' € Q, the data satisfy

1

R v

d

(4.31) sup W’f’p(xo,R)—l—/ ol e
xo€Q/ 0 1%

QP*"/ DY+ |FIP da
By (z0)

for some 0 < R < dist(€,9Q) then we have u € LS. ().

loc

(i) Assume that additionally to the assumption in (i), we have

(132) L sup " |[ul(Byw) + [ DU+ PP do| =0,
o0 xo€EQ By (z0)
for every subdomain Q' € Q. Then we have u € VMOj.(Q) N
Lis.(62).
(iii) If for every subdomain ' € ), the property
5 »
4.33) lim sup{ W% (xo, R +/ gp_”/ Dy|P+|F|Pdx| — =0
(433) Jim sup AW oo, )+ [0 f D ippas|

is satisfied, then u € C _(Q).

In view of the implication (2.9), we infer in particular a sufficient
condition for continuity in terms of Lorentz spaces.

Corollary 4.7. For a growth exponent p € (f—fl,n), we assume that
(1.4) and (1.5) are in force and that u € L*(Q) is a limit of approzimat-
ing solutions to OP(¢; p, F') with measure data p € My(Q), divergence
term given by F € LP(Q,R"), and an obstacle function ¢p € WHP(Q).

Then the conditions
pel (s t) and [DYL|F|€ Lin,1)

imply u € CP ().

loc
Proof of the theorem: We fix an arbitrary subdomain ' € € and choose

another subdomain "’ with Q' € Q" € Q. The proof is divided into
three steps, corresponding to the three statements of the theorem.

Step 1: Local boundedness. We use the assumption (4.31) on the sub-
domain Q" in order to infer from Theorem 4.3 that

(4.34) My := sup |u(y)| < oo.
yeQ

Since Q' C Q was chosen arbitrarily and Q” > €', this implies the
claim u € L () and thus concludes the proof of part (i) of the theorem.

loc
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Moreover, we infer from estimate (4.24) in Theorem 4.3 that

(4.35) M; :=sup sup o ][ |Du|"dx | < oo
0>0 yeQ’ B, (y)NQ

holds in the case nz—fl < p < 2, where we abbreviated r := HLH

Step 2: VMO-regularity. We claim that

(4.36) V(R):= sup sup ][ |t — (w)y,oldr — 0 as R\,0,
0<o<RyeQ JB,(y)

which implies the claim u € VMO),.(£2) in view of the arbitrariness
of ' € Q. For the proof of the claim (4.36), we fix an arbitrary € > 0.
For a radius 0 < Ry < min{1, dist(Q’, 2\ @)} to be chosen small later,
we let

(4.37) 6(Rg):= sup supo’ "

l(Bo(y)) + / DYJ? + |FIP de
0< o< Ry yeY

Bo(y)

)

noting that by assumption (4.32), the value of § > 0 can be made arbi-
trarily small by choosing Ry > 0 appropriately, and we assume without
loss of generality that § < 1.

Case 1: p > 2. Because of (4.34) and (4.37), the excess decay estimate
from Lemma 4.2 implies

B =

ﬂ n
(4.38) ][ lu— (u)y.,] dz < ¢ (ﬁ) Mo+ cRE + ¢ (R> 5(Ro)
By(y) R 0

for all y € ', R < Ry and o € (0, %). Here, the constant 8 € (0,1) ap-
pearing in the above estimate is determined by Lemma 4.2 in dependence
on n, p, v and L, and the constant ¢ depends on the same data. We want
to apply the preceding bound for a radius ¢ := 6R, where 0 € (0, %)
By choosing first 6 € (0, %) and then 0 < Ry < min{1,dist(€’,Q\ Q”)}
sufficiently small, we can ensure

cHP My < % and cRg +697"6(R0)% < ;
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With these choices of parameters, we infer from (4.38) that

][ |lu— (u)yorldz <e
Bor(y)

holds for all R € (0, Ro) and all y € Q. By the definition of V in (4.36),
this implies V(6Rp) < e. Since € > 0 was chosen arbitrarily, this con-
cludes the proof of (4.36) and thereby of the claim (ii) in the case p > 2.

Case 2: nQ—fl < p < 2. In this case, we apply (4.35) additionally to (4.34)
and (4.37), in order to infer from the excess decay estimate in Lemma 4.2

that
daz—l—g<][ |Du7“dx)
B, (y)
p—1

Foohe-
B,(y)
6 ,3 R " 1 2—
SC(E) Mo +clo +c| 5 6(Ro)? + (14 M)~ P6(Ro) »

T

4

holds for all y € @', R < Ry and p € (0, £). Similarly as above, we can
now choose first § € (0, 1) and then 0 < Ry < min{1,dist(€',Q\ Q")}
small enough to guarantee

=

][ |u—(u)y79R\dx+9R][ Dul dz| <e
Bor(y) Bor(y)

for all y € @ and R € (0, Rp). This implies in particular V(R) < e
and therefore the claimed VMO-regularity u € VMO)o.(2). Moreover,
we deduce

(4.39) sup sup g ][ |Du|"dz | — 0 as R\,0
0<p<RyeY B, (y)

: 2n

in the case ;55 <p < 2.

Step 3: Continuity. For all y € Q' and 0 < ¢ < dist(y, dQ), we write

1l (B,())
on—P

_1 1
p—1 P

+

B(y, 0) = o /B DUl PP e
o\Y

We choose a parameter 6 € (0, %) small enough in order to achieve
(4.40) ch? <1,

where ¢>1and 8 € (0, 1) denote the constants determined in Lemma 4.2,
and abbreviate Ry := 6°R and By(y) := Bg,(y) for all £ € IN;. Our aim
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is to prove that (u)p,(,) is a uniform Cauchy sequence, which implies
that its limit u(y) depends continuously on y, as desired. To this end,
we estimate for any k,m € IN with £k <m

(4.41) |(w)p,, — Bh|<Z| U)B,,,— B[|_0n2][|u u), | dz.

For the remainder of the proof, we distinguish once more between the
cases p > 2 and p < 2.

Case 1: p > 2. We apply the excess decay estimate from Lemma 4.2 to
each term in the last sum of (4.41), which yields in view of our choice
of 6 in (4.40)

e Y R+ =Y @y R
=k

After absorbing the first term from the right-hand side, estimating the
last series by means of Lemma 2.3 and plugging the resulting estimate
into (4.41), we deduce

d

Ry _»2
0
|(WB,,, (s) = (WB, ()| < ][ lu—(u)B,_, (y)| da+cR}_+e /O P(y, 9)?

Br—1(y)

for all y € Q" and k < m in IN. Here, the first term on the right-hand side
vanishes in the limit k£, m — oo independently from y € ', because of
the local VMO-regularity established in step 2, while the last term con-
verges to zero uniformly in y € €/, according to assumption (4.33). We
deduce that (u)p,(y) is a uniform Cauchy sequence and thus converges
to a continuous limit map. But by Lebesgue’s differentiation theorem,
this limit map equals u(y) a. e., which implies the claimed continuity of
u in the case p > 2.



368 C. SCHEVEN

Case 2: =% < p < 2. In this case, the application of Lemma 4.2 yields

the estlmate
1

—1 m—1
Z]l |u—(u)B(|dx—|—ZRg <]l Du|7’dx)
=k / Be =k By

1 m—2
<52 lu-@alde
o=k Y Be
1 m—2 m—2
—|—§][ lu — (u)p,_,|dx + ¢ Z Rf Z D(y, Ry)
Br—1 t=k—1 S

D

m—2 =2
f X w7 (1 f purac) T e r
k—1 By

%. Applying Young’s inequality with exponents ﬁ and

where r :=
p—il to the terms of the last sum, we infer
m—1 1
Z |u— B,|dw+ZRg(][ |Du|Tda;>
=k By
1 m—1
<3 u— ()| do
o=k /B¢
1 m—1 1
+ < R, |Du|" dz:
2= B

r

1 m—2
+ -Ry_1 ][ |Dul"dz | +cR}_;+¢ > ®(y,Ry).
2 Br— t=k—1

Here, we can re-absorb the second line into the left-hand side. Note that
this is possible since |Du|” € L'(Q) holds for the range of exponents
p > ng—fl, see Remark 1.2. Estimating furthermore the last sum by
means of Lemma 2.3 and plugging the resulting estimate into (4.41), we
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arrive at
(@, = W < £ i sl de
Bi-1(y)
1
+ Ri_1 ][ |Du|" dx
Bi-1(y)

8 Ry _2 d 0

Tl +C/ (y,0)—

0 4
for all y € Q" and k < m in IN. Here, the first two integrals on the right-
hand side uniformly tend to zero as k — oo by the VMO-regularity
established in step 2, respectively by (4.39), and the last term in the
above estimate uniformly tends to zero because of our assumption (4.33).
This and Lebesgue’s differentiation theorem imply the uniform conver-
gence (u)p, (y) — u(y) as k — oo, which yields the claimed continuity
of u. O

4.4. Holder continuity.

Lemma 4.8. We consider a limit of approzimating solutions u € L' (Q)
to the obstacle problem OP(¢;u, F), where the assumptions (1.4) and
(1.5) are in force for a growth exponent p > nQ—fl and the data satisfy the
Morrey estimate

sup sup |0 " YPY|u|(B,(z0) N Q)
o€ 0<p<1

—i—gp_"_w/ |F|P 4+ |DyP dz| < oo
By (zo)NQ

for some v € (0,1) and every subdomain Q' € Q. Let 8 = B(n,p,v,L) €
(0,1) denote the exponent from Lemma 4.1. Then we have u € C&S(Q)
for every 0 < o < min{f,~v,v(p — 1)}.

Proof: We fix an arbitrary domain ' € Q and choose a domain Q" with
O e Q' €. For gp := min{l,dist(2”,0Q)}, we abbreviate

K:= sup sup o "
o€ 0<0<00

[|u|<Bg<xo>>r“+

onTP

W/ |F|P+Dw|pdx] ,
By (z0)
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which is finite by assumption. The zero order potential estimates from
Theorem 4.3 therefore imply the following bound in the case 22 < p < 2

n+1
1+
My := sup sup o ][ | Du|=+T dx
o€ 0<p<po Bg(wo)

1+
<e (IIqu + (/ | Dul dx) + K+ 1) < o0,
Q

We point out that the integral of |Du| 7T is finite for p > %, cf. Re-
mark 1.2. We define the excess functional

El(z0, 0) = ]{3 e (e
e{To

for every xg € Q' and 0 < g < go. Moreover, we fix a Holder exponent
0 < a < min{f,v,v(p — 1)} and choose a parameter § € (0,1) with
chP < 6%, where ¢ denotes the constant from Lemma 4.2. Applying this
lemma with radii R < g9 and ¢ = 0 R and keeping in mind the definitions
of My and K, we deduce

E(x9,0R) < 6°E(20, R) + ¢cR® + cR'K
in the case p > 2, while for f—fl < p < 2, the same lemma gives
E(x0,0R) < 0°E(x0,R) + ¢cR® 4+ ¢ RVK + ¢(1 + M;)>* P(RYK )P~ 1,

where here, ¢ = ¢(a,n,p,v, L). In both cases, we thus get an estimate
of the type

E(x0,0R) < 0°E(z¢, R) 4+ ¢R™{F7 (=1}

with é = é(n,p,v, L, o, v, , My, K). Since a < min{g,~,v(p — 1)}, the
repeated application of this estimate leads us to

E(z0,0R) < 0°*[E(20, R) + ¢
for all k € IN and zg € €, and finally

- (T\¢
][BT(:EO) ‘u - (U)m07r| dvse (E) [”u”Ll + 1] ’

In view of Campanato’s integral characterization of Holder continuous
functions, we established the desired Hélder continuity u € C%%(Y),
which completes the proof. O
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