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GRADIENT ESTIMATE IN ORLICZ SPACES FOR ELLIPTIC
OBSTACLE PROBLEMS WITH PARTIALLY BMO
NONLINEARITIES

SHUANG LIANG, SHENZHOU ZHENG

Communicated by Zhaosheng Feng

ABSTRACT. We prove a global Orlicz estimate for the gradient of weak solu-
tions to a class of nonlinear obstacle problems with partially regular nonlinear-
ities in nonsmooth domains. It is assumed that the nonlinearities are merely
measurable in one spatial variable and have sufficiently small BMO semi-norm
in the other variables, and the boundary of underlying domain is Reifenberg
flat.

1. INTRODUCTION

Throughout this paper, let Q be a bounded domain R"™ for n > 2 with the
non-smooth boundary specified later. Suppose that F = (f1, f2,..., f) is a given
measurable vectorial-valued function, and a = a(¢,z) : R® x  — R™ is assumed to
be a Carathéodory vectorial-valued function which is measurable in z € ) for each
¢ € R™ and Lipschitz continuous in £ € R™ for each x € ). Let ¢ be an obstacle
function with

Y e WH2(Q), and ¢ <0 on 9%
and recall an admissible set ICy, () by

Kyp(Q)={ve Wy2(Q) :v >4 a. e in Q}.

We devote this present article to study a global estimate in Orlicz spaces for the
gradient of weak solutions to the following variational inequalities with some weak
regular assumptions on the datum in the sense of distribution.

Definition 1.1. We say that u is a weak solution of variational inequalities (1.1),
if u € ICyp(2) satisfies

/(a(Du,m),D(ufv»d:E§/<F,D(u7v)> dx (1.1)
Q

Q
for all v € ICyp(£2).

2010 Mathematics Subject Classification. 35D30, 35K10.

Key words and phrases. Nonlinear elliptic obstacle problems; partially BMO nonlinearities;
Reifenberg flatness; Orlicz space; the Hardy-Littlewood maximal operator.

(©2018 Texas State University.

Submitted October 2, 2017. Published March 1, 2018.

1



2 S. LIANG, S. Z. ZHENG EJDE-2018/58

To ensure solvability in L?(Q) of (1.1), it is necessary to impose some basic
structural assumptions on the nolinearities with ellipticity and growth: there exist
two constants 0 < v < A < oo such that

(Dea(&, x)n-n) > vinf?,
|a(§; 2)| + [€][ Dea(s, z)| < Al¢]
for a.e. € Q and &, € R", where D¢ denotes the differentiation in § € R", and

(+,-) is the standard inner product in R™. Consequently, the condition (1.2]) readily
yields that

(1.2)

a(0,z) =0,
vIg = nl* < (a(&,2) —a(n,2),€ —n).

With (1.2) in hand, by the Minty-Browder argument then there exists a unique
weak solution u € A to the variational inequality (1.1]) with the usual L?-estimate

(1.3)

/ Dul? < c/(|F|2 + DY) da (1.4)
Q Q

with a positive constant ¢ = c(n, v, A).

Let us review some recent progresses related to our research. The regularity
on nonlinear elliptic problems under the weak regular datum is a classical and im-
portant topic in the aspect of partial differential equations. Indeed, the Calderén-
Zygmund theory is an extremely popular research to various elliptic and parabolic
equations with some minimal regular datum, see [4, Bl [7, [ 12| 18] 22]. In particu-
lar, the Calderén-Zygmund theory regarding elliptic problems with partially BMO
coefficients has been recently getting largely attention. As we know, Kim and
Krylov in [12] was first to obtain the Calderén-Zygmund theory to nondivergence
linear elliptic and parabolic equations with partially VMO coefficients. Then, this
study with partially regular coefficients was extended to divergence or nondiver-
gence linear elliptic and parabolic equations/system and linear equations of higher
order by Dong-Kim-Krylov, see [7, 8, ] etc. Later, Byun and Palagachev [3] also
deduced a global weighted LP-theory to linear elliptic problems with small par-
tially BMO coefficients over non-smooth domains via a rather different geometrical
approach. In particular, we would like to mentioned that Byun and Kim [4] very
recently attained the nonlinear Calderén-Zygmund theory to elliptic equations with
measurable nonlinearities in nonsmooth domains based on their usual geometrical
approach. In fact, this article is also motivated by Byun and Kim’s recent work.
We would like to remark that this partial BMO assumption is actually a sort of
minimal regular requirements on the coefficients for elliptic operators even for lin-
ear elliptic settings to ensure a satisfactory Calderén-Zygmund theory for all p > 1.
Indeed, this was verified by a famous counterexample due to Ural’tseva [19], where
he constructed an equation in R? (d > 3) with the coefficients depending only on
the first two coordinates so that there is no unique solvability in Sobolev spaces
WP for any p > 1.

Nonlinear elliptic equations with discontinuous nonlinearities in the spatial vari-
able are related to nonlinear problems in medium composition materials. Especially,
these problems with partial regular nonlinearities are particularly attributed to the
so-called laminate materials [6]. Meanwhile, the relevant obstacle problems usually
appear in various fields such as physics, biology, economics, computer science and
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so on, which is to describe practical phenomena in a situation with a kind of con-
straint by the so-called obstacle function. Here, we would particularly like to point
out that the study of this article was inspired by a recent progress from Byun and
Kim’s work in [4], which is first concerned with the nonlinear Calderén-Zygmund
theory involved in the measurable nonlinearities. They actually considered the fol-
lowing nonlinear elliptic equation with partially BMO nonlinearities in Reifenberg
domains (see Definitions below):

diva(Du,z) =divF, in Q,
u=0, on 0f,

and obtained that
Fe LP(Q,R") = Due LP(Q,R"), 2<p< o0

for the weak solutions u € Wy?(€2).

Orlicz spaces are the natural generalizations of Lebesgue spaces, and the esti-
mates in Orlicz spaces for partial differential equations have become an extremely
popular research nowadays. Areas of its applications include the study of geometric,
probability, stochastic, Fourier analysis and so on, also see [I5] [16]. The regularity
in Orlicz spaces is actually an extension of the classical Calderén-Zygmund esti-
mates for the theory of PDEs. Just for divergence elliptic case, under some regular
assumptions on the datum it implies that f € B = Du € B for a given Orlicz
space B. For instance, Azroul et al. [I] first proved that for each radial solution

u for Poisson equation —Au = f, it satisfies 8323“% € L? (B,) if f € L*(B,) for
0T

loc

any Young function ® with ®(|f(x)|)log(]z|) being integrable. Later, Jia et al.
[10, 1] established Orlicz regularities for above-mentioned Poisson equation and
divergence linear elliptic equations with small BMO coefficients in Reifenberg or
quasicovex domains via the Hardy-Littlewood maximal functions, respectively. In
particular, Byun-Ok-Palagachev[5] proved the weighted Orlicz estimates for diver-
gence linear parabolic systems while the leading coefficients are assumed to be only
measurable in one spatial variable and have small BMO seminorms in the remain-
ing variables. In addition, there were various gradient estimates in Orlicz spaces
for p-Laplacian, quasilinear p-Laplacian and evolution p-Laplacian in Reifenberg
flat domain, respectively, see [20, 21]. Finally, we would also like to mention that
Li-Zhang-Zheng [14] obtained a local Orlicz estimate of the Hessian strong solutions
to a class of nondivergence linear elliptic equations a;;D;ju = f(x) with partially
BMO nonlinearities.

Let us start with related basic notations and definitions which will be useful in
this paper.

Definition 1.2. Let ® be a nonnegative, increasing and convex real-valued function
on [0, +00). If it satisfies

)
fim 20— 2 (1.5)
p—0t  p o p=toe D(p)

where ®(0) =0, ®(o0) = lim,_, 1o P(p), then we say ¢ is a Young function.

Definition 1.3. We say that the Young function ® satisfies the Ao NVo condition,
denoted by ® € Ay N Vg, if
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(i) (As condition) there exists a positive constant py such that
®(2p) < m®(p), Yp>0; (1.6)
(ii) (V2 condition) there exists a constant py > 1 such that
1
@(p) < 5 ~®(n2p), ¥p>0. (L.7)
H2
Indeed, the limits (|1.5) along with As N V3 mean that
0=®(0)= lim ® lim ®(p) =
(0) i, (p),  lim @(p)=+oo,

which show that the limits are neither too slow nor too fast while p — 07 and
p — +oo, see [16]. We also notice that the Ay condition implies that there exists
a constant p(A) > 1 such that

D(Ap) < u(A)2(p), Vp>0,A>1.
Since ® € Ay, there exist two constants ¢; and t5 with 1 < t; < t5 < 0o such that
c P min{ A\ A2} 0(p) < B(N\p) < emax{\,\21D(p), Vp>0,A>0, (1.8)
where the positive constant c is independent of A and p, see [14].

Definition 1.4. For a Young function ® € Ay N Vy, the Orlicz spaces L*(Q) is
defined to be the set of all measurable functions f : Q0 — R satisfying

/ O(|f])dx < 0.
Q

The Orlicz spaces LT () is an invariant Banach space with the Luxemburg norm

£l :inf{/\>0:/ @(‘L)\')dxg 1}. (1.9)

Q
As usual, the Orlicz Sobolev spaces W!L?®(Q) is defined by the function spaces of
all measurable functions v € L®(Q) such that its gradient vector Dv € L® () with
the norm
lvllwrre @) = lvllze@) + [ DvllLeq)-

We can refer it to [13] for more details about Orlicz spaces. It is easy to observe
that Orlicz spaces L® generalize LP spaces in the sense that if we take ®(z) = zP
with p > 1 so that we have

L*(Q) = LP(Q), WIL?(Q)=Ww'P(Q).

Let us denote a type point by z = (z!,2') = (2%,22%,...,2") € R", and let
B, ={z € R": || < r} with B.(y) = B, +y, Q. = {2/ € R"™! : |2/| < r} with
Q.(y) = Q. +v'. Denote typical cylinders by Q, = (—r,7) x Q.., QF = Q. N{x €
R” : 2! > 0} with Q,(y) = Q. + 4, Q; (y) = Q; + y; and some typical boundaries
by Q.(y) = Q-(y) N, 0.2.(y) = Q.(y) NI, T, = Q, N {z! = 0}. We write an
average of f(z) in @, for r > 0 to be

1
(@) do= [ @) dz,
Q. @l Ja,
where |Q,.| is n-dimensional Lebesgue measure of @,. The (n — 1)-dimensional
average of f(z) in Q!. with respect to x’ by

r 1\ 1 .7 /_L

(z',2') da’
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with |@Q.| as the (n — 1)-dimensional Lebesgue measure of Q...
To impose a partially regular assumption on a(¢,z) = a(¢, x!, ') (cf. [, Defini-
tion 2.2]), we consider a function

la(¢,zt, 2') —ag, () (& z')|

f(a,Qr(y)) = sup (1.10)
EER\0 €]
with
aqn(€a) =f a2 (111)
Q1.(y")

where a(¢, z) is zero extended from QN Q. to QL. \ QN Q.,

Assumption 1.5. We say that (a(¢, ), Q) is (6, R)-vanishing of codimension 1, if
for every point g € Q and for any 0 < r < R with

dist(zg, 0Q) = m(})r(lZ dist (o, z) > V/2r,
zeE

there exists a coordinate system depending only on zy and r, whose variables are
still denoted by x, such that in the new coordinate system with xy as the origin
and

][ 6(a,Q,)(z)|* dz < &%

r

while, for zg € Q with

dist(xg,0Q) = mi@% dist(zo, z) = dist(xo, 20) < V2,
zE

where zg € 02, one has that there exists a coordinate system depending on xy and
0 < r < R so that in the new coordinate system zg as the origin with

Q3 N{x' > 35r} C Q3, N C Q3. N {x' > =357}, (1.12)
][ 0(a, Qs,)(2)|” dz < 62, (1.13)
Qsr

where a(z, ) is zero extended from Qs, N2 to Qs3,, and the parameter § > 0 will
be specified later.

Now we state our main result of this paper as follows.

Theorem 1.6. Let u € Ky(Q) be a weak solution to the variational inequalities
(1.1) with nonlinearity a(€,x) satisfying the structural conditions (1.2)), and let
(a(&, x),Q) satisfy (J, R)-vanishing of codimension 1 as Assumption. For the
Young function ® € AyNVa, if V2 € L®(Q) with ¥ = |F|+ |D|, then there exists
a small constant 6o = do(n, v, A, |Q, @) > 0 such that for every § € (0, ], we have
|Du|? € L®(Q) with the estimate

[ Dul?]| L+ () < e ([192] Lo + 1), (1.14)
where the positive constant c is independent of u and W.

Here, we reach it mainly based on the Byun-Wang’s geometric argument [2]. In
particular, our key argument was actually inspired by Byun et al’s recent papers
[, 5], and we make use of the boundedness of the Hardy-Littlewood maximal func-
tions in Orlicz spaces, modified Vitali covering and an equivalent representation
of Orlicz norm to prove the main theorem for nonlinear elliptic obstacle problem
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under the minimal weak regular assumptions on the nonlinearities and the bound-
ary of domain. We would also like to point out that our consideration is twofolds:
one is to extend Byun-Wang’s work in [2] by assuming that the nonlinearities are
partially BMO instead of small BMO oscillations. The other is that our prob-
lems are involved in the obstacle constraints in more general Orlicz spaces instead
of Lebesgue spaces in [4]. For this, however some comparison estimates for the
reference problems can be cited from [4].

The rest of the paper is organized as follows. Section 2 is devoted to introduce
some useful lemmas. In section 3, we focus on proving our main theorem.

2. TECHNICAL TOOLS

In the section we present some useful lemmas, which will play essential roles in
proving our main conclusions. We are mainly devoted to make some comparison
estimates to the reference problems, and we particularly make use of Byun-Kim’s
important work on the interior and boundary Lipschitz regularity for limiting equa-
tions whose nonlinearities depend on the gradients of weak solutions and only one
variable. Let us denote by ¢(n,v, A,...) a universal constant depending only on
prescribed quantities and possibly varying from line to line in the context. First
of all, let us introduce the Hardy-Littlewood maximal function and related basic
facts, see [2] [4].

Definition 2.1. Let f be a locally integrable function of R™, the Hardy-Littlewood
maximal function M f is defined by

Mf(x) = sup ]{3 Wl

>0

If f is confined in a bounded subset U of R"™, then we can define a restricted
maximal function My f in the following form

MUf = M(fXU)a
where yy is the standard characteristic function on U.

For the Hardy-Littlewood maximal function, we immediately conclude the fol-
lowing two useful classical properties, for details see [17].

(i) (strong (p,p)-type) If f € LP(R™) for 1 < p < oo, then M f € LP(R™) and
) fllee < (IMSlllLe < e(n,p)lIf |- (2.1)

(i) (weak (1,1)-type) If f € L*(R™), then
{z e R" : Mf(x) > a} S@”f”[ll(]]@n% Yo > 0. (2.2)

Further, we have the following boundedness of the Hardy-Littlewood maximal func-
tion in Orlicz spaces.

Lemma 2.2. If & is a Young function satisfying the Ao N Vo-condition, then there
exists a positive constant ¢ = c¢(n, ®) such that

/ (| < / B(Mf)dr < c / (| s (2.3)
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for all f € L®(R™). In addition, we would like to point out that from inequality
(1.8) and the Luzemburg norm (1.9) we have

EWW%M—USAﬂmWSMW&@+m (2.4)

where oo = t1, 8 = to satisfy (L.8]) and the constant ¢ > 1 is independent of f.

Next, we use that the nonlinear elliptic obstacle problems under consideration
is an invariant under scaling and normalization, see [4, Lemma 3.1].

Lemma 2.3. For each K, p > 0, we define

- _a(K&px) o u(pxr) = o Flpz) - Y(pz)
a(,r) = K i(z) = Tp’ F(z) =

and the set Q = {3 2 €Q}, then we have

(1) I]}u € Ky(Q) is a weak solution of (L.1), then @ € K (Q) is a weak solution
0

[ (&(Dii, z), D(ii — 0} d < / (F, D(ii — ©)) da,
Q

Q
for all © € K ().
(ii) If the nonlinearity a(§, ) satisfies assumption (1.2), then so dose a(¢, x)
with the same constants v, A.
(iii) If the nonlinearity (a(§,x),Q) is (J, R)-vanishing of codimension 1 in (,
then (a(&,x),Q) is (4, %)-vamshmg of codimension 1 in €.

Let us now focus on some comparison estimates to a few of the related reference
problems. Recalling that the domain  is assumed to be the (d, R)-Reifenberg
flatness as a necessary minimal geometric condition in the new coordinate system.
This leads to the following measure density conditions:

| Br(20)| < ( 2 )" ‘n . |2¢ N By (xo)| S (1—6)71.
)

f
1— 0<T‘SR:B01289 |B,«(.’IJO)| 2

sup sup <
0<r<Rzocdn |2 N By(xo)]

Without loss of generality, by a scaling argument we let

QF € Q6 C BgN {z! > 166}, (2.5)

£ 10ta.Qo)ds < 22 (2.6)

6
Now we are mainly to focus on the boundary estimates for the reference problems
since the interior estimates are very similar to the boundary setting with a simpler
procedure. We consider a local weak solution u € W12(Qg) of the variational
inequalities (1.1) in Q¢ with « = 0 on 0,,£26. Note that it holds the measure density
for Reifenberg flat domain Q, then we let k,o € W12(Qg),w € WH%(Q5) and
h € Wh2(Qi), respectively, be the weak solutions of the following boundary value
problems
diva(Dk,z) = diva(Diy,x), in Qg,
k=wu, on 0Q;
diva(Dv,z) =0, in Qg,
v==k, on 0¥s;

(2.7)

(2.8)
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divag, (Dw,2') =0, in Qs,
w=wv, on dQs;
divag, (Dh,z') =0, in Qf,
h=0, onT5;

(2.9)

(2.10)

where
s (6.1) = {f G & weRNQ,
° 0 x € QE\QN QL.
Here, we would particularly like to point that it is really our starting point on
the interior and boundary Lipschitz regularity for limiting problem , whose
nonlinearities depend on the gradients of weak solutions and only one variable x1,
for details see Section 4 in Byun and Kim’s work [4].

In what follows, we give some boundary comparison estimates among the above
various reference problems, whose argument is vary similar to Byun et al’s recent
series papers [2] [3, [ [5]. The following comparison principle is rather necessary to
ensure that each solution satisfies the admissible test functions as for the variational
inequalities with an obstacle constraint.

Lemma 2.4. Let U € R" be a bounded open domain. Suppose that 1,k € WH2(U)
satisfy

—diva(Dy,z) < —diva(Dk,z) in U,
Y <k, ondU,

in the weak sense that

/ (a(Di, x) — a(Dk,x), D) <0 for all ¢ € Wy (U) with ¢ >0 (2.11)
U

and (Y — k)t € Wy (U). Then it holds ¢ < k, a. e. in U.
Proof. Taking ¢ = (¢ — k)T as a test function in (2.11)) yields

][ (a(Dy,z) —a(Dk,x),D(yp — k)) <0.
{zeU:yp>k}

From the monotonic increasing ([1.3)) of a(¢, z), we find that

,,][ | Dty — DE|*dx = 0,
{zeU:yp>k}

which implies that Dy = Dk a.e. in {z € U : ¢ > k} and therefore D((¢»—k)") =0
a.e. in U. Since (¢ — k)T € W,*(U), we conclude that ¢ < k a.e. in U. O

Now we are in a position to show the comparison estimates among the various
reference problems.

Lemma 2.5. Let u € W12(Qg) be a local weak solution of (1.1)) in Qe withu = 0 on
0,06, and let v € W12(Qg) be the weak solution of [2.8). Under the normalization

conditions of

][ |Dul?dz <1, ][ U2dr < 62, (2.12)
Qs Qe
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if for any o < € < 1 there exists a constant 6 = 6(n,e,v,A) such that (a(§,x),Q)
satisfying (0, R)-vanishing of codimension 1 shown as (2.5) and (2.6)), then we
derive that

][ |Dv|?dx < ¢, (2.13)

Q6

][ |Du — Dv|2d:17 <e. (2.14)
Qe

Proof. Thanks to the standard L2-estimates of (2.7)) and (2.8)), it follows from ([2.12)
that

]l | Dv|? dx < c][ |Dk|* dx < c][ (|Dul?* + |DY[*) dx < e(1 +6%).  (2.15)
Q% Q Q6

In view of Lemma and (2.7), we know that k > v, a.e. in Q6. By extending
k by uin '\ Q6, then it leads to k € Ky (€2). Taking a test function k € W12(Qg)

into ([L.1]), we obtain

/ (a(Du,x), Dk — Du) dx > / (F, Dk — Du) dx. (2.16)
Qe QG
Similarly, by taking a test function k — u € W01’2(QG) into (2.8)) it yields
/ (a(Dk, z), Dk — Du) dz = / (a(Dv, ), Dk — Du) dz. (2.17)
Q6 Qe

Then, by subtracting (2.16) from (2.17]), and by (1.3) we obtain

1// |Dk — Du|*dz < / (a(Dk,x) — a(Du, z), Dk — Du) dz
2 2o (2.18)

< / (a(Dy,x) — F, Dk — Du) dx.
Q6

On the other hand, by (1.2), (2.12) and Young inequality with € € (0, 1) it follows
that

/ (a(Dy,z) — F, Dk — Du) dx
Qg
< [ (a(Dw,2)|+ F)) Dk ~ Dulds
Qe
:/ (A|DW| + |F|) |Dk — Du| da (2.19)
Qe
gs/ |Dk:—Du|2d;c—|—c(5)/ (AIDY| + |F|)? do
Qg Qe
< 5/ |Dk — Du|*dx + c(e, A)52.
Qe
Putting (2.18)) and (2.19) with e = v/2 together yields
][ |Dk — Du|*dx < c6? (2.20)
Q¢

with ¢ = ¢(v, A).
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Next, we subtract (2.8) to (2.7), and take a testing function k& — v € Wy"* ()
to obtain

/ (a(Dk,x) —a(Dv,z), Dk — Dv) dx = / (a(Dv, z), Dk — Dv) dx.
QG QG
In a similar way as the above estimate (2.20), there exists § > 0 such that

][ |Dk — Dv|*dx < ¢ (2.21)
Qe

Consequently, using (2.20) and ([2.21)), it yields
][ |Du — Dv|*dx < 2][ |Du — Dk|*dx + 2][ |Dk — Dv|?dz < c62.
Qs QG

6

Since € > 0 is arbitrary, we choose a small § > 0 such that cd? = ¢, which reduces
the desired estimate (2.14]). With the corresponding 6 = d(n, €, v, A) and (2.15) we

obtain ([2.13)). O

Regarding the remainders of comparison estimates for the reference problems we
only recall Byun and Kim’s conclusions, see 4, Lemmas 5.6 and 5.8].

Lemma 2.6. Assume that u € WY2(Qg) is a weak solution of (1.1) in Qg with
u=0 on 9,0 under the assumptions of (2.5), (2.6)) and (2.12). If v,w,h are the
weak solutions of (2.8)), (2.9) and (2.10)), respectively, then we have

][ |\ Duw|2dz < c][ DoPdr < ¢, | Dh|lpean < 1,
Q5

Qg

][ |Dv — Dw|?dx < ¢, ][ |Dw — Dh|*dz < e,
Q Q3

where ¢; = c1(n,v,A), and h is a zero extension of h from Q7 to Qs.

With Lemmas [2.5] and [2.6] we conclude the following estimates near the bound-
ary.
Lemma 2.7. Let u € WY2(Qg) of (L.1) in Qs with u = 0 on 9,Q6. If, for
0 < € < 1 there ezists a constant § = §(n,e,v, A) with (2.5), (2.6) and (2.12)), then

][ |Du — Dh|*dx < e and | Dh|| (0, < c1,
Q3

where h is the zero extension of h from Q3 to Qs.

The following version of the modified Vitali covering plays an important role to
the Calderén-Zygmund type theory over a Reifenberg flat domain, see [2] [3 [4].

Lemma 2.8. Let C and D be measurable sets with C C D C Q, and Q be (4,1)-
Reifenberg flat for some small § > 0. Assume that there exists a small € > 0
with

Cl < elBl,
further, for all z € Q and r € (0,1] with |CN B,(z)| > |B,(z)| it holds B,.(x) N C

D. Then we have 10
< | — .
1= ()
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Thanks to the above boundary comparison estimates, we conclude the following
measure comparison estimate of distributions on the maximal function based on
the modified Vitali covering lemma concerning the invariance property under the
scaling argument and normalization.

Lemma 2.9. Let u € W, () be the weak solution of (LI). If, for any ¢ > 0
there exists a small 6 = d(n, €, v, A) such that

Qf € Qs € Qs {z' > —165}, ]l 10(a, Qs)|dz < 62,
Qs

{z € Qo : M(|Dul?) <1} N {z € Qp : M(V?) < %} £ (;
then there exists a positive constant Ny = N1(n,v,A) such that
I{.T €y M(‘DUP) > N12} ﬂBl‘ < €|Bl|.

Proof. This is very similar to the proof of Lemma 5.10 in [4] only replacing |F|? by
P2 and we here omit its proof. ([l

As for the interior comparison estimates, we only state the results since it is
simpler than that of the boundary case. By similar way we can also obtain the
corresponding estimates as the above Lemma [2.7] and [2.9] without the boundary
term. Without loss of generality we assume

Q7 C B, 5 CQ. (2.22)
Lemma 2.10. Let u € WH2(Qg) be a local weak solution of (L.1)) in Qs with the

normalization of
][ |Dul?dz <1, ][ Uiy < 62,
6 6

and w € W2(Qs) be the weak solution of (2.9) only replacing Qs by Qs. If, for
0 < € < 1 there exists a constant § = §(n,e,v,\) > 0 such that a(§, x) satisfying
(6, R)-vanishing of codimension 1 of (2.6)), then we have

][ |Du — Dw|*dx < e and | Dw||Le~ (g dr < ez,

5
where ca = co(n, €,v, A).
Lemma 2.11. Let u € Wy?(Q) be a weak solution of ([T1). If, for e > 0 we
find a small § = 6(n,e,v,A) > 0 such that a(, z) satisfying (8, R)-vanishing of
codimension 1 of (2.6) and
{x € Qy: M(|Dul?) <1} N {x € Qa : M(¥?) < 5%} # 0,
then there exists a positive constant No = No(n,v,A) such that

Hz € Qy: M(|Dul?) > N2} N By| < €|By].

Further, we obtain the next lemma by a scaling invariance to the above lemma,
see also [4, Lemma 5.2].

Lemma 2.12. Let u € Wg’z(Q) be a weak solution of the variational inequalities
(L3). If, for € > 0 we find an § = 6(n, e, v, A) > 0 with a(, x) satisfying (3, 160)-
vanishing of codimension 1 and there exists a positive constant No = Na(n,v, A)
such that

[{z € Q: M(|Duf?) > N3} N B, (y)| > €| B. ()|
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with Q7,(y) C By 5,(y) CQ for 0 <r < 1; then we have
B.(y) C Qr(y) C {z € Q: M(|Dul?) > 1} U{z € Q: M(¥?) > §?}.

Now we write N3 = max{Ny, No, 1} with Ny, Ny shown as in Lemma and
By combining the interior estimate of Lemma/|2.12|and the boundary estimate
of Lemma[2.9] then we have the following estimates, cf. [4, Lemmas 5.11 and 5.12].

Lemma 2.13. Let u € Wg’z(Q) be a weak solution of (1.1). If for e > 0 we
can find a small 6 = §(n,e,v, A) such that (a,Q) satisfying (d,160)-vanishing of
codimension 1 and

{z € Q: M(IDul?) > N5} N B, (y)| = €| B (y)]
fory e Q with 0 <r <1, then
B.(y)NQ C {x € Q: M(|Dul?) > 1} U {z € Q: M(¥?) > §?}.

By an iterating argument we conclude the following power decay estimate of the
measure on the distribution concerning Hardy-Littlewood maximal functions.

Lemma 2.14. Let the assumptions of Lemmal[2.13 hold and
(e € 9 M(DuP) > N3} < e B.(y)]. (2.23)
Then

{z € Q: M(|Dul?) > N3*}|
k
<ef{w e @ M(IDul?) > 1} + > eilfz € Q: M(¥?) > 2N; VY
=1

with €; = (£%)"e.

We also need the following measure equivalency to represent Orlicz spaces, which
can be found in [2] [16].

Lemma 2.15. Let f be a nonnegative measurable function in U, and the Young
functions ® € Ay N'Vo. Then, for v > 0 and m > 1, we have f € L2 (U) if and
only if
S = Z@(mk)\{x cU: f(z) >ymF}| < oo
E>1

and

c*Sgééwmmﬁdﬁﬂwx

where the constant ¢ = c¢(v, m, ®) > 0.

3. PROOF OF THEOREM

Note that W2 € L?(Q) with ¥ = |F|+|D#| for the Young function ® € Ay NVs.
For any qo > 1, we use formula (1.8) with t; = to = go, A = ¥2,p = 1 and the
relation of equivalence (2.4), Holder inequality, Young inequality to get

/\Iﬂdxgc/ Y20z + ¢|Q] < L/ <1>(\1:2)dm+c§c(||x1:2||§f;(m+1) (3.1)
0 Q ®(1) Jo
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with ¢ and By depending only on n, ®, |Q|. According to Lemma by a scaling
argument it suffices to consider

ou ow

% g =_ 2 (3.2)
(122 Lo ()12 (122 Lo ()12

Uy =

Then, (3.1)) yields

\112 \IJ2
0 o [9%[|Le o) 2| L2 q)

To check condition (2.23]), we use the weak (1,1)-estimate (2.2]) on the Hardy-
1.4

Littlewood maximal function, and the standard L2-estimate (1.4 on the variational
inequalities (|1.1]) to obtain that

Bo
L®(Q)

+ 1) <ed? (3.3)

{z € Q: M(|Du1?) > N3 }| < )/|Du1|2dx§c/ U2 do < 6% < €|By,
Q Q

N2
(3.4)
where we take § > 0 sufficiently small so that the last inequality holds. Then, it
follows from Lemma [2.14] that

D(N. erﬂ M(|Duy)?) k}’

[M]8

ol
Il

M8H

< @(Ngk)(eﬂ{x €Q: M(|Duy?) > 1}

b

=

+qu{meg CHET SR

=1 (35)

thg

O(N;*)er[{z € Q: M(|Dwi|?) > 1}

k=1
oo k
+ ZQ(N??’C) Zeﬂ{x €0: M(T?) > 52N32(k—i)}|
k=1 i=1
=11 + L.

The condition ® € Ay N Vy implies ®(NF) < ud(1) for some constant p > 1
depending on N2. Iterating this inequality, we obtain ®(N2¥) < y*®(1), then

L < ®(1)|Qf Y (ner)”. (3.6)

Similarly, it follows from ®(N2F) < pid(N2* ), the relation of equivalence (2.4),
Lemma [2.2] and Lemma [2.15] that
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SZuel Z‘I’ N3E Nz e @ M(92) > 82N

k=1

:im Z‘I’ e 0 M(H) > NIy
<c3 ) L@(M(?ﬁ))dw

<X o) o
SCZMm(Mﬂmm+Q

=1
o0
<ey (ner),
i=1
where 1 < 81 < oo is a constant. Combining (3.3)), (3.6) and (3.7 together, then
we obtain

(3.7)

> o(NF)|{x € Q: M(IDw|?) > N5*} < e (per) <,
— —

where in the last inequality we take € > 0 small enough such that pe; = u( 105) e<

1/2. Then we find a corresponding 6 > 0 such that Lemma H and the estimate

. ) hold. Finally, using Lemma [2.2 . and Lemma, [2.15| H with v = 1,m = N2 again,
it yields

/@(\Du1|2)dx§/@(M(|Du1|2))dx
Q Q

Z M{z € : M(|Dwy|?) > N3¥}| +c < e
Furthermore, by , we have

1/(11
1Dl < (¢ [ @D +1) " <
Q

where 1 < o < co. By recalling the definition of w; in (3.2)), we obtain the desired

estimate (|1.14)).
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