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THE CLASSICAL OBSTACLE PROBLEM WITH HOLDER CONTINUOUS
COEFFICIENTS

GIOVANNA ANDREUCCI AND MATTEO FOCARDI

This paper is dedicated to Prof. Emmanuele Di Benedetto
for having taught us, with his body of work, the taste for hard analysis problems.

ABSTRACT. Weiss’ and Monneau’s type quasi-monotonicity formulas are established for qua-
dratic energies having matrix of coefficients which are Dini, double-Dini continuous, respec-
tively. Free boundary regularity for the corresponding classical obstacle problems under
Hoélder continuity assumptions is then deduced.

1. INTRODUCTION

In the last years several contributions have been devoted to the extension of the regularity
theory for obstacle type problems to the case in which the involved linear elliptic operator in
divergence form has coefficients with low regularity [1, 17, 2, 3, 12, 22, 23, 30, 18, 14, 20]. The
aim of this note is to make another step in that direction for the classical obstacle problem by
establishing Weiss’ and Monneau’s quasi-monotonicity formulas for quadratic forms having
matrix of coefficients which are Dini, double-Dini continuous, respectively (for the sake of
simplicity the lower order terms have the same regularity). Such results are instrumental
to pursue the variational approach to establish the smoothness of the corresponding free
boundaries. To keep the presentation as simple as possible the related free boundary analysis
is performed only in the Holder continuous case.

More precisely, in what follows we consider the functional £ : W12(Q2) — R given by

E(v) ::/ ((A(z)Vo(z), Vu(z)) + 2h(z)v(z)) dz, (1.1)
Q
and study regularity issues related to its unique minimizer w on the set
Kyg={veW"(Q): v>1 L"ae. onQ, Tr(v) =g on 9N} .

Existence and uniqueness of the minimizer is a standard issue for the problem under the
ensuing hypotheses. For a bounded open set  C R", n > 2, we consider in what follows
functions ¢ € C'ﬁ)cl(Q) and g € H'/?(99), such that ¢ < g H" -a.e on 99, a matrix-valued
field A : Q@ — R™™ and a function f :  — R satisfying:
(H1) A(z) = (aij(2)); ;=1 ., € LZ(Q,R™") is symmetric and coercive, that is a;; = aj;
L'-a.e. in Q for all i, j € {1,...,n}, and for some A > 1

ATHEP < (A(2)€, ) < Al (1.2)
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2 G. ANDREUCCI AND M. FOCARDI

for L™-a.e. x € €, and for all £ € R"™;
(H2) f e L>*(Q), f:=h—div(AVY) > ¢y L™-a.e. on 2, for some ¢y > 0;
(H3) A and f are a-Holder continuous, for some a € (0, 1],
(cf. Section 2 for the notation). Under assumptions (H1)-(H3) we establish a stratification
result for the free boundary of solutions (see also Remark 4.1 for further possible extensions).

Theorem 1.1. Assume (H1)-(H3), and let w be the (unique) minimizer of € in (1.1) on
Kyg-

Then, w is C’llo’ca(ﬂ), and the free boundary decomposes as 0{w = 1p}NQ = Reg(w)USing(w),
where Reg(w) and Sing(w) are called its reqular and singular part, respectively. Moreover,
Reg(w) N Sing(w) = 0 and

(i) Reg(w) is relatively open in 0{w = v} and, for every point xo € Reg(w), there exist
r = r(x9) > 0 such that d{w = ¥} N B,(x) is a CP (n — 1)-dimensional manifold,
for some exponent 3 € (0,1).

(ii) Sing(w) = UZ;éSk, with Sy contained in the union of at most countably many sub-
manifolds of dimension k and class C".

In the case of smooth matrix fields, Theorem 1.1 collects the fundamental contributions of
Caffarelli to the classical obstacle problem (cf. for instance [4, 5, 7, 6] and the books [21, 8, 29]
for more details and references also on related issues).

In the last years Theorem 1.1 has been extended to the case in which A either is Lipschitz
continuous in [12] or belongs to a fractional Sobolev space W' in [18], with sp > 1 and

Hnii)—p or belongs to the Sobolev space WP with p > n in [14]. We point out
that in all those cases the involved matrix fields A turns out to be Hdélder continuous in
view of Sobolev type embeddings. Applications of the results in [12, 14] to the study of the
obstacle problem for a large class of nonlinear energies were then given in [13]. In addition,
counterexamples to smoothness of the free boundary are shown in case of the Laplacian if f
is not Dini continuous in [1], and in case f is constant and A is VMO in [3, Remark 4.2]. In
this respect, if both the coefficients A and f are assumed to be in VMO, Reifenberg vanishing
flatness of Reg(u) has been established in [3].

The papers [12, 18, 14] follow the variational approach to free boundary analysis remark-
ably developed by Weiss [31] and by Monneau [27]. Central to this method are quasi-
monotonicity formulas for suitable quantities, named in literature as Weiss’ and Monneau’s
quasi-monotonicity formulas. The original papers by Weiss and Monneau are based on some
key integral identities that hold true in the case of the Laplacian. The search for gener-
alizations need several new insights and technical tools. Let us briefly recall the key ideas
introduced in [12, 18, 14]. An extension of the Rellich and Necas’ inequality due to Payne
and Weinberger (cf. [24]) is employed in the papers [12, 18]. On a technical side, the matrix
field A is differentiated, therefore enough smoothness of A is needed. Instead, a different
approach, leading to a weakening of the regularity assumptions on A, has been pursued in
[14] following an observation in [12, Remark 4.9]. The main difference in [14] with respect to
[12, 18] concerns the monotone quantity itself: rather than considering the natural quadratic
energy associated to the obstacle problem under study, a related constant coefficient quadratic
form has been used. Higher order regularity of solutions, namely VVli’f, in combination with
their well-known quadratic growth from free boundary points then allow to conclude. In this
note we push forward the ideas in [14] and extend the conclusions there to Holder continuous

pZn/\n(

matrix fields A for which the above mentioned I/Vlicp regularity of solutions is not guaranteed.
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More precisely, we prove Weiss’ formula for Dini continuous matrix fields A and Monneau’s
formula for double-Dini continuous ones. For simplicity we do not distinguish the degrees of
regularity of A and that of f. Let us stress that in the case of the Laplacian, low regularity
assumptions on f have already been considered: Dini continuity has been deeply investigated
in [1], and Dini continuity in L sense, p suitable, in [28] (cf. also [3] for both A and f in
VMO; [14] for Theorem 1.1 if A is WP p > n, and f double-Dini continuous). A poten-
tial extension of the related free boundary analysis contained in Theorem 1.1 is discussed in
Remark 4.1 (cf. also Remark 3.5). Note that if & = 1 we recover the results in [12] with,
partially, a different proof.

We close this introduction briefly resuming the structure of the paper: standard preliminar-
ies for the classical obstacle problem are collected in Section 2. The mentioned generalizations
of Weiss” and Monneau’s quasi-monotonicity formulas are dealt with in Section 3, finally Sec-
tion 4 contains the applications to the free boundary stratification problem.

2. PRELIMINARIES

2.1. Notation. Throughout the whole paper, the inner product in R" is denoted by (-, ),
and the induced norm by |-|. To distinguish it from the norm in R™*™ we use the symbol || -||
for the latter. We use standard notations for Lebesgue, Sobolev and Hdélder spaces, quoting
the necessary results when needed.

2.2. Reduction to the zero obstacle case. We first reduce ourselves to the zero obstacle
problem. Let w be the unique minimizer of £ over Ky 4, and define u := w —¢. Then, u is
the unique minimizer of

£(v) = /Q ((A(2)Vo(z), Vo(z) + 2f (@)o(z)) da, (2.1)

over Ky 4 := Ko y—g, where f = h —div(AVy). Clearly, 0{w = ¥} NQ = 0{u = 0} N Q,
therefore we shall establish all the results in Theorem 1.1 for u. Notice that assumption (H2)
is formulated exactly in terms of f, and that, for the zero obstacle problem, i.e. ¢ = 0 the
positivity assumption on f in (H2) involves only the lower order term h in the integrand and
not the matrix field A. It is also clear that given (H3), the L> assumptions in (H1) and (H2)
are redundant and the inequalities there hold in a pointwise sense. Despite this, we state
(H1) and (H2) as in the Introduction because for some of the ensuing results we shall not
need (H3) and we will sometimes substitute it with a weaker version (cf. (H4) and (H5) in
what follows).

The first step is to prove that u satisfies a PDE both in the distributional sense and £™-
a.e. on . The next result has been established in [13, Proposition 3.2] more generally for
variational inequalities inspired by some arguments in [31] (see also [15, 16]). The leading
vector field in [13, Proposition 3.2] is assumed to be Cllo’i in the full set of variables for the
sake of existence of solutions in that general setting. On the contrary, such a regularity in
the space variable is never used to deduce the conclusion of [13, Proposition 3.2]. We provide
below the proof for the readers’ convenience.

Proposition 2.1. Assume (H1) and (H2). Let u be the minimizer of & on Ky 4. Then, there
exists a function ¢ € L*°(2) such that

div(AVu) = f — ¢ (2.2)
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L"-a.e. on Q and in D'(Q), with
In particular, u € 01005(9) for some 8 € (0,1).

Proof. Let ¢ € C°(Q2), and for all ¢ > 0 define v, == (u+ €p) V 0. Note that v. belongs to
the set Ky 4. If ¢ > 0 then v, = u + €y and, since u is the minimizer we have

c (A(z)Vu, V) dx—l—/f(:c)gpdx.
Q

-5 [ a@ve v < [

Q
In turn, for € — 0 this implies that

0< /Q<A(x)Vu, Vo)) dx +/Qf(x)gpdx Vo e C°(Q), ¢ > 0.

The last inequality yields that the distribution p = —div(A(-)Vu) + f(-)L".Q is a non-
negative Radon measure on {2.
Let now ¢ and v, be as above without any assumption on the sign of ¢, and set

Qo ={reQ: utep<0}.

It is clear that v. = 0 and ¢ < 0 on 2, and that v. = u +ep on Q \ Q.. Using again that u
is minimizing, that f > ¢y > 0 on by (H2), and that v. € Ky , we obtain

0<&(ve) —&E(u) = —/ (AVu, Vu) dz + 25/ (AVu, Vo) dx
e ANQe

—{—52/ <AV§0,V§0>dl‘+2/ f(u+5g0)dx—2/fudx
O\, Q Q

£

< 26/<AVU, V) dl’+2€/ fgpdm—Qs/ (AVu, Vo) dz
Q Q

£

+52/ (AV@,Vgo}dx/ 2f(u+ep)de.
Q\Q. Qe

In the last inequality we have dropped the first term on the first line as it is negative (cf.
(H1)). Thus, on account of the definition of 4, the last formula rewrites as

A¢@2h@+b@+h@ (2.4)
where
L(e) = / ()T, ) de hie) = —% /Q ROAETS I3(€):§ [t

First, we note that the very definition of (). yields that
L' ({u=0}n{p<0})\ Q) =L" (2% \ ({0 <u<ellellre@}N{p <0})) =0,

and thus we may conclude that xo. — X{u=0}n{p<0} I L'(2). Hence, the dominated conver-
gence theorem yields

lim [;(e) = / (AVu,Vy)dr =0, (2.5)
{u=0}n{p<0}

e—0t

by locality of the weak gradient.
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Instead, to estimate I2(e), we use (H1) as follows

L) = £ / (AVe, Vi) dz < EA / Vl? dr,
2 Jo\a. 2 Ja

so that
lim I(e) =0. (2.6)

e—0t

Lastly, we deal with I3(e): note that w > 0 and f > ¢o > 0 on Q by (H2), thus we have

/st(u+5g0)daz25/ggf<pdx.

Hence, it is true that

e—0t

liminf I3(e) > / feda. (2.7)
{u=0}N{p<0}

Therefore, (2.4)-(2.7) yield that

/ pdu > / feda.
Q {u=0}n{p<0}

By repeating the same argument with —¢ we obtain the inequality

/ pdu < / fode.
Q {u=0}n{p>0}

Hence, by approximation for every ¢ € CJ(€2) it holds

/ fgodx</cpdu</ fodx. (2.8)
{u=0}N{p<0} Q {u=0}N{p>0}

From this we infer that p < £".Q, and thus u = (£".Q with ¢ € L'(Q). In conclusion,
plugging this piece of information in (2.8) we conclude that 0 < { < I X{u=0y L"-a.e. on .

The Holder continuity of u follows from nowadays standard elliptic regularity [19, Theo-
rem 8.22]. O

Remark 2.2. In case A is more regular, namely W1P(; R"*") for p > n, the minimizer u
turns out to be VVlif(Q) (cf. [14, Proposition 3.1]). In turn, from this one can easily prove
that (2.2) rewrites as

div(AVu) = fx{u>0} (2.9)
L"-a.e. on © and in D'(2) (cf. [13, Corollary 3.5], [14, Proposition 3.1]).

Here we limit ourselves to notice that, standing assumptions (H1) and (H2), by uniqueness
of w and (2.2), ¢ coincides with f on the interior {u = 0}° of {u = 0}, so that we may conclude
the refined inequalities

IXqu=0y> < ¢ < fXqu=0} -
This remark will be crucial in what follows in order to apply [2, Theorems 3.9]. In particular,
we infer from this the quadratic non-degeneracy of the solution from free boundary points.
Instead, a parabolic bound from above from free boundary points follows directly from (2.2)
thanks to [2, Theorems 3.1]. We apply these properties to the blow up analysis of Section 3
(cf. Proposition 2.5).

Furthermore, observe that £™(I",) = 0 in view of [2, Corollary 3.10], so that equation (2.9)
is actually true L£"-a.e. on Q and in D’(Q). Despite this, we stress that we do not need such
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a piece of information to establish the quasi-monotonicity formulas in Section 3: equation
(2.2), but not (2.9), will be used in the proofs of Theorems 3.7 and 3.8.

We establish next two useful corollaries of Proposition 2.1. The first is simply a suitable
version of Caccioppoli’s inequality.

Corollary 2.3. Assume (H1) and (H2). Let u be the minimizer of & on Ky 4. Then,
there exists a constant C = C(n,A) > 0 such that for every xzo € Q and for every r €
(0, 3dist(zo, 0))

C
Vul? do < / WP dz + O flli oo,y gy - 2.10
[ sl T . (2.10)

Instead, the second corollary is an integration by parts formula which will be employed in
the proof of the Monneau’s quasi-monotonicity formula.

Corollary 2.4. Assume (H1) and (H2). Let u be the minimizer of & on Ky 4. Then, for
every o € 0 and for L'-a.e. r € (0,dist(zg, O))

/ (AVu, Vo) dx + / (f —Qpdx = / (AVu,v)pdH" ! (2.11)
By (zo) By (zo) OBr(x0)

for every ¢ € WHA(Q), where v(z) := =2

T |z—zo| -
Proof. For zg € Q, ¢ € W12(Q), r € (0, dist(wg, 9)), and s < r let
1
s =1A
Yala) = 1A

if z € By(x0) and ¢s(z) := 0 otherwise in 2. Then ¥ € W01’2(Q) so that using it as test
function in (2.2) we get

/ (AVu, Vo) do +/ (f = Qeysdr = —/ (AVu, Vips)pdx = I;.
Br(z0) By (o)

Br(z0)
It is clear that ¢s — Xp,(z) in LP(2) for every p € [1,00) as s 1 r. Moreover, being
0 < 95 < 1, the Lebesgue dominated convergence theorem implies that the left hand side
converges to the left hand side in (2.11) as s 1 . Computing explicitly the gradient of 15, we
evaluate I as follows:
1 1

Is = / (AVu, T=50 e dz = / dt / (AVu, v)pdH !,
"= $ JBy(20)\Bs(x0) r—5Js 8B4 (o)

where in the second equality we have used the coarea formula. The conclusion then follows
at once (cf. for instance [11, Sections 3.4.3 and 3.4.4]). O

dist(x, 0By (x0))

We recall next the standard notations for the coincidence set and for the free boundary
Ay ={x€Q: u(z) =0}, Iy :=0A, N (2.12)
For any point xg € [y, we introduce the family of rescaled functions
u(zo + 1)
r2

Uy r(T) 1= (2.13)

for x € %(Q — x0). It is clear that changing variables in (2.1) implies that ug, , minimizes

/1(9 : ((A(zo + rz)Vo(z), Vo(z)) + 2f (20 + rz)v(z)) da, (2.14)

T
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among all functions v > 0 on 1(Q — 20), and with v — ug,, € Wom(%((l — x0)). Note that
A(xzo+r-) and f(xo+7-) satisfy (H1)-(H2) uniformly in 29 and r, i.e. the ellipticity constants
of A(xo + r-) are the same of those of A, the L* bound and the lower bound for f(xo+ )
are the same of those of f. Therefore, similarly to (2.2), from (2.14) we infer that

div(A(zo + rz)Vug, ») = f(zo +rz) — ((xo + 1) (2.15)
LM-a.e. on 1(Q— ) and in D'(2(Q — x0)), where  is the function in Proposition 2.1 (cf [19,

Section 8]).r

The first properties we recall on the family (ug, ), follows from the fundamental quadratic
growth and quadratic detachment of the solution from free boundary points established in
[2, Theorems 3.1, 3.9] (cf. the discussion in Remark 2.2, see also [3, Theorems 2.3, 2.4]). We
summarize the needed properties in the ensuing statement which is key for our approach. We

remark that the estimates are uniform in x¢ and r.

Proposition 2.5. Assume (H1) and (H2). Let u be the minimizer of & over Ky 4. There
exists a constant ¥ = Y(n, A, co, || fl|lL=) > 0, such that for every xo € Ty and for every
r € (0, 3dist(zo, 0L2)), it holds

SUP Ugyr > V. (2.16)
0B1

Moreover, for every R > 0 and for all compact sets K C €0 there exists a constant C =
C(?’L, A7 €0, ”fHL"O,R, K) > 0 such that
UzgrllLoe(Br) < C (2.17)

for all xg € Ty N K, and for all r € (0, ﬁdis‘c(K, 89))

Remark 2.6. Notice that in view of the estimate in (2.10) in Corollary 2.3 and the estimate

in (2.17), we may infer that for all 2o € I';, N K, and for all r € (0, ;dist(K, 09))

[tzorll Lo (Br) + [ Vtizorll2(g,rm) < C- (2.18)
In addition, if assumption (H3) holds, then the Hélder seminorms of A(xg-+7-) have uniform
bounds with respect to zg and r. Thus, uniform Schauder estimates are deduced thanks to

[19, Corollary 8.36]. Then the existence up to subsequences of C1#-limits, 8 < «, as r | 0 of
the family (ug, )y is standard.

Proposition 2.7. Assume (H1)-(H3). Let u be the minimizer of & over Ky 4, and K C
a compact set. Then for every xog € K NIy and for every R > 0 there exists a constant
C =C(n, A, || fl|zo=, |Al|co, R, K) > 0 such that, for every r € (0, {mdist(K, 09))

[uaorllcromr) < C- (2.19)

In particular, (g, )y is relatively compact in C’l{f(A), for all B € (0,a), and for every open
set A cC R™.

The functions arising in this limit process are called blow up limits. In particular, the blow
up limits are non-trivial, i.e. not identically zero, in view of Proposition 2.5.

Corollary 2.8. Assume (H1)-(H3). Let u be the minimizer of & over Ky 4, and let xo € T,
Then, for every sequence ri . 0 there exists a subsequence (rkj )j C (rk)k such that the rescaled
functions (“wo,rkj ); converge to a non trivial CH*(A) limit in Cﬁf(A), for all g € (0,a), and
for every open set A C R"™.
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3. QUASI—MONOTONICITY FORMULAS

In this section we establish Weiss” and Monneau’s type quasi-monotonicity formulas. The
monotone quantities we consider in Section 3.1 are modeled upon the classical Dirichlet energy
as in [14] under a pointwise normalization condition on the coefficients. We shall show in the
subsequent Section 3.2 how to reduce to that formulation in a pointwise way via a suitable
change of variables following [12]. The advantage of this approach is that the matrix field
A is not differentiated in deriving the quasi-monotonicity formulas contrary to [12, 18]. In
those papers, instead, the natural quadratic energy & associated to the obstacle problem
under study had been considered. The I/Vlif regularity of solutions and the quadratic growth
from the free boundary were key properties to establish the quasi-monotonicity formulas in
[14] for the Dirichlet based quantities. The new contribution of the current paper is to avoid
the use of the former piece of information, which is not guaranteed in our setting, thanks
to an elementary energy comparison argument to prove Weiss’ formula (cf. Proposition 3.3),
and in turn thanks to the latter and to Proposition 2.1 to prove Monneau’s formula (cf.
Proposition 3.6).

3.1. Weiss’ and Monneau’s quasi-monotonicity formulas under a normalization
condition. We establish Weiss’ and Monneau’s quasi-monotonicity formulas for the mini-
mizer u of & on K, , under the normalization condition

xg =0 €Ty, A(l‘o) =1Id, f(x(]) =1. (3.1)

We will show in the next Section 3.2 how to reduce to (3.1) in each free boundary point
thanks to a change of variables.

Moreover, for the sake of possible future generalizations of Theorem 1.1, we establish
Weiss’ and Monneau’s formulas under Dini, double-Dini continuity assumptions, respectively
(cf. Remark 3.5 for generalizations of Weiss’ formula). Thus, we introduce some terminology.
Given a uniformly continuous function ¢ : € — R™, m > 1, we consider a modulus of
continuity of ¢ namely an increasing function w¢ : (0,00) — (0,00) with lim;—,ow¢(t) = 0,
and such that for all ¢ € (0, diam?)

sup [|¢(z) = C(w)I| < we(t).

z,yed: |z—y|<t

With a slight abuse of notation with respect to our conventions we have denoted by | - || the
norm in R™ even in case m = n. In particular, ¢ is said to be Dini continuous if for some w¢
as above
diam$2
wel(t
/ welt) dt < oo, (3.2)
0 t
and double-Dini continuous if for some a > 1
diam(?
we(t
/ Ct() |logt|* dt < co. (3.3)
0

Therefore, we introduce the following weaker assumptions, each substituting (H3) in some of
the results contained in this section:

(H4) A and f are Dini continuous;
(H5) A and f are double-Dini continuous.
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We point out that under condition (H4), [25, Theorem 2.1 and Remark 2.2] imply that
u € CH(Q) (cf. also [26, 9, 10] for more on Schauder estimates for linear elliptic PDEs with
Dini type continuity conditions on the matrix field).

Given v € W12(Q) we consider the Weiss’ energy

1

P o
D,(r) = 7”"”/3 (IVo* +20) dz — =) v2dH" T, (3.4)

and prove its quasi-monotonicity for v = u in case (3.1) is satisfied. Let us also introduce the
bulk energy

Ey(r) = / (|Vo|* 4 2v) dz (3.5)
and the boundary energy
() = / R (3.6)
0B,
so that ) 5
Dy(r) = méﬁ,(r) - m%(rf
In the rest of the section to ease the notation we write u, in place of ug,. Note then that
éu(r) Ao (1)
&u, (1) = 2 <, o, (1) = 13 <C, (3.7)

thanks to the bound (2.17) in Remark 2.6 (we stress that no continuity assumption on A or
f is needed).

We establish next two auxiliary results. The first is well-known, we prove it only for the
readers’ convenience being the fundamental identity from which Weiss’ quasi-monotonicity is
inferred.

Lemma 3.1. Assume (H1), (H2) and (H4). Let u be the minimizer of & over Ky 4. If0 € €,
for every r € (0,dist(0,09)) consider

wy(x) == ]m\2u(rﬁ) : (3.8)
Then, it is true that
, n—+ 2 1 2 n—1
®,(r) = (Do, (1) = Po, (1)) + = [ ((Vup,v) = 2u,)"dH". (3.9)
r r 8B,
Proof. By definition for every r € (0,dist(0, 012)) we have
&u(r) Gulr) 52 (r) Hu(r)
@;(T)ZW—(TL+2) +3 -2 3 +2(n+3) et (310)
A direct computation then gives
Elr) = / (|IVul® +2u)dH ! = r"+1/ (|Vur* + 2u, ) dH™ L. (3.11)
OBy 0By

By scaling it is easy to check that

T (r) = d </ w?(ry)rt dH"_1>
d?" 8B

- 1%@(7’) + 27'”+2/ wp (Vg, y) dH™ 1, (3.12)
r dB1
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therefore
2 2(n + 3) 8 4 .
e N A = ) = [ w319
Plugging (3.13) and (3.11) in (3.9) we get
1 &u(r) 8 4 _
(D/ I r2 2T‘dn1 2 7% _/ . - dnl
() r/maw o) a2 S i) = [ ey an
n+ 2 2(n—2) 1 9 1
= — _—_— —_ — 4 n
) = 2P ¢ [ (190 2 (V) K
2 1
__nt @u(r)—i—/ (]Vur|2—|—2ur—2(n—2)u3—4ur(Vur,y>>dH"_1
T T 8B
2 1
__nht D, (r)+ / (((Vur,y> —2uT)2 + |V7ur|2 —2nu$+2u7«> dyn—t
T T 8B;
n+2 1

r

_ (B, (1) B0, (1) + + /63 (Vtip, v} — 2up)2 dH""

where in the last equality we have used that

1

/ (IVrup|? = 2002 + 2u,) dH™ L.
0B1

which follows from a direct computation of the energy of the 2-homogeneous extension w,.. [
The second result is a simple consequence of the continuity assumptions on the coefficients.

Lemma 3.2. Assume (Hj) and (3.1). For every v € WY2(B,) with v > 0 L"-a.e. on B,
then

‘/ \Vv,«|2d:n—/ (A(raj)er,er>dm‘ §wA(7‘)/ Vv, |? dz (3.14)
By B B

‘/Bl(l—f(m:))u,«dx’ < wy(r) /31 vpdx, (3.15)

Proof. Tt suffices to take in to account the normalization assumption (3.1) and the definition
of modulus of continuity. O

Let us first establish Weiss’ quasi-monotonicity under the normalization condition.

Proposition 3.3. Assume (H1), (H2), (H4) and (3.1). Let u be the minimizer of & over
Ky.g. There is a dimensional constant C' = C(n) > 0 such that if for some v > 1

wr | oo (Bo) + IVUr|l2(Bymny < ¥ (3.16)
for every r € (0 $dist(0,09Q)), then

( r) + Cy / ) /aBl(<Vu,~,ar)—2ur)2dH”1, (3.17)

for every r € (0, 3dist(0, 0%2)), where w(r) := wa(r) + we(r).
In particular, ®, has a finite right limit in 0 denoted by @, (07).

Proof. For r € (0,dist(0,09)), we use formula (3.9) for ®/, in combination with one of the
following alternatives
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(a) @u, (1) > Py, (1),
(b) @y, (1) < @y, (1).
In case (a) we conclude that
@) >+ /8 (Furor) =20, @ (3.18)

Otherwise, being u,|gp, = wr|sp,, the inequality defining case (b) rewrites as

Thus we may estimate @, (1) — @, (1) from below by taking into account Lemma 3.2 and
that u, minimizes the functional in (2.14) with respect to its boundary values, to conclude
that

‘I)wr(l) - (I)ur(l) = @ﬁwr(l) - @@ur(l)

> / ((A(rz)Vw,, Vw,) + 2f (rz)w,) dz —/ ((A(rz)Vu,, Vu,) + 2f(rz)u,) do
B

By

(3.19) (3.16)
—w(r) (G, (1) + &, (1) > —20(r)é&, (1) > —Cy’w(r),

where we have set w(r) = wa(r) + ws(r) and C' = C(n) > 0. Hence, in case (b) we infer that

1
P (r) > —C’wa + / (Vi v) — 2u,)* dH" L. (3.20)
T T dB1
Inequalities (3.18) and (3.20) provide (3.17) for every r € (0, 2dist(0, 99)). O

Remark 3.4. Recalling that f and A are Dini continuous by (H4), the modulus of continuity
w provided by Proposition 3.3 is in turn Dini continuous.

Remark 3.5. An inspection of the proof above shows that Weiss’ formula can be deduced
even for a weaker notion of Dini continuity, that is actually the one used in [25, Theorem 2.1
and Remark 2.2] to infer the mentioned C! regularity of solutions. In this respect, we need a
different version of Lemma 3.2. To this aim, thanks to the mentioned Schauder estimates, in
place of (3.14) and (3.15) we may consider for r sufficiently small the inequalities

‘/B ‘VUTde_/B (A(rx)Vu,, Vu,)dz §@(r)||Vur||%oo(Bl;Rn), (3.21)
1 1

[ 0= stayur ] < 0o 329

where

1/2
B(r) = L7(B1) (sup f (14 - a@I* + 1@ - fO)F) dx) .
y€B2 J B, (y)

Note that w is not a modulus of continuity according to the definition given above as it is not
increasing. Despite this, assume that it satisfies (3.2). Then, on one hand [25, Theorem 2.1
and Remark 2.2] provide C! regularity with a uniform modulus of continuity for the gradient
of the solution; on the other hand (3.21) and (3.22) together with (3.27) below (rather than
(3.16)) yield Weiss’ quasi-monotonicity formula. As it will be discussed in Section 3.2 below,
it is not restrictive to assume (3.27) thanks exactly to [25, Theorem 2.1 and Remark 2.2].
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Finally, we note that even weaker notions of continuity are allowed to get C'! regularity
of solutions to divergence form elliptic equations (cf. [9, 10]). In this respect, Reifenberg
vanishing flatness of Reg(u) had already been proved in case of VMO coefficients in [3] by
means of PDEs arguments rather than using the variational approach (cf. the introduction
for the definition of Reg(u)).

For what Monneau’s formula is concerned, let v be any positive 2-homogeneous polynomial
solution of

Av=1 onR" (3.23)
Then by 2-homogeneity, elementary calculations lead to
D,(r) =d,(1) = / vdy, (3.24)
B1

for all 7 > 0. It is easy to prove that the value above is a dimensional constant independent of
v, which we denote by #. Then, being the space of polynomials of degree 2 finite dimensional,
and being v 2-homogeneous we infer that

HVU||L2(31) + ||UHL2(631) <C(n). (3.25)
We prove next a quasi-monotonicity formula for solutions of the obstacle problem in case
xg € 'y, is a singular point of the free boundary, namely it is such that

®,(0%) =0. (3.26)

To prove Monneau’s formula we need to strengthen condition (3.16) (cf. (3.27) below).

Proposition 3.6. Assume (H1), (H2), (H5) with a =1, and (3.1). Let u be the minimizer
of & over Ky 4. There exists a dimensional constant C = C(n) > 0 such that if for some
v=1

wrllLoe (By) + IVUur |l oo (Bysrmy < ¥ (3.27)
for every r € (0, %dist(Q, 09)), then the function

”(SS) ds (3.28)

T dt t

(0, 1dist(0,09)) > r — (uy — v,)? dzx + C’WQ/ /

0B, o tJo

is nondecreasing, where v is any positive 2-homogeneous polynomial solution of (3.23), and

w s the modulus of continuity provided by Proposition 3.3.

Proof. Let w;, := u, — v, then by scaling and by taking into account the 2-homogeneity of v
we get

d 1 2 n—1 d / 2 n—1 2/ n—1
— - - ' Ty 2 T
O <r”+3 /aBl(u v)*dH ) e < . w;y dH A 1w (Vuy, z) — 2u,)dH

2 1 wal(r
22 [ wnltalr)Vura) - 20) 410 = 0 a2, [V 20,
1
> 2 / W ((A(re) Vi, 3) — 2uy) dHPL — 042220 (3.29)
T JoB; T

for some C' = C(n) > 0, where we have used (3.25) and (3.27) in the last inequality.
We use next the integration by parts formula (2.11) in Corollary 2.4 to get

/8 Ble<A(r:U)Vur,x> dH" ! = /

(A(rz)Vu,, Vw,) dz +/ (f(rz) —C(rx))w,dax =11 + I>.
By

By
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We estimate the two addends above separately. We start off with I;:

I :/B <A(rx)Vur,Vur>d:c—/B (A(rz)Vu,, Vv) dz

|V, |? dz — 2/

By

> @, (1) ~wlr) |

up do + 29, (1) — / (A(rz)Vu,, Vv)dz.
By

B
(3.30)

By taking advantage of the 2-homogeneity of v and that Av =1 (cf. (3.23)) we get that

—/B (A(r2) V., Vo) da > —/B (Vaty, Vo) dz — wp () [ Vete | 200y IV 2234
1 1

:/ urdx—2/ o dHYY — g (1) |V 2280 V0 2208y
Bl 8Bl

> / u, dz — 2/ w v dH T — Cywa(r),
B 0B1

for some C' = C(n) > 0, where we have used (3.25) and (3.27) in the last inequality. Plugging
the latter estimate in (3.30) we infer that

L > o, (1) _/

u, dz + 2/ wupwy, dHP L — C’)/QWA(T) . (3.31)
B 9B

Next note that by (2.3) in Proposition 2.1

b= [ (ta) = Courdo = [ (7a) = Glra)wde

By

> [ () = frax g de = [ fr)ods
B

By

/ fro) X qu, >0y ur — / flrz)vde = flrz)(u, —v)da. (3.32)
B B By

We now use (3.24), (3.31) and (3.32), to estimate (3.29)

a4 <rn1+3 /{)Bl(u - v)2d7-[”_1> > %(%T(l) — ®,(1))

dr
1 — re))v—u xr — QWL(T)
ﬂ/Bl” Jre) (v — ) de — Oy*=
(‘3? %@WQ) — ®,(0")) - 072w§T) ; (8:33)

for some C' = C(n) > 0. Therefore, we may finally use Proposition 3.3 to conclude that

d 1 2 n—1
T (TnJrg /8B1(u—v) dH )
> 1/ 1/ (<Vut,a:>—2ut)2d’H”1—Cv2/ @dt—(w?@.
T 0 t OBy 0 t T

r

The conclusion then follows at once. OJ
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3.2. Weiss’ and Monneau’s quasi-monotonicity: general case. To establish Weiss’
and Monneau’s monotonicity in general, we follow [12] and show that by means of a change
of variables one can always reduce to the normalized setting in (3.1) for every free boundary
point g € I'y,. Moreover, the new quantities appearing in the corresponding obstacle problems
under such a transformation satisfy assumptions (H1), (H2) and either (H3) or (H4) or (H5),
with uniform constants with respect to xg, according to the assumption imposed on A and f.

Indeed, let zg € I'y, be any point of the free boundary, consider the affine change of variables

x— xo 4+ [P (20) AV (z0)x =: xo + L) z
Changing variables leads to
E(u) = f172 (o) det(A2(20)) EL(xo) (UL(o))» (3.34)

where we have set QL(%) = ]Lfl(:vo) (2 = zp), and

Bt (V) = /Q . <<Cum>(m>w,W> + 2%05 v) dz, (3.35)

with
UL (z0) () = u(zo + L(zo)z), (3.36)
Si(zo) (@) = f(z0 + L(zo)z),
Chao) (7)== A7 (w0)A(zo + L(z0)x) A~ (x0).

Note that fiz)(0) = f(z0) and Cp,,)(0) = Id. Moreover, the free boundary is transformed
under this map into

FUL(I(,) = L_l(xo)(ru — o),
and the energy & in (1.1) is minimized by u on Ky 4 if and only if & ,,) in (3.35) is mini-
mized by up,(z,) in (3.36) on Ky -1 (20)(—20),g(L—1 (z0)(-—a0))- 11 Particular, the normalization
assumption (3.1) is satisfied.

Moreover, Cr,,) and ];L(;g; satisfy (H1)-(H5) with uniform constants. Indeed, for what
(H1) is concerned, it is clear that Cp () is symmetric, bounded and coercive, with

AT[E[* < (Crag) (2)€,€) < A% (3.37)
for L™-a.e. x € Qp(4), and for every § € R". Note that

O _ fL(zo) ’ £l 2o (@)
[fllzeey — f(xo) co

(3.38)

for L-a.e. x € Qp (), so that (H2) holds. Moreover, on setting wa (t) := (nA)?wy ( %t),
it is clear that for every z, y € Q4
1CL(0) (%) = Criao) (W < Wallz —yl). (3.39)

Analogously, J;L((;g; has modulus of continuity @ (t) := ¢y 'wy ( %t) Therefore, either (H3)

or (H4) or (H5) holds, according to the corresponding assumption on A and f.
Furthermore, we note that in view of (3.37) and (3.38) formula (3.16) is satisfied uniformly
in xg and r. More precisely, Remark 2.6 yields that if R > 0, K C (2 is compact and xg € K,
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then for every r € (O, ﬁdist(K, aQ)), and for some constant C' = C(n,cq, A, || f|| g, R, K) >
0 it is true that

UL (z0),rll o0 (Br) + IVUL(20) I L2(BRiRn) < C (3.40)

where we have set up(z0), := (UL(z0))o,r (nOtice that Vg ) ,(-) = L¥(z0) Vu(zo + L(z0)-)).
We are now ready to establish Weiss’ quasi-monotonicity formula by applying Proposi-
tion 3.3 to uy,(,,) thanks to the discussion above.

Theorem 3.7 (Weiss’ quasi-monotonicity formula). Assume (H1), (H2) and (H4). Let u
be the minimizer of & over Ky 4. If K C Q is a compact set, there is a constant C =
C(n,co, A, || fllzee, K) > 0 such that for all xo € KNI,

d "w(t) 1 2 1an—1
5(%(10)(7«) +C /0 Tdt) > - /a o (T 2) = 2un o P AH - (3.41)

r
for every r € (0, 3dist(K, 82)), where w(r) := wa(r) + wy(r).
In particular, ®u, ., | has finite right limit @y, | (0F) in zero, and for allr € (0, 1dist(K, 99)),

UL (z(

T w(t
Doy (1) = Puy, ) (07) = =C /0 i) dt. (3.42)

For what concerns Monneau’s quasi-monotonicity formula we may apply Proposition 3.6
to up,(z,) on condition that (3.27) is satisfied. This follows from the discussion above, and
thanks to [25, Theorem 2.1 and Remark 2.2] which provide a modulus of continuity for Vuy,
depending only on n, co, A, Wy, and || f[| () (cf. (3.37)-(3.39)).

z0)

Theorem 3.8 (Monneau’s quasi-monotonicity formula). Assume (H1), (H2) and (H5) with
a = 1. Let u be the minimizer of & over Ky 4. If K C § is a compact set and (3.24) holds
for xg € K NTy, then there exists a constant C = C(n,co, A, || f||z>~, K) > 0 such that the
function

10 2 o [T dt [fw(s)

(0, ;dist(K,09Q)) > r — (UL (o), — v)° dz + Cry < | ds. (3.43)
9By 0 o 8

is nondecreasing, where v is any 2-homogeneous polynomial solution of (3.23), and W is the

modulus of continuity provided by Theorem 3.7.

4. FREE BOUNDARY ANALYSIS

The regularity of the free boundary of the minimizer u of & on Ky 4 can be established
thanks to the Weiss” and Monneau’s quasi-monotonicity formulas proved in Section 3 at least
if assumption (H3) is satisfied. In doing this we follow the approach introduced in [31, 27] for
the classical obstacle problem related to the Dirichlet energy, and developed in [12, 18, 13, 14]
both for linear elliptic operators in divergence form and in the nonlinear setting with suitable
smoothness assumptions (see also [29] for a systematic presentation).

In particular, in this section we improve upon [12, Theorems 4.12 and 4.14], [18, Theo-
rem 1.3] and [14, Theorem 2.1], since in all those cases the matrix field A turns out to be in
particular Holder continuous due to Sobolev type embeddings.

In the ensuing proof we will highlight only the substantial changes since the arguments are
essentially those given in [12].
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Proof of Theorem 1.1. First recall that we may establish the conclusions for the function
u = w — Y introduced in Section 2. Given this, the only minor change to be done to the
arguments in [12, Section 4] is related to the freezing of the energy where the regularity of
the coefficients plays a substantial role. More precisely, under assumption (3.1) we have in
view of Lemma 3.2

/B (A(rz)Vv, Vo) + 2f(rz)v) de — &,(1)| < w(r)é,(1)

for all v € Wh2(By).

We then describe shortly how to infer all the conclusions. We start off recalling that the
quasi-monotonicity formulas established in [12, Section 3| are to be substituted by those in
Section 3. Then the 2-homogeneity of blow up limits in [12, Proposition 4.2] now follows
from Theorem 3.7. Nondegeneracy of blow up limits is contained in Proposition 2.5 (see
[12, Lemma 4.3]). The classification of blow up limits is obtained exactly as in [12, Proposi-
tion 4.5]. Uniqueness of blow up limits at regular points, that follows from [12, Lemma 4.8],
can be obtained with essentially no difference. The proofs of [12, Propositions 4.10, 4.11,
Theorems 4.12, 4.14] remain unchanged. O

Remark 4.1. Thanks to the quasi-monotonicity formulas in Section 3 we expect to be possible
to deduce results analogous to Theorem 1.1 under assumption (H5) with a > 2 (cf. [14,
Theorem 2.1] for such a statement if A € WHP(Q;R™ ™), p > n, and f satisfies (H5) with
a > 2). Moreover, in view of Remark 3.5 it is likely that analogous results hold even in case
w there satisfies a double-Dini continuity condition. We do not insist on this issue here since
several arguments should be carefully checked along the proofs of [12].
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