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Boundary regularity for the polyharmonic Dirichlet
problem *)

ANTOINE LEMENANT () AND REMY MOUGENOT (?)

ABSTRACT. — In this paper we prove that any solution of the m-polyharmonic
Poisson equation in a Reifenberg-flat domain with homogeneous Dirichlet boundary
condition, is €™~ 1® regular up to the boundary. To achieve this result we extend
the Nirenberg method of translations to operators of arbitrary order, and then use
some Mosco-convergence tools developped in a previous paper [12].

RESUME. — Dans cet article, nous démontrons que toute solution de I’équation de
Poisson m-polyharmonique dans un domaine Reifenberg-plat, munie de conditions
aux limites de Dirichlet homogenes, est de régularité €™ 1@ jusqu’au bord. Pour
obtenir ce résultat, nous étendons la méthode des translations de Nirenberg & des
opérateurs d’ordre arbitraire, puis nous utilisons des outils de Mosco-convergence
développés dans un article précédent [12].

1. Introduction

This paper is devoted to the regularity up to the boundary of solutions
of a general elliptic PDE of order 2m with constant coefficients. A prototype
is, for instance, the following m-polyharmonic Poisson equation:

(=A)™u = fin Q

u € H'(Q). (L)
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For any bounded domain Q and f € L?(), it is easy to see that there ex-
ists a unique solution to the above problem. In the following, we also impose
a mild regularity condition on the domain 2. Specifically, we consider the
relatively broad class of Reifenberg-flat domains. This concept encompasses,
in particular, Lipschitz domains and has been utilized in numerous previous
studies on the regularity of elliptic PDEs, as for instance [5, 6, 7, 8, 13, 14,
15, 16, 17, 18, 19, 20, 23], to mention a few. Let us first introduce some
notation.

For every r > 0 and z € RY, B(z,r) is the open ball of radius r and
centered at x, B, := B(0,r). Moreover for A € [—1,1] we will denote by
B(z,r) the truncated ball of level A defined by

BMz,r) = B(z,r) N {y e RN lyn > M+ oy}
We also denote BT (x,7) := B%(z,r) the upper half-ball centered at x.

DEFINITION 1.1 (Reifenberg flat domain). — Let 19 > 0 and gg € (0, 1).
A bounded open set is (gg,ro)-Reifenberg flat if for every x € 0 and r €
[0,70], there exists a rotation R, centered at x such that

B (x,r) C Ry(Q) N B(z,r) C B~%(x,r).

This definition is equivalent to the existence of a hyperplane &2, contain-
ing x such that

dw (00N B(x,r), 2, N B(x,1)) <eor, 1 < 70,
where d 5 is the Hausdorff distance defined by

ds (A, B) := sup dist(z, B) 4 sup dist(y, A),
z€A yebB

and such that
B(z,7)N {y c RN |dist(y7 D) > 807“}

has two connected components, one lying in €, the other one lying in RN\,
see [15, 16, 17, 25].

The purpose of this paper is to investigate the boundary regularity for
Problem (1.1) in Reifenberg flat domains. Actually, it applies to more general
operators of order 2m of the form

o= (=" > a,,30%0%, (1.2)
le|=[B]=m
where an,g € R are real coefficients. We assume that &/ is symmetric, i.e.

Ga,3 = 08,«, and is elliptic in the sense that there exists C' > 0 such that for
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all vectors & = (§a)|a|=m With &, € R it holds that

D aasbals =C Y [l (1.3)
lee|=]B]=m loe|=m.
Also, observe that a Reifenberg-flat domain is always assumed to be bounded,
by definition. Here is our main result.

THEOREM 1.2. — Let a € (0,1) and ¢ > 2 be such that mq > N if
2m < N, and q = 2 otherwise. There exists g € (0,1) and ro € (0,1] such
that for every (eo,70)-Reifenberg-flat domain Q C RN, for every function
f e LiQ), if u € H(Q) is the weak solution of o/ (u) = f, then u €
¢m=12(Q) and

||U||<gm La(n) S C||f||LQ(Q),
where C' > 0 depends on N, o, o, Q) and m.

What is somewhat surprising in Theorem 1.2 is that we are able to
obtain fairly strong regularity up to the boundary, in the class €™ 12,
although 99 enjoys only very poor regularity, not better than 7. Indeed,
a Reifenberg-flat domain is less regular that Lipschitz, it could even have
a fractal boundary. The high regularity of solutions in this poor regularity
class of domains is possible due to the fact that u € HJ*(€2) vanishes at the
boundary, as well as all its k" derivatives, up to the order m — 1, leaving a
chance to be more regular up to the boundary, than the boundary itself.

For instance our result immediately implies that in dimension 3 and in the
case of the bi-laplacian, if u € HZ(Q) and A?u € L?(2), then u € €1(Q),
while €2 is only Reifenberg-flat.

Notice that for the interior regularity, if A™(u) = f with f € L7 then
A(A™ 1) (u) = f so that A™ 1y € W24 by classical Calderon—Zygmund
estimates on the standard Laplacian. Iterating this m times we arrive to the
fact that v € W?2™4, Hence, if mg > N, the Sobolev embedding theorem
implies that V™u € €%, or in other words u € €™“. Of course this
argument cannot be applied at the boundary because the Dirichlet boundary
condition is not preserved while taking derivatives. But it is interesting to
compare to the statement of Theorem 1.2, since up to the boundary u €
¢?™~ 12 and not €™, and so we loose one derivative with respect to
what we could expect in the interior. This is due to the weak regularity of
the boundary that prevents us to go beyond.

Let us furthermore emphasize that our result is sharp. Indeed, for instance
for m = 1 it is easy to construct a harmonic function with Dirichlet boundary
condition on a cone of aperture 7 + &g, that is in €% but not Lipschitz (see
for instance [17, Remark 18]).

- 745 —



Antoine Lemenant and Rémy Mougenot

A similar result to our Theorem 1.2 has been partially obtained earlier
in [18] in the case m = 1, i.e for the standard Laplacian, where the a priori
estimates u € LP(Q)) and f € L9(12) lead to the €% () regularity, provided
that € is “flat” enough. Our result includes the one in [18], and is even more
general for the case of the standard Laplacian (m = 1) because we do not
assume any a priori condition on u € LP(2) as in [18]. The technique is also
different since in [18] a monotonicity formula has been used, which is not
available for the polyharmonic operator.

The result in [18] has also been extended for general elliptic operators
of order 2 in [20], using some barrier arguments. This technique cannot
be applied for operators of highier order since it relies on the maximum
principle.

Notice that in the recent preprint [24], a similar regularity result has been
obtained for the fractional Laplacian (—A)®. For the particular case s = 1,
the result in [24] is consistent with the particular case of our result with
m = 1.

For the parabolic case, an L? theory has been developed in [8] in a general
context of varying BMO coefficients, from which one can probably deduce
a similar statement to our main result, after an application of the Sobolev
embedding theorem. However, the technique employed in the present paper
is completely different from the one in [8], and somewhat simpler.

It is worth mentioning that many works by S. Mayboroda and co-authors
are dedicated to the study of the bi-harmonic operator in a general class
of wild domains, including in particular Reifenberg-flat domains (see for
instance [3, 4, 21, 22]). The context in these works is a bit different since they
are interested in the polyharmonic measure and thus focus on the delicate
problem A2y = 0 in Q with Vu = f on the boundary. In the present paper
instead, we are looking for v = 0 and Vu = 0 on the boundary with a source
A%y = f in Q, which is slightly different.

Our approach, which is completely self-contained in this paper, uses vari-
ational techniques that are well adapted for solutions with homogenous
boundary conditions, that might not work so well with an inhomogeneous
condition. On the other hand, it provides some very precise energy estimates
at the boundary in that particular case, that one could probably not obtain
so easily with the general tools developed for the polyharmonic measure.

We also believe that our result could be extended to more general oper-
ators of divergence type with Holder continuous coefficients, but we do not
pursue this generalization for the sake of simplicity, restricting ourselves to
constant coefficients.
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Ideas of proof and structure of the paper

Let us now describe the ideas behind the proof of Theorem 1.2. The main
point is to arrive at a decay behavior of the energy at the boundary for a
polyharmonic function of the following type: there exist b,C,ry > 0 such
that for all x € 92 and r < R < 1o, (in the sequel, a function in HJ*() is
considered as being extended by 0 outside §2)

r

N—-b
/ v < 0 %) / VP de, re(0,R).  (14)
Bla,r) R B(z,R)

If (1.4) holds, then one may say that u € €™~ 1%(2) by standard Campanato
theory.

Now to obtain (1.4) at a boundary point of a Reifenberg-flat domain, the
first step is to prove that it holds true when the boundary is a hyperplane.
Once this is established, then we can argue by compactness and obtain that
it still holds true when the boundary is close enough to a hyperplane. This
is done in Proposition 1.4, which uses in particular the Mosco-convergence
theorem for higher order operators contained in [12]. Since a Reifenberg flat
domain is gg-close to a hyperplane at any small scale, we can then conclude
that the same decay holds for a solution in a Reifenberg-flat domain, leading
to our main €™~ 1 result.

Therefore, a fairly big part of this paper is actually devoted to the proof
of the energy decay property (1.4), in the case of a perfect flat boundary,
i.e., when 0 coincides with a hyperplane.

For the standard regularity theory for operators of order 2m, one usually
quote [1, 2], based on Fourier analysis. However, we could not find in the
literature the exact statement that is needed for our purposes. Instead, we
provide in this paper a complete and self-contained proof, based on the
Nirenberg translation method, that allows us to control precisely all the
constants.

The interesting fact is that we have to adapt this method in a non trivial
way for higher order operators, compared to what is commonly known for
the Laplace operator. To our knowledge, we believe this argument to be new
and interesting on its own. Indeed, let us explain the difficulty.

For the recall, a usual way to treat the problem of boundary regularity
in the flat case, for instance when Q = {xx > 0}, is to consider a direction
of translation h € R™V\{0} and then introduce the translated function

u(z + h) — u(zx)

Dpu(z) = ]

, xef.
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The main idea is the following: up to localizing with a cut-off function and
provided that h goes in a horizontal direction (i.e., for h = ¢; and 1 < i <
N — 1), the function Dpu is an admissible test function in Hi*({exy > 0})
in the weak formulation of the problem. For the polyharmonic problem this
leads to an a priori bound of the type

| DV ™ ulls < C.

Since C' is uniform in h, we easily conclude by taking h — 0 that actually u
admits one more derivative in all the horizontal directions. We can continue
inductively and actually prove that all the derivatives of the form 9*V™u are
in L?, where o are multi-indices involving only horizontal directions. Then
we only miss the vertical direction, in which the translation is not admissible
as a test function.

For the standard Laplacian, the usual trick works as follows: we can
recover the vertical derivatives by use of the operator. Indeed, if —Au = f
then

N—1
~Oju=f+)_ O,
i=1
and this is how we obtain that 9% u € L? because we know that all the §?u
for 1 <i < N —1arein L2 We then conclude that u € H2, which is a gain
of regularity compared to the original information that u € H'.

For higher order operators <7, we cannot recover the estimate on 93™u so
easily because we need to pass from V"u € L? to V2™ € L?: in other words
we have to win m derivatives, and not only one. Moreover, the operator is
more complicated and involves multiples derivatives of different order.

As a result, our proof works by induction on the order of the operator. We
first establish the regularity theorem for m = 1, which is the case for instance
for the standard Laplace operator. Then assuming that Theorem 1.2 is true
for operators &7 of order 2(m — 1), we prove that it holds true for operators
of order 2m. The main tool is to write a general operator 7 of order 2m as
the sum (see Lemma 2.1):

o (u) = Bu) — INE (Inu), (1.5)

where %(u) contains at most m-derivatives in the ey direction, so that it
belongs to L2, and € is an elliptic operator of order 2(m—1), on which we can
apply our induction hypothesis. Indeed, since .«7(u) € L? by assumption, we
deduce that Ox¢(Oyu) € L2 Then by use of a certain Poincaré inequality,
this actually yields € (0yu) € L?, and thus dyu € H2(™=1 thanks to our
induction hypothesis (i.e. using that Theorem 1.2 is true for operators of
order 2(m — 1)). All this implies that u € H?>™~1.
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Now we are still missing one last derivative because we need to achieve
H?™ instead of H*™~!. This will be done by use of the operator, for a last
time again. Indeed, at this stage of the proof, we have a control on all the
derivatives of the form 0%u with |a| = 2m, provided that any < 2m — 1.
In other words, to conclude that v € H?™ we only miss the last derivative
03 u. But this term appears in &/ only once. Namely, we have

A = (—1) ey men O3 + & (1.6)

where & contains at most 2m — 1 derivatives in the e direction. This is how
we get 03u € L2, and finally conclude that u € H?™, as desired.

All this leads to the regularity result that is contained in Theorem 4.1,
that we state here in the introduction to enlight what we have obtained with
this method.

THEOREM 1.3 (Regularity with flat boundary). — Let m € N*. Let o
be an operator of order 2m of the form (1.2) and satisfying the ellipticity
condition (1.3). Let w € H™(B(0,1)) be a weak solution of o/u = f in
B*(0,1) with f € H*(B*(0,1)), and such that uw = 0 on B(0,1)N{zy < 0}.
Then uw € H*™*4(B*(0,1/2)) and

[ull gr2mses+0,1)) < CUIV™ull2(3+0.1)) + 1 fllHe(B+0.1)))

where C > 0 is a constant that depends on N, {, m, maxq g |aq,g|, and the
ellipticity constant that appears in (1.3).

We also have written the interior case, analogous to Theorem 1.3 (see
Theorem 3.1). As a matter of fact, by reasoning with local charts, our paper
provides a self-contained and full regularity theory for the Dirichlet problem
of 2m-order in a smooth domain.

Observe that our method really needs to work with general operators
of the form (1.2), and does not simplify for the special case of (—A)™.
Indeed, while performing the induction argument on (—A)™ we would need
to decompose it as the sum (1.5), in which an operator of lower order appears,
which is not (—A)™~1, but more general, as in (1.2).

Then in Section 5 we use this regularity result to establish a decay prop-
erty of the type (1.4) for a polyharmonic function at a boundary point of
a Reifenberg-flat domain. This is obtained by use of a compactness argu-
ment (see Proposition 5.1). Once this is done, we can use a “polyharmonic”
replacement argument to derive a similar decay property for a solution with
a source term. This is done in Proposition 5.2, that leads to the proof of our
main result, Theorem 1.2.
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2. Preliminaries

As usual we denote by H™ () the Sobolev space endowed with the norm
lallFmey = D 10%ull3
o] <m

and we denote by H{"(§2) the closure of C* function with compact support
in Q. Since a Reifenberg-flat domain enjoys the so-called corskcrew condition,
it follows that

HJM(Q) = {ue H"(RY) s.t. u =0 a.e. on RV \ Q}. (2.1)

This is actually [12, Corollary 10], and we refer to [12] for more details. As
a consequence, throughout the paper we will consider u € H} () as being a
function in H™(RY), extended by 0 on Q€.

We will also use (2.1) implicitly while dealing with a mixed boundary
value problem in a half ball. For instance in Section 4 we will consider u €
H™(B(0,1)) such that u = 0 a.e. on B(0,1) N {xy < 0}. It is known (see
for instance [12]) that such a function can be approximated by v, — « in
H™(B(0,1)) such that supp(v,) C B*(0,1) for all n. This fact will also be
used in the proof of Proposition 5.1.

2.1. Multi-indices and the Leibniz formula

A multi-index is a vector v € NV, The length of « is denoted by || which
is the sum of all the coefficients a;. The partial derivative 9% means that we

take all derivatives agﬁ?i). We denote by a! the number aqlas! ... ay! and we
say that « < 8 when o; < 3; forall 1 <7< N.

If u, v are two smooth functions then the Leibniz formula states that

0% (w) =Y a!(;‘iﬁ)!aﬁuaa—%. (2.2)

Ba

2.2. Elliptic operators of order 2m

Let m € N*. We consider a general operator o7 of order 2m of the form

A= ()" Y Paapd™) = (0" Y aasd’?, (23)

la|=[B]=m la]=[B]=m
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where aq,5 € R are real coefficients. We assume that &7 is symmetric, i.e.,
Ga,3 = ag,q for all o, B, and is elliptic in the sense that there exists C4 > 0
such that for all vectors § = ({a)|a|=m With {, € R there holds,

Ca >, aplabs> Y |l (24)

lal=18l=m laj=m

2.3. Weak Formulation

For f € L?(f), an application of the Lax-Milgram theorem yields exis-
tence and uniqueness for the problem

{du:me

ue H(Q) (25)

The weak formulation of this problem is

/ Z 0 50%ud’ o da = / ofdx forall ¢ € HJ*(2). (2.6)
Q Q
la|=]8]=m

2.4. Matrix formulation

For v € H™(Q) we denote by V™u the vector of all derivatives of order
m, i.e. V"u = (0%u)|q|=m- Then the weak formulation (2.6) can also be
written as follows,

AVTu - VT"pdr = / ofdx forall ¢ € HJ*(), (2.7)
Q Q

with A = (aa’g).

2.5. Polyharmonic operators

In particular, our class of operators contains the polyharmonic operator
(—A)™ (see [10]) by taking the particular case aq,s = 2 0a,5 Where do 5 = 1
if @« = 8 and 0 otherwise. In this case,

m!
Z aa,ﬁfozgﬁ: Z J|€a|27
loe|=|Bl=m laj=m
and therefore it is clear that this operator satisfies the ellipticity condi-

tion (2.4).
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Even though the following fact will not be used in this paper, it is worth
mentioning that by use of a standard integration by parts valid in HJ"(2),
one can prove that the associated bilinear form that appears in the weak
formulation for (—A)™ becomes

/ Z e, 30" u0P o dz:
@ Ja]=|8]=m
) [ ATuAT pda if m is even,
B Jo VA" - VA%@dx if m is odd.

2.6. Decomposition of Elliptic operators

In the sequel we will need the following Lemma, which is one of the key
step in our proof.

LEMMA 2.1. — Let & be an operator of order 2m of the form (2.3) that
satisfies the ellipticity condition (2.4). Then </ can be split in two parts,
o =B+ €, as follows

o= (=)™ > aap0°0°

laf=[B|=m

== Y 9%(aapd®) + ()" > 0" (a0,50%),

la|=]B|=m la|=|B|=m
an=0 or Bn=0 an>0 and Bn>0
B €

in such a way that

€ = (-1)" > 0%(a0,50%) = 2 o (—0%),
a|=|8|=m
(,VN‘>$ a‘n(‘i BrN>0

where 2 is elliptic, as an operator of order 2m — 2.

Proof. — By definition of ¢ we can factorize by 9% as follows:

€ = (—1)™ > (0, 3070

la|=]B|=m
an>0 and By >0

= (_1)m_1 Z Aa+en,B+en 0% 0" (—812\]),
la=[B|=m—1
and therefore the operator & of the statement of Lemma 2.1 is given by

2 = (_I)M71 Z aa-‘reN,B-‘reNaﬁaa'

le|=|Bl=m—1
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‘We have to check that this operator is elliptic, as an operator of order 2m —2.
For that purpose we will use the ellipticity of &7 on suitably chosen vectors &.
More precisely, let 7 = (7a)|a|=m—1 be any given vector indexed over all
multi-indices of length m —1. We complete the vector 7 by defining a vector £
indexed by multi-indices of length m, by writing now when |a| = m,

€, = Na—ey if oy >0
“" o if ay = 0.

By testing the ellipticity of &7 with this vector £ we get

Z aa,ﬁgﬁga = Z aa,ﬁgagﬁ

la|=|B8]=m la|=|8]=m
an=0 or Bn=0

=0

D D MW IN =X erail S [N i

la|=]8|=m la|=m
an>0 and By >0

which directly gives

Z aa+6N7ﬂ+6N77anﬂ>C,Zl Z nal?,

lee|=|B]=m—1 lo|=m—1

and this proves that Z is elliptic, as an operator of order 2m — 2. O

2.7. Poincaré type inequalities

The following simple lemma will be needed in the proof of Theorem 3.1.
The proof is elementary, by integrating on vertical rays.

LEMMA 2.2. — For r > 0 we denote by Q, C RN the cube centered at
the origin of side r, i.e.,

o= {xGRN|V1<i<N, |xi|<r}.
For A € (0,1) we also introduce
Q) :=Q, N{xzy > I}
Assume that v € L?(Q)) for all X € (0,1) and that furthermore v satisfies
[Onv][22(q,) < +00.
Then v € L*(Q,) and for all X € (0,3/4) it holds:

[0l z2 (@) < 4llvllze@a) + 3rllOnvll L2 @) (2.8)
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Proof. — We first assume that v € C*°(Q,.). We will use the notation
r = (2/,2y) for a point in RY. Then integrating along the ey direction
yields, for every (z/,t) € Q,

v(a' t) =v(a', s) /8Nva:z

We then integrate over \r < s < r,

T T t
(1= XNrv(a',t) = / v(z',s)ds + / Onv(a', z) dz ds.
A A

T ‘s S

Taking the square and using that (a + b)? < 2(a? + b?) it holds

(1 —N)2r%v(z’,t)? 2(/A v(a',s) ds>2 + 2((1 - \)r ' |Onv(2, 2)| dz>2,

' -r

which becomes, by Cauchy—Schwarz inequality,

(1=\)2r%v(z’, )2 < 2(1-M\)r //\7" v(2’, 5)* ds+4(1-)1)*r3 /T (Onv(z', 2))? dz,

. .
or differently,

(1= (', 8)? < ZA

T T

v(z’,s)*ds +4(1 — \)r? / (Onv(a, 2))? dz.

T —r

We then integrate over 2’ € Q. (which is the cube in RY~1) arriving to

(I—A)r// o, <2 [ w(@)?de+4(1— N /(8Nv(;v))2d:c.

Q T
A last integration over —r < t < r finally yields

(1-— )\)r/ v(sc)2 de < 4r /Q% v(m)2 dz +8(1 — )\)r?’/ (é)Nfu(ac))2 dzx,

r T

or equivalently,

/ v(z)?dr < % v(x)? dx+8r2/ (Onv(x))? da,
- Q)

T r

which proves the inequality (2.8) in the case when v € C*(Q,), because
A< % by assumption.

Now let v be as in the statement, i.e. v € L?(Qy) for all A € (0,1) and
that furthermore ||Onv||12(q,) < +0o. We argue by approximation: for & > 0,

we let v. := v * p. where p, is a standard mollifier. Then since v € L?(Q5)
for all A € (0,1), we know that v. — v in L?(Q,) for all A € (0,1) and by
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extracting a diagonal sequence we can assume that v. converges to v a.e.
on @,. Then by applying (2.8) to v, and passing to the limit &€ — 0 we get
from Fatou’s Lemma that

lollz2(e,) < liminf [leellza,y < 4lvlz2(ap) +3rlOnvlzaqa,),
which ends the proof of Lemma 2.2. O

We will also need the following standard version of the Poincaré inequal-
ity, that follows from instance from [26, Corollary 4.5.2, p. 195].

LEMMA 2.3. — Ifv € H™(B(0,1)) is such that v = 0 a.e. in B(0,1) N
{zn < 0}, then

lvllzm(Be0,1)) < CIV™lL2(B0,1))
where C' > 0 depends only on the dimension N.

2.8. Finite difference tools

We will prove the theorem using Nirenberg’s “translation method”.
A good reference for this section is for instance [9, Section 5.8.2], but for
the convenience of the reader, and since our statement are not exactly the
same, we write the proofs with all details. For h € RV, and ¢ : RV — R,
we denote

() (@) = p(z + h)
and then
plx+h)—p@)  7(e)(@) - o(x)

D= T

The main ingredient is that a uniform L?-control on Dy, () (with respect
to h), leads to the conclusion that Vi € L% as stated in the following
proposition.

PROPOSITION 2.4. — Letw C Q C RY be two open sets such that & C
and let u € L?(Q). Then the following two properties hold:
(1) If u € HY(Q) then for every || < dist(w, Q°),
[ Dee, (U)HLZ(w) < ||aiu||L2(Q)~

(2) Conwversely, if u € L*(Q) and if there exists Coy > 0 such that for
all |e| < dist(w,Q°), it holds that || Dee, (u)||L2(w) < Co, then diu €
L?(w) and we have

105wl L2y < Co. (2.9)
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Proof. — We start by assuming that u € C*°(2) N H'(Q). Let € be such
that |e| < dist(w, Q°). We write

1
u(z +ee;) —u(z) = 6/ Ou(x + tee;) dt.
0

Using the Cauchy—Schwarz inequality and Fubini’s theorem, it follows that

1
/ lu(x + ee;) —u(x))* de < &2 / / |0su(z + tee;)|? da dt.
w 0 w

By the change of variables y = x + tee;, we find

1
/ lu(z + ce:) — u(a)2 dz < |g|2/ / Osuu(y)[2 dy dt.
w 0 wttee;
If |e] < dist(w, ), then w + tee; C §, so finally

[ Dee, (w)l| 2wy < [|05ull L2(0)-

Now if u € H'(Q), the result follows by approximation with C> functions,
which concludes the proof of assertion (1).

Let us now prove the converse. We take 0 < ¢ < dist(w, 2°) and we define
ge := Dc¢,u, so that the hypothesis shows that the family (ge)e0 is bounded
in L?(w). Therefore, there exists a subsequence such that g. — ¢(*) weakly
in L?(w). In particular

99|22 (w) < liminf || Dee,ulp2) < C.
Let ¢ € C°(w). For 0 < ¢ < dist(w, Q2°), we have

[ Deciatanetras= [ wl teed) Zul@) ) o

9

_ _/Qu(y)w(y) —ply —eei) dy

I3

:/u(y)D—seiW(wdy-
Q

Moreover, since D_..,p(y) — 0i¢(y) for all y, by the dominated convergence
theorem, we deduce that

/g(i)cpdz = / u0;p dz,
which shows that d;u € L?(w) with d;u = g and
/ |0;ul? dz < Co,
where Cy > 0 is the constant from the statement. O
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By iterating the above proposition, we can prove the same for higher order
derivatives. More precisely, we consider a vector of direction (h;)i1<;<n with
h; € RN and the associated discretized operator Dy, defined by

Th, — ¥
Dy, := ————.
|hl
These operators commute two by two: for every 4, j € [1, N], |h;| = |h;|, one
has
1 Th; P — Thy® =@  ThTh;P = Thi — Th; @ + ¢
DhiDh-QO:Thi( : - - = — - . )
bl Ih;] hil[h;] |hil?

but 7,7, = Tn,Th,, thus Dy, Dy, = Dp; Dy,. Futhermore, they commute
with the operators 07, namely Dj,,0°¢ = 9° Dy, ¢.

Then for & € NV and € € R we define

ol

N
D= J[ [IDee.- (2.10)

i=1 =1
s.t. a; #0

Notice that by a simple change of variables, for every u,v € L?(RY) we

have
/ uDE'de:/ vD_.udz,
RN RN

and iterating this property we obtain
/ uDXvdx = / vD® _udz. (2.11)
RN RN

By applying m-times Proposition 2.4, we arrive at the following direct
corollary.

PROPOSITION 2.5. — Letw C Q C RY be two open sets such that @ C 2
and let u € L*(2). Then the following two properties hold:

(1) If ue H™(Q) then for every || < dist(w, Q¢)/m and |a| = m,
1D (u)]| 2wy < [10%ul|2(q)-

(2) Conversely, if u € L*(Q), and if there exists €9, Co > 0 such that
for |a| =m, and for all || < g9 < dist(w, 2°)/m, one has

1D (w)|| L2 (w) < Co,
then 0%u € L*(w) and we have
[0%ull2(w) < Co- (2.12)
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Proof. — We argue by induction: if || = 1 then the statement is exactly
Proposition 2.4.

So we assume that the statement is true for all |o| = m and we consider
some « such that |a| = m + 1, and e < dist(w,Q¢)/(m + 1). Then we can
write

D¢ = D..,D?,
with |3| = m and for some e; arbitrary chosen.

For the first part of the statement, we assume that v € H™ (). Let w’
be an open set such that w C w’ C 2, and moreover such that

le| < dist(w, (W)°)/m and |e] < dist(w’, Q°).

This is possible because |e| < dist(w, 2¢)/(m + 1). Then the induction hy-
pothesis says that

1D2 (@)llz2w) = | D2 (Deestt)l| 2y < 107 Decstil] oy = 1 Deei0u] o

w)
But since 9%u € H'(2), we can apply Proposition 2.4 which says that

[ Dee, 0 S HaiaB“Hm(Q) = [10%ullL2(0),

UHL2(w’)
which proves Proposition 2.5(1).

Now for part (2), we assume that u € L?(2), and there exists Cp > 0
such that for every |a| = m + 1, and for all |¢] < g¢ < dist(w, Q¢)/m, one
has

1D (W)l L2 (w) < Co.
Then again we write
D® = D, D?,

with |8] = m and for some e; arbitrary chosen. By applying the induction
hypothesis we know that 9% (D,.,u) € L?(w) and

07 (Dec)] ) < O

This actually yields
HDeeia’BUHLz@) < Co,

so a last application of Proposition 2.4 finally gives
0%l £2(w) = 10:0°ul| 12 () < Co,

and so follows Proposition 2.5. a
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2.9. Campanato spaces

We recall here some standard facts about Campanato spaces that will be
used to achieve our C™ 1 regularity result.

DEFINITION 2.6. — Let Q be an open set of RN . The Campanato space

of parameter A € R is

,C27/\(Q)

=uec L*Q)|[u3i:= sup r_’\/ lu —m(u;z,7)[*dz < 0o p,

€ QNB(z,r)
0<r<ry
where
1
m(u;z,r) = ———— udz.

B |Q N B(l‘,?")| QNB(z,r)

PROPOSITION 2.7. — Let Q be an (g9, ro)-Reifenberg flat domain in R .
If X € (N, N + 2], then there exists a continuous injection

L£2MNQ) — €% (Q), (2.13)
with a := (A — N)/p.
A proof can be found in [11, Theorem 3.1] where bounded open domains

with the following density condition are considered: there exists A > 0 such
that

QN B(z,r)| = AN, 0<r<ry, z€Q.

In our case, this is true since Reifenberg-flat domains satisfy the internal
corkscrew condition (see for instance [12]).

PROPOSITION 2.8. — Let Q be a (g9, 70)-Reifenberg flat domain and u €
HJ (). If a € (0,1] is such that for all x € Q and r € (0,r9),

/ V()P dy < CorN 22,
B(z,r)

then u € €™~ 12(Q) and
||u||<@amfl,a(ﬁ) § COO’

where C depends on N and on diam(£2).
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Proof. — Let v = 07u where |y| = m — 1. Using the Poincaré inequality,
we get

[ ) -menPa <o [ v
B(z,r) B(z,r)
< C(N)CorN+22,

Hence, v € £%N+22(Q)) and with the injection (2.13), we know that v €
C%(Q). But then for all z € Q and 7 < 7,

[ Py < core,
B(x,r)
or in other words,

/ V™ tu(y)|* dy < CorV*2e,
B(z,r)

and from the same argument as above we deduce that 97v € C%(Q) for all
|| = m — 2. We can continue like this successively to arrive to the fact that
u e ™ he(Q). O

3. Interior regularity by the translation method

We start with the interior regularity, which is easier since translations in
all directions are admissible as test functions. This part works in a similar
way as in the usual standard case of the Laplacian, but with some difficulty
of working with higher order derivatives. For the convenience of the reader,
and since it will be generalized later in a non-trivial way at the boundary,
we write the full details.

THEOREM 3.1 (Interior regularity). — Letm € N*. Let o/ be an operator
of order 2m of the form (2.3), and satisfying the ellipticity condition (2.4).
Let w € H™(B(0,1)) be a weak solution for o/u = f in B(0,1) with f €
HY(B(0,1)). Then u € H*™*/(B(0,1/2)) and

[ull g2msr(m0,1)) < C(lullerm o,y + 1l B0.1))s
where C' > 0 is a constant that depend on N, max, glaq,g|, Ca, | and m.

Proof. — We will denote by B = B(0,1). It is enough to prove the theo-
rem for f € L?(B). Indeed, assume that it holds true in this case. Then for
f € HY(B) one can apply the statement to the function 9%u with |a| < I
that satisfies, in the sense of distributions,

oA 0% = 0§, (3.1)
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with 8% f € L2. This would imply 0% € H*™ with
10%ul| g2 (B(0,2)) < C(10%ullgm(B) +110° fllL2(5))

thus we could easily conclude by an inductive argument on || =0,1,...,1.
The only thing is that since we would need to apply the result I times, the
conclusion would hold in the smaller ball B(0, 5r) instead of B(0,1/2). But
the constants are here arbitrary and the same result could be done from
B(0, R) to B(0,r) for any r < R without any substantial modification.

Therefore, in the sequel we will assume that f € L?(B). The main starting
point is the weak formulation of the problem which is

/ AV"u - VMpdx = / feodx for every ¢ € H*(B).
B B

In the sequel we will use an inductive argument, assuming that u €
H™**(By,). We want to prove that u € H™*+1(B; ;) for a slightly smaller
ball Bi41 C By, and arrive at B(0,1/2). For that purpose we define, for
1 < k < m, the ball By, := B(0,1/2 + (1/2)*). We will also assume with-
out mentioning it explicitly that |h| is so small that Proposition 2.5 always
applies with w = By 1 and Q = By,.

Next, we fix |y| = k < m. We will use the discrete derivatives defined
in Section 2.8. The method of translations is based on the fact that for all
h € RN such that |h| is small enough, up to multiplying by a smooth cut-
off function, the function Dyu is admissible as a test function in the weak
formulation, as being in H™. This will provide an estimate on Dju that will
allows us to win a derivative. Since we need to win m derivatives we will
apply this m times.

The main ingredient is the weak formulation and the change of variables
formula that yields
AV Dy (DJu) - V™o dx
By

= fD_p,DY _pdxz, for every p € H*(Bg). (3.2)
By

To lighten the notation, from now on we will denote by v = DYu.

Now we consider a cut-off function n € €>°(By) such that for every
z € RV,

n(x) €[0,1], n(z)=1on Bry1, and |Vin(z) <C,

where C' > 0 could depend on k. Then we take ¢ = 92Dy DJu = n>Dpv as
a test function, for |h| < 1/4, which is admissible in the space H{*(By).
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Using Proposition 2.5, the term on the right-hand side of (3.2) can be
estimated as

< Ol fllL2sy ||V (0 Do) (3.3)

HLz(Bk)'

/ fD_(DY_(n*Dpv)) dz

We will use this inequality later. For now we develop V™ (n?>Dpv): for
every a € NV such that |a| = m, the Leibniz formula (see (2.2)) says

2 2m\ qa—p
72 Dy) ; S P (D),
AL i T

0<B<a

In other words we have, in terms of vectors,
V™ (n*Dpv) = n*V™ Dyv + L(n,v), (3.4)

where

- Y e D)

0<B<La

Notice that the expression in L(7,v), contains derivatives in v of order
at most m, including the extra derivative in the direction of x; provided
by Dp,. Indeed, for the particular case o = me; (i.e. when 9% = 8(m)) then
the condition 0 < 8 < « means that 8; > 0 so that | — 8 + ¢;| < m,
as claimed. On the other hand for a # me; since || = m, one must have
a; < m so that, again, |a — § + ¢;| < m.

We further decompose L(n,v) as follows:

L(n,v) = nM(n,v) + G(n,v), (3.5)

where M (n,v) contains derivatives of v or order exactly m, and G(n,v)
contains lower order derivatives. In other words we have

1M (0, 0)l[L2(8y) < Cllvllam sy < Cllullamers,), (3.6)

and
G, v)l2(By) < Cllvllm-1(By) < Cllullgm+r-1(5,)- (3.7)
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Next, we use the decomposition (3.5) and then the discrete integration by
parts formula contained in (2.11) to write

/B AV™Dpv - V™ (2 Do) da
_ /B AV™ Dy - V™ Dy d
+ [ AV Dy Mn,0)do+ [ AV Dy Glno) da
_ /B AV™ Dy - V™ Dy d

+ / nAV™ Dyv - M(n,v) dx + / AV™v - D_p,G(n,v) dx.
B B

By (3.7) we know that

/ AV - D_p,G(n,v)dx
B

< CH“H?{W(B@,

thus from to the ellipticity of A, and using also (3.7), we deduce that
/ AV Dpv - V™ (772th) dz
B

1
> —/ V™ Dpv|? dx
Ca Jp

(3.8)
—|—/B77AVmth-M(n,v)dx—C’HvH%m(Bw.
Moreover,
/nAV7”th~M(n,U)dx
B
A 1
< fsup\A|/ n2|Vmth|2dx+—/ |M (n,v)|? dz
2 . o/,
1 2|gm 2 2
< 55 [ IV Dl do 4 Clulyn, . (3.9)

Returning to (3.2) and using (3.8), (3.9) and (3.3), we have finally obtained,
using also Proposition 2.5 again, that

/ V™ Dpv|? dx
B
< Clol (s, + ClA 2oV (07 Do) || 1o s,
< Col3m ) + ClE 2o vll eve sy (3.10)
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Since v = D2u, with v any multi-index with |y| = k, and since n = 1 on
By 1, the above inequality implies

m 2
/B ‘V +k+1“’ da < C(H“H%pwk(m) + ||f|\%2(3) + HUH?‘I?’C‘*""(B;C))'
k+1

If & < m — 2, this directly gives that v € H™*1(B;,1) (because we
assumed by induction that v € H™*¥(B},) and 2k + 2 < m + k only when
E<m—2).

For k = m — 1 we have to argue a bit differently. Indeed, we return back
to (3.10) which provides

/ r]Q‘V’“HthFdx
B

1 2
< C(HUH?{m(Bk) + Hf||2L2(Bk)> + ZHV]CH(??QDW)HLQ(BIC), (3.11)

Then, from Leibniz formula (3.4) yields

VkH(nQth) =’V Do + L(n,v), (3.12)
where
||L(777U)||L2(Bk) < C||’UHH’<}+1(Bk) < CHU||H2’°+1(B;€)~ (3.13)
we deduce that
k+1(, 2 2 2 k41 2 2
[VEH (07 Dnv) [ oy < 2[0* VT Dw[| a5,y + 201 L0 )N 225,

2
< 2||77vk+1DhU||L2(Bk) +2||U||2Hk+1(Bk)a (314)
In the above we have also used that 7% < 7 because 1 € [0, 1].
Then using (3.11) and (3.14) we deduce that

2
Ln2|Vk+1DhU’ dx < C(”/UH?—IW(B;C) + ||fH%2(Bk)) (315)

Since 2k + 2 = m + k + 1 = 2m, all together we have proven, in the case
when k£ = m — 1, that

m. |2
[ 1wl do < (el sy + 1))
Brt1

In any case we have proven that V™ +1ly ¢ L2(By,) and

IV | o g,y < Cllullmmsr sy + 1 1L2s))-

All in all, we have proved that if u € H™¥(By,) then u € H™ (B, 4).
We can then argue by induction, since for k = 0 it is true that u € H™(B),
and since the induction works until £ = m — 1, we arrive at the conclusion
that uw € H*™(B(0,1/2)), and so follows Theorem 3.1. O
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The following corollary will be needed later.

COROLLARY 3.2 (Interior regularity with f = 0). — Let o/ be an op-
erator of order 2m of the form (2.3), and satisfying the ellipticity condi-
tion (2.4). Let w € H™(B(0, R)) be a weak solution for o/u =0 in B(0, R).
Then V™u € L (B(0,R/2)) and

IV™ull oo (B0, 2)) < CoR™ N |V™ul 1250,y (3.16)

where Cy > 0 is a constant that depends on N, max, g |aq,g|, Ca and m. In
particular for all r < R we have

r\N
/ IV™ul? dz < C(—) / V™2 da, (3.17)
Ba.r) R B(«,R)
where C := wnC§.

Proof. — Assume first that R = 1. Then we can apply Theorem 3.1 to
obtain that V™u € H*(B(0, R/2)) for all £ € N because here f = 0. Then
the Sobolev embedding theorem says that, if 2¢ > N, then H¢ < €% and
in particular V™u € L* with

V™ ull L (B(0,1/2)) < Cllullam(B(0,1))-

We would like to apply this inequality to the rescaled function u(Rz) but
the problem is that the norm above is not homogeneous. For that purpose
we consider u —m where m is the average of v on B(0,1). Then we notice
that V™u = V™ (u —m) and applying the above to u —m instead of u yields

v U||L°°(B (0,1/2)) CZHVk m)HL2(B(0,1))'

By applying the Poincaré inequality we actually get
m k
V™ ull L (B0.1/2)) < CkZQHV ul| 120,19y

Then we apply the same argument to u —mx; where m is the average of 0;u.
Etc. After m — 1 application of Poincaré inequality we finally obtain

IV ull oo (B(0,1/2)) < CollV™ull2(B(0,1))-

The above inequality is now homogenous after scaling, thus applying it to
the rescaled function u(Rx) we finally arrive at (3.16).
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Let us now prove (3.17). Let a € (0,1) be given. Then

[ 9l de < V"l g amywa ™ RY
B(z,aR)

< C’OszaN/ |V"u|? de,
B(z,R)

which gives (3.17) with » = aR, and concludes the proof of Corollary 3.2. O

4. Boundary regularity in the case of a hyperplane

In this section we investigate the regularity up to the boundary for the
Dirichlet problem, in the special case of a flat boundary. As before we con-
sider an operator of order 2m of the form

o= (=1)" > aqp0°07 = (~1)"AV™ -V,
|Bl=la]=m
and we focus this time on a weak solution v € H™(B) for the problem in a
half-ball:
{%u = f in B¥(0,1) := B(0,1) N {xn > 0}

u € H™(B(0,1)) and uw=0 a.e. in B(0,1)N{zy < 0}. (1)

The weak formulation for (4.1) is
/ AV"u - V™pdr = / fodx, for every ¢ € H*(B™).
B B

Now here below is our regularity result at the boundary analogous to
the interior estimate (Theorem 3.1). Notice that, compared to the interior
estimate, below here in (4.2) the homogenous norm ||V™ul|2 appears instead
of the non homogeneous norm ||u|| g~ . This is possible thanks to the Poincaré
inequality available since a Dirichlet boundary condition is imposed on u on
the flat part of BT(0,1).

THEOREM 4.1 (Regularity with flat boundary). — Let m € N*. Let o
be an operator of order 2m of the form (2.3) and satisfying the ellipticity
condition (2.4). Letuw € H™(B(0,1)) a weak solution for «/u = f in B*(0,1)
with f € HY(B*(0,1)), and such that uw = 0 in B(0,1) N {zy < 0}. Then
u € H*+(B*+(0,1/2)) and

ull gr2mse+0,3)) < CUIV™ull2(+0,1)) + 1 fllHeB+(0.1)))s (4.2)

where C > 0 is a constant that depend on N, maxq g |aq,s|, | and m.
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Proof. — The starting point of the proof is similar to the interior case,
but there are some differences.

The main difference is that the translated functions Dju are admissible
as a test function in B*(0,1) only for horizontal directions, i.e. for h € Re;
and 1 < i < N — 1. Indeed, for ¢ = N the vertical translation would not
preserve the boundary condition.

So let us assume first that f € L*(B7(0,1)) (the general case f €
HY(B*(0,1)) will be treated later). For v € NV containing only horizon-
tal directions, in other words such that vy = 0, we can argue exactly
as in the case of the interior regularity. We do not write again the de-
tails, and refer to the proof of Theorem 3.1. This reasoning yields that
V™u € L?(B*(0,1/2)) for all |y| < m such that yy = 0, with the es-
timate

107V ™ ull 125+ 0,1y < CUIV™ull 2B+ 0, + Ifl2B+0,1)),  (43)
where C' > 0 is a constant that depends on N, max g |aq,g|, and m. Actually,
the proof of Theorem 3.1 would give ||u||gm 5+ (0,1)) on the right-hand side
but thanks to the Poincaré inequality (Lemma 2.3) and using that u = 0 on
Bn{zy <0} we can bound
llull e (B+(0,1)) < ClIV™ul L2(B+(0,1))>
from which we get (4.3).
Now to prove Theorem 4.1 we want to recover all the derivatives in the

vertical direction, up to 2m-order. For this purpose we will argue by induc-
tion.

Step 1. — We suppose that m = 1, then we just proved that 0;0;u €
L?(B*(0,1/2)) for all i € [1, N — 1] and j € [1, N]. The operator < is of
the form

N N
527 - fZZaM&-@j,

i=1j=1
and by ellipticity we know that any nx # 0. From the identity /v = f €
L?(B*(0,1)) we have that

anNOFu=—f+ Z ai j0;0;u € L*(B1(0,1/2)),
(#,5)#(N,N)
and we conclude that u € H2(B*(0,1/2)) with

[ull 2B+ 0,1)) < C(IVull2(+0,1)) + [1Fl22(B+(0,1)))-

This proves the desired conclusion for the particular case when m = 1.
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Step 2. — We assume that m > 2 and we suppose that Theorem 4.1
is true for operators of order 2(m — 1). Let us prove that it is still true for
operator of order 2m. For that purpose we decompose <7 as in the statement
of Lemma 2.1:

A= (=" > a,30°0"
la|=|8]=m
= (=)™ > ap0’0" + (-1 > (0, 3070

la|=]B]=m la|=]B]=m
an=0 or Bn=0 an>0 and By >0

In other words & = £ + € with
B=(-1)" Y a,30°0"

la|=]B]=m
an=0 or Bn=0

and
€ = (-1)™ > 0,30° 0.

la|=]B|=m
an>0 and By >0

From the first part of the proof, we already know that %(u) € L?(B7(0,
1/2)) because it contains at most m derivatives in the vertical direction.

Now we consider the function w := —d%u and we notice that ¢ is an
operator that acts as an operator of 2m — 2 order on the function w. Indeed,

C(u) = (-1)™ > 0 50°0%
la|=[B|=m
an>0 and By >0

S (D" S Qe st @°0°FRu = D(w),
la/|=|B'|=m—1

where 2 is an operator of order 2m — 2. Furthermore, thanks to Lemma 2.1,
we know that Z is elliptic.

Since u = H™(B(0,1)), it follows that w € H™2(B(0,1)). Moreover,
since u = 0 on the open set B(0,1) N {znx < 0}, the same still holds true
for w. Then we can write

P(w) = o (u) —C(u) = f —€(u) € L*(B(0,1)).

Since Z is of order 2m — 2, we would like to deduce from the induction
hypothesis that w € H?>™~2(B*(0,1)). But unfortunately there is a gap of
regularity here, because we only know that w € H™ 2(B(0,1)) and to use
the induction hypothesis we would need that w € H™~1(B(0, 1)).
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To overcome this problem we will use the Poincaré inequality in Lem-
ma 2.2. Indeed, we can rewrite Z(w) as follows:

P (w) = —IN2(Onu).
Since Z(w) € L?*(B*(0,1/2)), we deduce that the distribution z := Z(dyu)
verifies that
Onz € L*(BT(0,1/2)).
Moreover, thanks to the interior regularity (Theorem 3.1), we know that
z € L*(B*(0,1/2) N {dist(z, 0B*(0,1/2)) > 6o }).

By applying Lemma 2.2 we deduce that z € L?(B*(0,1/2)). In other words
9 (0nu) € L*(B*(0,1/2) and now since dyu € H™ 1(B), with dyu = 0 on
BN {zy < 0}, the induction hypothesis applies. We conclude that dyu €
H?™=2(B*(0,1/4)). This fact, together with the previous analysis leads to
say that w € H*™~1(BT(0,1/4)) and

[ull grzm—1(+(0,2y) < CUIV™ull 2B+ 0,1y + 1|25+ 0,1))) -

Now we are still missing one derivative because we need to achieve H?™
instead of H?™~!. This will be done by use of the following observation: all
in all, at this stage of the proof, we have a control on all the derivatives of
the form 0%u with |a| = 2m, provided that |axn| < 2m — 1. In other words,
to conclude that u € H*™ we only miss the last derivative 03™u. But this
term appears in &7 only once. Namely, we have

A = (—1)"Umen menON" + & (4.4)
where

&= (-1)™ > 0, 30° 0. (4.5)
la|=|B|=m
an<m or By<m
Since & contains at most 2m — 1 derivatives in the ey direction, we know
that &(u) € L?(B*(0,1/4)). Moreover, by ellipticity of </ we deduce that
the coefficient ey mey # 0, and therefore, from (4.4) we get 93™u €
L?(B*(0,1/4)). In conclusion we have obtained,

[ull zr2m (5+0,2)) < CUIV™ullL2(m+0,1)) + If L2+ 0,10))-

So follows the claim, with a radius 1/4 instead of 1/2. After m application
of the inductive argument we arrive to the conclusion of the theorem in
B(0,(1/2)™). Of course the radius (1/2)™ has no importance and one could
easily modify the proof in order to arrive in B(0,1/2) at the end, up to
changing the constants. This finishes the proof of Theorem 4.1, in the case
when f € L?(B*(0,1)).

We finally assume now that f € H¢(B*(0,1)) and we want to get some
further regularity. We cannot simply take a derivative of the equation as in
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the interior case, because it would not preserve the Dirichlet boundary con-
dition. Instead, we will use discrete derivatives again. Consider a horizontal
direction h = ce; with 1 <7 < N — 1 and notice that Dyu is a solution with
Dy, f as a second member. In other words,

/ AV Dpu-VTodx = Dyfedx, forevery ¢ € Hy'(By). (4.6)
B By
Since f € HY(B*(0,1)), we know that Dy f € L?, uniformly in h. Applying
all the reasoning as before to the function Dju leads to the estimate:

I Dhull grom (5+0,2)) < C(IV™ Dpull 2+ (0,1)) + 1 Dnfllz2(8+0.1))

and this actually implies

(IV™ullL2 s+ 0,1)) + 105 fllL2(B+(0,1)))-

C
The above works for all 1 < ¢ < N — 1. In other words, to prove that
u € H*™*+1 we only miss the derivative 6]2Vm+1u. But now we come back to
the decomposition already used in (4.4),

A = (1) Amen menON" + &

[0iull gr2m B+ (0, 1)) <

where & contains at most 2m — 1 derivatives in the ey direction. Taking a
derivative in the direction ey yields,

(=)™ amen mex O Hu = On f — OnE(u), (4.7)

and since the second member lies in L2(B*(0,1)) we deduce that 93" 'ue
L. This proves that u € H?*™*1(B%(0,1/2)) and actually,

[ull g2mer (p+0,2)) < CUIV™ull 2+ ©00)) + | fll 58+ 0.1))-

By a successive application of this reasoning in a sequence of balls (By) we
finally arrive to the conclusion that

[ull grome(+0,2)) < CUIV™ullz2(+0,1)) + 1l e+ (0.0)))
which finishes the proof of Theorem 4.1. O
The following corollary will be used in the next section.

COROLLARY 4.2 (Regularity with flat boundary and f = 0). — Let
m € N*. Let &/ be an operator of order 2m of the form (2.3) and satis-
fying the ellipticity condition (2.4). Let w € H™(B(0, R)) be a weak solution
for @/u =0 in BY(0,R), and such that u =0 in B(0,R) N{zy < 0}. Then
V™ € L*(B*(0,R/2)) and

IV™ull oo (B+(0,2)) < CoR™N2|V™ul| 125+ (0,R)).

where Co > 0 is a constant that depends on N, max, g |aq,gl, Ca and m.
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Proof. — Theorem 4.1, applied to the rescaled function u(Rzx), says that
V™u € HY(B*(0,R/2)) for all £ € N because here f = 0. Then the Sobolev
embedding theorem that says that, provided 2¢ > N, then H® — %%,
and in particular V™u € L*°. We also directly get the control on the norms
because the norms that appear in the statement of Theorem 4.1 are homoge-
nous after scaling. O

5. Energy decay for a Reifenberg-flat boundary

In this section we prove an energy decay property for the solution of a
Dirichlet problem in a Reifenberg-flat domain. We begin with the case of a
flat boundary, and then we argue by compactness to transfer this decay to
a Reifenberg-flat boundary which is “sufficiently flat”. As before we consider
an operator of order 2m of the form (2.3). We start with a decay property
at the boundary, in the case when f = 0.

PROPOSITION 5.1 (Decay for a «7-polyharmonic function near a Reifen-
berg-flat boundary). — Let a € (0,1/4), b > 0, r¢g € (0,1] be given. Then
there exists g € (0,1) such that for every (eo,70)-Reifenberg flat domain
O,z €9, r < ro, and for every u € HJ'(Q) that is a weak solution of
o (u) =0 in QN B(x,r), we have that

/ |V ul? dz < CaN_b/ |V u|? de, (5.1)
B(z,ar) B(z,r)

where C = C3wy, and Cy > 0 is the constant of Corollary 4.2.

Proof. — We argue by contradiction. If the proposition is false then there
exists @ € (0,1/4), b > 0, 79 € (0, 1) such that for all n € N, there exists an
open set ,, which is (1/(n+1), ro)-Reifenberg-flat and satisfies the following.
There exists x, € 08, r, < ro and w, € HJ*(Q,) such that </ (u) = 0 in
QN B(xy,,r,) and

CaN_b/ |V, | dz < / |V, |* dex. (5.2)
B(n,Tn) B(xp,ary)

By means of a translation and rotation, we reduce to the case in which z,, = 0
for all n € N and the hyperplane induced by the definition of Reifenberg flat
domain of 2, is & := {xy = 0}.

We consider the normalized sequence

ﬂ*m m —
vp(z) i =r2 ||V “n(m>HLzl(Qnt(o,rn))un(rnx)~
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The normalisation is fixed in such a way that
/ |V, (x)]? dz = 1.
B,

To lighten the notation, we will use the notation 2,, for %Qn The functions
vy, are still solutions of &/ (v,) = 0 in 2, N B(0,1), we have v, = 0 a.e. in
B(0,1)\ Q,, and the sequence (v, )nen is bounded in H™(B(0,1)). Moreover,
(5.2) becomes

CaN b < / V™0, 2 de, (5.3)
B(0,a)

and Q, N B(0,1) converges to B*(0,1) for the Hausdorff distance, in the
sense that

dyw (00, N B(0,1), {xxy=0}NDB(0,1)) — 0.
The idea is to pass to the limit and obtain a contradiction thanks to the

regularity of polyharmonic functions at a flat boundary (Theorem 4.1).

By weak compactness, we can extract a subsequence, still denoted by v,,,
which weakly converges to v € H™(B(0,1)) and such that (V'v,)nen stron-
gly converges to Viv in L?(B(0,1)) for all i € [0,m — 1]. The main objective
is to show the following three facts:

CLAIMS. —

(A1) The limit function v satisfies v =0 a.e. in B(0,1) N {xx < 0}.

(As) The limit function v is a weak solution of @/ (v) =0 in B¥(0,1).

(A3) The sequence (vn)nen Strongly converges to v in H™(B(0,1/2)).

Let us finish the proof by assuming that Ay, As and As hold. Passing to
the limit in inequality (5.3) and applying Claim A3 we obtain,

CaN7l < / V™ 0|2 da. (5.4)
B(0,a)
On the other hand, since v = 0 in BT(0,1) and v = 0 a.e. in B(0,1) N
{zn < 0}, we can apply Corollary 4.2 to v which says that for all a < 1/2,
V™| Lo (B(0,a)) < Coll V™|l L2(B(0,1))-

In particular,

/ [V™o|? dz < [V 2 g+ 0,0y wna’
B(0,a)
< ngNaN/ V™| do = Clwya®. (5.5)
B(0,1)

But since C = C3wy, using (5.4) we arrive to

N—-b N

C2wna < Cluna®,
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which is a contradiction because a < 1.

So to finish the proof, we are left to prove Ay, Ay and As. Actually, the
claims A; and A, are easy to prove. Only Az is more delicate.

Proof of A1. — This fact directly follows from the Hausdorff convergence
of 9Q, N B(0,1) to {xx = 0} N B(0,1). Indeed, for any zy, € B(0,1) N
{znx < 0}, there exists a ball B(zg,e) such that B(zg,e) C B(0,1) N
{zny < 0}. From the Hausdorff convergence of €, to BT(0,1), we deduce
that for n large enough, B(zg,e) C Q¢ N B(0,1). But then we know by as-
sumption that v, = 0 on B(xg,¢). Since v, — v strongly in L? we deduce
that v = 0 a.e. on B(zg, ), and since xq is arbitrary, we conclude that v =0
a.e. on B(0,1) N {zy < 0}, and the claim A; follows. O

Proof of Ay. Since 9§, N B(0,1) converges to {xxy = 0} N B(0,1), we
know that for any compact set K C BT (0,1), there exist Ny large enough
such that K C ,, for all n > Ny. But then for any test function ¢ supported
on K we have

/ AV™, - Ve dr = 0.
B(0,1)

Then from the weak convergence of v, to v in H™ we can pass to the limit
to obtain

/ AV - VTpda = 0.
B(0,1)
Since this holds true for any compact set K C BT (0, 1), claim A, follows. O

Proof of As. — We show now that the sequence (v,)nen strongly con-
verges to v in H™(B(0, p)) for a radius p € (1/2,1). Let p be such a radius.
From now on we will write z -4 y := Az -y and |z|% := z -4  for the norm
and scalar product associated with A. By lower semicontinuity with respect
to weak convergence we already know that

/ |V™0|%4 do < liminf V™0, da.
B(0,p) n=+0 JB(0,p)

To get the strong convergence in B(0, p), it is enough to prove the converse,
namely

Hmsup/ |van|?4d$</ (V™[5 da.
n—s+00 J B(0,p) B(0,p)

The idea is to modify v in order to make it admissible as a test function

for v,,.

Let ¢ € C°(B(0,1)) be a smooth cut-off function such that & = 1
on B(0,p). Since the function v belongs to H™(B(0,1)) and v = 0 a.e. in
B(0,1) N {zny < 0}, it follows from the theory of stable domains (see [12,
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Theorem 2]) that v belongs to HJ*(B1(0,1)). We deduce that there ex-
ist a sequence (w;);en in €°(B1(0,1)) which strongly converges to v in
H™(RY). The main point is that for i being fixed, we know from the Haus-
dorff convergence of €2, that for all n large enough, w; € H*(Q, N B(0,1)).

Now we pick p € (1/2,p) and consider another cut-off function 7, €
€:°(B(0, p)) such that n; =1 on B(0, p) and

Vil < Clp—p)™" 1<k<m,
for a universal constant C' > 0.

Since vy, is a weak solution for &/ (v,) = 0 in B(0,p) N Q,, it is a local
energy minimizer and z;; = (1 — 1;)v, + npw; is a competitor. That is,
25 € H™(B(0,p)) and is equal to v, on 0B(0, p). We deduce that

/ |V 0,4 da < / |szﬁ’i|124 dz. (5.6)
B(0,p) B(0,p)

Next, a computation reveals that, for all multi-indices «; satisfying |a;| = m
we have

80‘125’1- = 9™ (Un + nf;(wi - Un))

041!
=0+ Y 00 (wi = vn)
ar=az+as 208

= 0™ 0, + 107 (W —vp) + Y

aj=az+as
|0¢2‘>0

!
=10 w; + (1 —n5)0% v, + Z AL e N0 (w; — vp).

8°21;0% (w; — vy
a2|a3 77p ( v )

lova!
a1=az+agz Qz=a3:
|z |>0
By convexity, we get
V™25l
< V" wilh + (1= n5)[V™0nli
“ 2 - 1
AVl k
(wi —vr)|  +C(M) Y —nsr
;P 5)2’“’ ) kzzl(p*p%

x| V™ wi + (1= 1) V™) 4 [V F (w; — vi)]]-
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Using (5.6), one has

/ nﬁ|van|?4 dz

B(0,p)

/ nﬁ\V’”wiﬁ dz
B(0,p)

- Vm—k: i — Up 2d
Z (p— Z)')zk ~/B(0,p)| (wi —v )’A x

k=1

N

Ms

p ﬁ)Zk / |[77ﬁVmwi + (1 - nﬁ)van}

k:l 7P)

A [mek(wi - vn)] | dz.

Recall that (V¥v,,),en strongly converges in L2(B(0,1)) for all k € [0, m—1],
thus taking the limsup as n — 400 in the above inequality we get

n—-+oo n—-+oo

lim sup/ |V 0,4 dz < lim sup/ 05|V 0,54 do
B(0,5) (0,p)

1 2
< 05|V ™w;|% dx + C(m) —_— / VTR (w; — )|, dz
/B<0,p) ’ 4 Z::l (p— )% B(o,p)| Y

Z PEE: /( )[nﬁvmwi + (L= np) V"]
=1 0,p
A [mek(wi —v)] da.

Then we take the limit as ¢ — 400, and we recall that w; converges
strongly in H™ to &v, and v is equal to v on B(0, p). Therefore, all the
terms with w; — v disappear and we arrive at

lim sup/ V™0, |4 da < / nﬁ|va|?4 do < / V™ 0|3 da.
n—+oo J B(0,5) B(0,p) B(0,p)

Finally, by letting p — p on the right hand side, we get the desired limsup in-
equality. This together with the liminf inequality and the weak-convergence,
proves that v, converges strongly to v in H™(B(0,p)). Since p > 1/2, this
achieves the proof of Claim As, and the Proposition 5.1 follows. a

We are now in position to prove a boundary decay property of a Dirichlet
solution in a Reifenberg-flat domain.

PROPOSITION 5.2 (Energy decay for a solution at a boundary point).
Let ¢ > 2 be such that mq > N if 2m < N, and q = 2 otherwise. Let
€ (0,1) be given. Then there exists eg € (0,1) such that for all ro > 0,
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for any (g0, r0)-Reifenberg flat domain ), and for any f € L1(Q), the weak
solution uw € HJ*(Q) of &/ (u) = f satisfies

/B( ) V™ ul*de < CrN 7 fll Ty, V7€ (0,m0), x €09,

where C := C(A,N,m,r,n,Q) > 0.

Proof of Proposition 5.2. — Consider areal 0 < b < nand fixa € (0,1/4)
satisfying

1 T
Sy . — .
“s <4C’AmaX|A|> ’ (5.7)

where Cy is the ellipticity constant of A. From Proposition 5.1, for these
choices of a and b, there exists gy € (0, 1) such that the decay property (5.1)
holds for any polyharmonic function.

Let u € HJ* () be the weak solution of & (u) = f in Q and let z € 9.
and for every k € N, we define By, := B(x,a"ry). Let vj, be the polyharmonic
replacement of u in By, more precisely v is the solution of

min AV w - V™w dz.
w s.t. w—u€HI (BrNQ) J g,

Then Proposition 5.1 applies to vi and yields

/ V™02 da < ClaN_b/ V™02 da. (5.8)
By By,

We will prove by induction over k > ko with ko := \_%J +1 the inequality

/;|vmuﬁdx<cna“N*mnﬂ@qu (H,)
k

for a constant C; > 0 that will be fixed later.

First of all we have, by ellipticity of A,

/ |Vl dz < / |vmu\2dx<CA/ AV - V™ udr
By, Q Q

:m/mm<mmm@wwm
Q

Next by the Poincaré inequality in HJ" (),
lullz2) < CpIIV™ullL2(0),
so finally,

1—2

/B V™ ul* dz < CRCR|If1Z2(0) < CACRIQN 7 flLao)- (5.9)
ko
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Hence, (H}) holds true for kg = L%J + 1 provided that

C2C2Q| i a1 < o

We assume now that (Hj) holds for some k > ko and we write

/ |V u|? dz
Bria

< 2/ V™02 dae + 2/ V™ (14— vp)|? da
Bii1 Bri1
<2aN_b/ |vak|2dx+2/ V™ (u — v, |* da
By By
< Cp2aN 70 Avmu-vmudx+2/ V™ (u — vp)|* da.
B By
< max(|A|)CA2aN_b/ |V u|? dz + 2CA/ V™ (u — vp)|adz. (5.10)
By, By

The second-to-last inequality is a consequence of the fact that u is a com-
petitor for the minimization problem satisfied by v, and we have used as

before the notation |v|4 := Av - v. Moreover, since u — vy is A-orthogonal
to vi, the Pythagoras inequality yields

og/ |vm(u—vk)|?4dx=/ |vmu|?4dx—/ Vo2 dz. (5.11)
Bk Bk Bk

On the other hand, since now « is a minimizer of

1
min{/ |VT™w|ade — fw dz
2 By By

and since the function vy is a competitor for this minimising problem we
deduce that

/|vmu|'j;dx72 fud:Ug/ V™o de —2 [ fupda,
By By By, By

’LUEU+H6n(QﬂBk)},

and from (5.11),
/ V™ (u — o) |4 do < 2 flu— ) de. (5.12)
Bk Bk

Then we use the Sobolev embedding theorem together with the Poincaré
inequality (Lemma 2.3) which implies v — vy € LP with

N if 2m < N
p = { arbitrary large if 2m = N (5.13)
400 if 2m > N,
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and moreover,

lu = vello () < CslIV™(w = vi)ll2(8y)

csm(/ V" - o)

Hence, returning back to (5.12) and using Holder’s inequality,

/ V™ (u—vp)3de <2 [ flu—wvg)de
By

By,
<20l gy llw = vellp

1
2

1
2

< 205v/Call flw ( /B V’”(uvk)Adx) ,

which finally yields,

/| 197 )l de < ACKCA N, (5.14)
Here, p’ > 1 is the conjugate exponent of p, defined in (5.13), so that
Ni-]\zfm if 2m < N
p’ = < arbitrary close to 1 if 2m = N (5.15)
1 if 2m > N.

In particular, under the assumptions of the proposition we know that
q > p'. Let s be such that sp’ = ¢ (with s = +00 if ¢ = 400). Then

»’

A ([ i)
By
and (5.14) gives

/|Vm(u—vk)|Adz 4CSCACN(a 7'0)
By

’
A1

(Q)
2 K, \2NSE o
= 4C05CACy (a"ro)” # 1 Za0)
Returning back to (5.10) we have obtained,

/B IV™u|? dz < max(|A])Ca2CaN gk N =) ||f||%q(9)
k+1

+8C5Cs ()20 (aFr0) N 70 || f1|2a(y- (5.16)

Let us check that each term in the sum on the right hand side above is less
than %a(’“‘l)(N_”)CI||f||%q(m, which would be enough to finish the proof
of (Hk)
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For the first term it will be true provided that
1
max(|A|)Ca2a¥ b < gaN_”,

which holds true thanks to our definition of a (see (5.7)).

For the second term we notice that a has the following exponent:
q—7
P'q
and we want this to be greater than (k + 1)(IN — 7). Then using that k >

ko > % we estimate

v :=k2N

9

y—(k+1)(N—n)
q—p

—keNIE (e 1)V )
= £(2qu — k2Np' — Nkap' + qp'(kn — N) + qp'n) (5.17)
> é(szq — k2Np' — Nkgp') +n
21,
provided that 2Nkq — k2Np' — Nkqgp' > 0 or equivalently that
a2 —p) > 2. (5.18)

Then we consider three cases:

Case 1. — If 2m > N, then p’ = 1 and the condition in (5.18) reduces
to ¢ > 2, which is true.

Case 2. — If 2m = N, then p’ can be chosen arbitrary close to 1 thus we
take p’ such that

and then (5.18) is true.

Case 3. — If 2m < N, then p/ = Nil\zfm' Thus a simple computation
reveals that (5.18) is true when mq > N, which is what we have assumed in

the statement of the proposition.

Conclusion. — In all cases we have proved that the last term in (5.16)
is always bounded by

oN =
8CACs(p)*Cnry ™ a"a(k+1)(N_")\\f||2Lq(Q)7
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which is less than %a(kﬂ)(N*")C]HfH%q(Q) provided that

2Nz c
8CACs(p)*Cnry ™ a” < ?I,

which can be true by defining C; appropriately. This finishes the proof
of (Hk)

Now to finish the proof, let r € (0,a*ory). We can choose k > ko such
that r < aFry and a*+1ry < r. One has

/ |V u|? dz < / |V u|? dz
B(xz,r) B(z,akro)

< Cpa* =) 11740

r A\
SCI( ) ||f||%q(9)-

aro

On the other hand if r € (a*°rq,70), we can argue as for the proof of (5.9)
yielding

_2
/B V™ ul da < CaCPIQ 4 | f2ue
1

_z2 _
< CaCP IO e ey, (6519)
and the proof is completed with
_ _2 1
C = maX(C[(aT’O)n N, CACP|Q‘1 a (ak(l')f'O)IV77> . ]

Following exactly the same proof as the one of Proposition 5.2, we can
also obtain the same for interior points.

PROPOSITION 5.3 (Energy decay for a solution in the interior). — Let
q = 2 be such that mq > N if 2m < N, and q = 2 otherwise. Let n € (0,1)
be given. Then there exists o € (0,1) depending on N, max, glaq,g|, and
m such that for all Q@ C RN open, for all f € L(SY), the weak solution
u € HJ'(Q) of & (u) = f satisfies

[ vl e < oV,

B(z,r)

Vre(0,r), VxeQ, st Blx,r)Cq,

where C := C(A, N,m,rg,n,Q) > 0.

- 780 —



Boundary regularity for the polyharmonic Dirichlet problem

Proof. — The proof is exactly the same as Proposition 5.2 using a poly-
harmonic replacement of u in B(x,r) to obtain some decay property on the
energy. The only difference is that we use the interior decay property of
a polyharmonic function stated in Corollary 3.2 instead of the boundary
decay of Proposition 5.1 that was used in the proof of Proposition 5.2. [J

6. Boundary regularity in a Reifenberg flat domain

This very short section contains the proof of our main regularity result,
namely Theorem 1.2. The strategy is to use the energy decay of Proposi-
tions 5.2 and 5.3 of the derivative of the solution to estimate its Campanato
space norm. Here we restate our main result.

THEOREM 6.1. — Let « € (0,1) and ¢ > 2 be such that mq > N if
2m < N, and q¢ = 2 otherwise. There exists g € (0,1) and ro € (0,1] such
that for every (eo,70)-Reifenberg-flat domain Q C RY, for every function
f e LYQ), if u € HI(N) is the weak solution of o/ (u) = f, then u €
¢m=12(Q), and

||U||<gm71,a(§) < COllfllpae),
where C' > 0 depends on N, A, a, Q and m.

Proof. — Using the energy decay of Proposition 5.2, for every n € (0, 1),
there exists g9 € (0, 1) and r¢ € (0, 1] such that for all y € 9Q and r € (0,7¢),

/ ™l dz < CrV )| £ 2. . (6.1)
QNB(y,r)
Furthermore, Proposition 5.3 yields

/ \Vmu|2 dz < OTN_anH%q(Q)’
B(z,r)

Vre(0,r), VeeQ, st Blzr) cQ (6.2)

All together, for any ball B(z,r) with 2 € Q and r < ro := min(rg,r1),
applying either (6.2) if B(z,r) C © or (6.1) in B(z,2r) with z € 9 such
that B(x,r) C B(z,2r) if B(z,r) N Q) # 0, we deduce that

/B( IV SOy Ve Or), veQ (63

By Proposition 2.8, we get u € €™~ 1%(Q) with a := 1 — /2 and

(|l Fm—1l.a(f) < C||f||L‘1(Q)>

and Theorem 6.1 follows. O
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