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1. Introduction

The last three decades have witnessed a surge of activity on boundary value prob-
lems on Lipschitz domains. The Dirichlet, Neumann, and regularity problems for
the Laplacian are now well understood for data in LP, Sobolev, and Besov spaces.
More generally, well-posedness in LP has been established for divergence form ellip-
tic equations with non-smooth coefficients — div AV and, at least in the context of
real symmetric matrices, the optimal conditions on A needed for solvability of the
Dirichlet problem in L? are known. We direct the interested reader to Kenig’s 1994
CBMS book [Ken94] for an excellent review of these matters and to [KKPTO00,
KR09, Rul07, AAAT11, DPP07, DR10, AAHO8, AAM10, AA11, AR11, HKMP12]
for recent results.
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Unfortunately, this beautiful and powerful theory has mostly been restricted
to the case of second-order operators. Higher-order elliptic boundary problems,
while having abundant applications in physics and engineering, have mostly been
out of reach of the methods devised to study the second-order case. The present
survey is devoted to major recent results in this subject, new techniques, and
principal open problems.

The prototypical example of a higher-order elliptic operator is the bilaplacian
A% = A(A) or, more generally, the polyharmonic operator A™, m > 2. The
biharmonic problem in a domain 2 C R™ with Dirichlet boundary data consists,
roughly speaking, of finding a function u such that for given f, g, h,

A%y =hin Q, u!aQ:f, (9l,u|aﬂ=g,

subject to the appropriate estimates on u in terms of the data. To make it precise,
as usual, one needs to properly interpret restriction of solution to the boundary
u| 00 and its normal derivative 8l,u| o 8S well as specify the desired estimates.
The biharmonic equation arises in numerous problems of structural engineering.
It models the displacements of a thin plate clamped near its boundary, the stresses
in an elastic body, the stream function in creeping flow of a viscous incompressible
fluid, to mention just a few applications (see, e.g., [Mel03]).

The primary goal of this survey is to address the biharmonic problem and
more general higher-order partial differential equations in domains with non-
smooth boundaries, specifically, in the class of Lipschitz domains. However, the
analysis of such delicate questions as well-posedness in Lipschitz domains requires
preliminary understanding of fundamental properties of the solutions, such as
boundedness, continuity, and regularity near a boundary point. For the Laplacian,
these properties of solutions in general domains are described by the maximum
principle and by the 1924 Wiener criterion; for the bilaplacian, they turn out to be
highly nontrivial and partially open to date. For the purposes of the introduction,
let us mention just a few highlights and outline the paper.

In Section 3, we discuss the maximum principle for higher-order elliptic equa-
tions. Loosely, one expects that for a solution u to the equation Lu = 0 in €2, where
L is a differential operator of order 2m, there holds

oA [0%ull oo () < C e 107 ul| o (962

with the usual convention that the zeroth-order derivative of w is simply u itself.
For the Laplacian (m = 1), this formula is a slightly weakened formulation of the
maximum principle. In striking contrast with the case of harmonic functions, the
maximum principle for an elliptic operator of order 2m > 4 may fail, even in a
Lipschitz domain. To be precise, in general, the derivatives of order (m — 1) of a
solution to an elliptic equation of order 2m need not be bounded. We discuss rel-
evant counterexamples, known positive results, as well as a more general question
of pointwise bounds on solutions and their derivatives in arbitrary domains, e.g.,
whether u (rather than V™~ 1u) is necessarily bounded in 2.
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Section 4 is devoted to continuity of solutions to higher-order equations and
their derivatives near the boundary of the domain. Specifically, if for some operator
the aforementioned boundedness of the (m — 1)-st derivatives holds, one next
would need to identify conditions assuring their continuity near the boundary. For
instance, in the particular case of the bilaplacian, the gradient of a solution is
bounded in an arbitrary three-dimensional domain, and one would like to study
the continuity of the gradient near a boundary point. As is well known, for second-
order equations, necessary and sufficient conditions for continuity of the solutions
have been provided by the celebrated Wiener criterion. Analogues of the Wiener
test for higher-order PDEs are known only for some operators, and in a restricted
range of dimensions. We shall discuss these results, testing conditions, and the
associated capacities, as well as similarities and differences with their second-order
antecedents.

Finally, Sections 5 and 6 are devoted to boundary-value problems in Lipschitz
domains. The simplest example is the Dirichlet problem for the bilaplacian,

A*u=0 inQ, = feW(0Q), dul,,=ge LP(), (1.1)

u|89

in which case the expected sharp estimate on the solution is
HN(VU>”LP(6S2) < CHVerLp(aQ) + C||9|\Lp(asz)7 (1.2)

where N denotes the non-tangential maximal function and W¥(9) is the Sobolev
space of functions with one tangential derivative in LP (cf. Section 2 for pre-
cise definitions). In Sections 5.1-5.6 we discuss (1.1) and (1.2), and more general
higher-order homogeneous Dirichlet and regularity boundary value problems with
constant coefficients, with boundary data in LP. Section 5.7 describes the specific
case of convex domains. The Neumann problem for the bilaplacian is addressed in
Section 5.8. In Section 5.9, we discuss inhomogeneous boundary value problems
with data in Besov and Sobolev spaces, which, in a sense, are intermediate be-
tween those with Dirichlet and regularity data. Finally, in Section 6, we discuss
boundary-value problems with variable coefficients.

The sharp range of p, such that the aforementioned biharmonic (or any other
higher-order) Dirichlet problem with data in L? is well posed in Lipschitz domains,
is not yet known in high dimensions. However, over the recent years numerous ad-
vances have been made in this direction and some new methods have emerged.
For instance, several different layer potential constructions have proven to be use-
ful (again, note the difference with the second-order case when the relevant layer
potentials are essentially uniquely defined by the boundary problem), as well as re-
cently discovered equivalence of well-posedness to certain reverse Holder estimates
on the non-tangential maximal function. It is interesting to point out that the
main local estimates which played a role in recent well-posedness results actually
come from the techniques developed in connection with the Wiener test discussed
above. Thus, in the higher-order case the two issues are intimately intertwined;
this was one of the reasons for the particular choice of topics in the present survey.
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The Neumann problem and the variable coefficient case are even more puz-
zling. The details will be presented in the body of the paper. Here, let us just
point out that in both cases even the proper statement of the “natural” boundary
problem presents a challenge. For instance, in the higher-order case the choice of
Neumann data is not unique. Depending on peculiarities of the Neumann opera-
tor, one can be led to well-posed and ill-posed problems even for the bilaplacian,
and more general operators give rise to new issues related to the coercivity of the
underlying form. However, despite the aforementioned challenges, the first well-
posedness results have recently been obtained and will be discussed below.

To conclude this introduction, we refer the reader to the excellent exposi-
tory paper [Maz99b] by Vladimir Maz’ya on the topic of the Wiener criterion and
pointwise estimates. This paper largely inspired the corresponding sections of the
present manuscript, and its exposition of the related historical material extends
and complements that in Sections 3 and 4. Our main goal here, however, was to
discuss the most recent achievements (some of which appeared after the aforemen-
tioned survey was written) and their role in the well-posedness results on Lipschitz
domains which constitute the main topic of the present review. We also would like
to mention that this paper does not touch upon the methods and results of the
part of elliptic theory studying the behavior of solutions in the domains with iso-
lated singularities, conical points, cuspidal points, etc. Here, we have intentionally
concentrated on the case of Lipschitz domains, which can display accumulating
singularities — a feature drastically affecting both the available techniques and the
actual properties of solutions.

2. Definitions

As we pointed out in the introduction, the prototypical higher-order elliptic equa-
tion is the biharmonic equation A?u = 0, or, more generally, the polyharmonic
equation A"y = 0 for some integer m > 2. It naturally arises in numerous appli-
cations in physics and in engineering, and in mathematics it is a basic model for
a higher-order partial differential equation. These operators may be generalized
to constant-coefficient differential operators of order 2m, or to variable-coefficient
operators in either divergence or nondivergence form.

Let us discuss the details. To start, a general constant coefficient elliptic
operator is defined as follows.

Definition 2.1. Let L be an operator acting on functions u : R — C¢. Suppose
that we may write

¢
(Lu); = Z Z 8°‘a£€63ﬁuk (2.2)
k=1]a|=|8|=m
for some coefficients ai% defined for all 1 < j, k < £ and all multiindices «, 5 of

length n with |a| = [8] = m. Then we say that L is a differential operator of
order 2m.
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Suppose the coefficients aikﬁ are constant and satisfy the Legendre-Hadamard
ellipticity condition

¢
ik = 2 2
Re Y > aliee¢0 > Mgl (2.3)
Jk=1la|=|Bl=m
for all ¢ € R™ and all ¢ € C*, where A > 0 is a real constant. Then we say that L
is an elliptic operator of order 2m.

If ¢ = 1 we say that L is a scalar operator and refer to the equation Lu = 0 as
an elliptic equation; if £ > 1 we refer to Lu = 0 as an elliptic system. If al* = ahi,
then we say the operator L is symmetric. If afl% is real for all «, 3, j, and k, we
say that L has real coefficients.

Here if  is a multiindex of length n, then 0% = 05! ... dg".
Now let us discuss the case of variable coefficients. A divergence-form higher-
order elliptic operator is given by
¢
(0% k
(Lu);(X) =) Z 9% (aly3(X)9 up, (X)) (2.4)
k=1|al=||=

This form affords a notion of weak solution; we say that Lu = h weakly if

Z/‘p]h = 2 Z m/gaawjai’;@ﬁuk (2.5)

|a|=|Bl=m j,k=1

for any function ¢ : Q C! smooth and compactly supported.
If the coefficients afjﬁ : R™ — C are sufficiently smooth, we may rewrite (2.4)
in nondivergence form

14
X)=> > alf(X)0ur(X). (2.6)

k=1|a|<2m

This form is particularly convenient when we allow equations with lower-order
terms (note their appearance in (2.6)).

A simple criterion for ellipticity of the operators L of (2.6) is the condition
that (2.3) holds with ai% replaced by a?F(X) for any X € R", that is, that

ReZ 3 @R (X)EG G = AP C @7)

J,k=1|a|=2m

for any fixed X € R" and for all £ € R", ¢ € C2. This means in particular that
ellipticity is only a property of the highest-order terms of (2.6); the value of a’¥,
for |a] < m, is not considered.

For divergence-form operators, some known results use a weaker notion of
ellipticity, namely that (p, Lp) > )\vacpHQLg for all smooth compactly supported
functions ¢; this notion is written out in full in Formula (6.5) below.
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Finally, let us mention that throughout we let C' and € denote positive con-
stants whose value may change from line to line. We let { denote the average
integral, that is, fE fdu = M(lE) / g J dp. The only measures we will consider are
the Lebesgue measure dX (on R™ or on domains in R™) or the surface measure do
(on the boundaries of domains).

3. The maximum principle and pointwise estimates on solutions

The maximum principle for harmonic functions is one of the fundamental results in
the theory of elliptic equations. It holds in arbitrary domains and guarantees that
every solution to the Dirichlet problem for the Laplace equation, with bounded
data, is bounded. Moreover, it remains valid for all second-order divergence-form
elliptic equations with real coefficients.

In the case of equations of higher order, the maximum principle has been
established only in relatively nice domains. It was proven to hold for operators with
smooth coefficients in smooth domains of dimension two in [Mir48] and [Mir58],
and of arbitrary dimension in [Agm60]. In the early 1990s, it was extended to
three-dimensional domains diffeomorphic to a polyhedron ([KMRO1, MR91]) or
having a Lipschitz boundary ([PV93, PV95b]). However, in general domains, no
direct analog of the maximum principle exists (see Problem 4.3, p. 275, in Necas’s
book [Nec67]). The increase of the order leads to the failure of the methods which
work for second-order equations, and the properties of the solutions themselves
become more involved.

To be more specific, the following theorem was proved by Agmon.

Theorem 3.1 ([Agm60, Theorem 1]). Let m > 1 be an integer. Suppose that € is
domain with C*™ boundary. Let

L= Y aa(X)0"

lal<2m

be a scalar operator of order 2m, where ao € C1*N(Q). Suppose that L is elliptic

in the sense of (2.7). Suppose further that solutions to the Dirichlet problem for
L are unique.

Then, for every u € C™~1(Q) N C?™(Q) that satisfies Lu = 0 in 2, we have

U poc oy < C Pul| e (90 - 3.2

max [0%ull, @ = |512%1X—1 10%ull, C) (3:2)

o] <m—

We remark that the requirement that the Dirichlet problem have unique
solutions is not automatically satisfied for elliptic equations with lower-order terms;
for example, if ) is an eigenvalue of the Laplacian then solutions to the Dirichlet
problem for Au — Au are not unique.

Equation (3.2) is called the Agmon-Miranda mazimum principle. In [Sul75],
Sul’ce generalized this to systems of the form (2.6), elliptic in the sense of (2.7),
that satisfy a positivity condition (strong enough to imply Agmon’s requirement
that solutions to the Dirichlet problem be unique).
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Thus the Agmon—Miranda maximum principle holds for sufficiently smooth
operators and domains. Moreover, for some operators, the maximum principle is
valid even in domains with Lipschitz boundary, provided the dimension is small
enough. We postpone a more detailed discussion of the Lipschitz case to Sec-
tion 5.6; here we simply state the main results. In [PV93] and [PV95b], Pipher and
Verchota showed that the maximum principle holds for the biharmonic operator
A? and more generally for the polyharmonic operator A™, in bounded Lipschitz
domains in R? or R3. In [Ver96, Section 8], Verchota extended this to symmet-
ric, strongly elliptic systems with real constant coefficients in three-dimensional
Lipschitz domains.

For Laplace’s equation and more general second-order elliptic operators,
the maximum principle continues to hold in arbitrary bounded domains. In con-
trast, the maximum principle for higher-order operators in rough domains gener-
ally fails.

In [MNP83], Maz’ya, Nazarov and Plamenevskii studied the Dirichlet prob-
lem (with zero boundary data) for constant-coefficient elliptic systems in cones.
Counterexamples to (3.2) for systems of order 2m in dimension n > 2m+ 1 imme-
diately follow from their results. (See [MNP83, Formulas (1.3), (1.18) and (1.28)].)
Furthermore, Pipher and Verchota constructed counterexamples to (3.2) for the
biharmonic operator A? in dimension n = 4 in [PV92, Section 10], and for the
polyharmonic equation A™u = 0 in dimension n, 4 < n < 2m + 1, in [PV95b,
Theorem 2.1]. Independently Maz’ya and Rossmann showed that (3.2) fails in the
exterior of a sufficiently thin cone in dimension n, n > 4, where L is any constant-
coefficient elliptic scalar operator of order 2m > 4 (without lower-order terms).
See [MR92, Theorem 8 and Remark 3].

Moreover, with the exception of [MR92, Theorem 8], the aforementioned
counterexamples actually provide a stronger negative result than simply the failure
of the maximum principle: they show that the left-hand side of (3.2) may be infinite
even if the data of the elliptic problem is as nice as possible, that is, smooth and
compactly supported.

The counterexamples, however, pertain to high dimensions and do not in-
dicate, e.g., the behavior of the derivatives of order (m — 1) of a solution to an
elliptic equation of order 2m in the lower-dimensional case.

Recently in [MMO09b], the second author of the present paper together with
Maz’ya have considered this question for the inhomogeneous Dirichlet problem

A’u=hinQ, ueWiQ). (3.3)

Here © is a bounded domain in R? or R?, the Sobolev space WQQ(Q) is a completion
of C§° () in the norm ||u||V=V22(Q) = ||V2u||L2(Q)7 and h is a reasonably nice function
(e.g., C§°(2)). We remark that if Q is an arbitrary domain, defining Vu|89 is
a delicate matter, and so considering the Dirichlet problem with homogeneous
boundary data is somewhat more appropriate.
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Motivated by (3.2), the authors showed that if u solves (3.3), then Vu €
L*°(9), under no restrictions on € other than its dimension. Moreover, they proved
the following bounds on the Green function.

Let © be an arbitrary bounded domain in R? and let G be the Green function
for the biharmonic equation. Then

VxVyGX,Y)<C|IX -Y|™', X, Yeq, (3.4)
[VxG(X,Y)|<C and |[VyG(X,Y)<C, X, YeQ, (3.5)

where C is an absolute constant.
The boundedness of the gradient of a solution to the biharmonic equation in
a three-dimensional domain is a sharp property in the sense that the function u
satisfying (3.3) generally does not exhibit more regularity. For example, let Q be
the three-dimensional punctured unit ball B(0,1) \ {0}, where B(X,r) = {Y €
R3:|X — Y| < r}, and consider a function n € C§°(B(0,1/2)) such that n =1 on
B(0,1/4). Let
u(X) :=n(X)|X], X € B; \ {0}. (3.6)

Obviously, u € W2(Q) and A%u € C§°(2). While Vu is bounded, it is not continu-
ous at the origin. Therefore, the continuity of the gradient does not hold in general
and must depend on some delicate properties of the domain. These questions will
be addressed in Section 4 in the framework of the Wiener criterion.

In the absence of boundedness of the gradient Vu of a harmonic function, or
the higher-order derivatives V™ 'u of a solution to a higher-order equation, we
may instead consider boundedness of a solution itself. Let

A"™u=hinQ, ueW2(9), (3.7)

and h € C£°(Q). Observe that if @ C R™ for n < 2m — 1, then every u € W2 (Q)
is Holder continuous on €2 and so must necessarily be bounded.

In [Maz99b, Section 10], Maz’ya showed that the Green function G,,(X,Y)
for A™ in an arbitrary bounded domain 2 C R" satisfies

C diam Q

< .
(G X V)= CEm)og o 1x v dist(, 09) (38)
in dimension n = 2m, and satisfies
C
|G (X,Y) () (3.9)

<
| - |X o Y|1‘L—2m
ifn=2m+1orn=2m+2 If m = 2, then (3.9) also holds in dimension
n="7=2m+3 (cf. [Maz79]). Whether (3.9) holds in dimension n > 8 (for m = 2)
or n > 2m+ 3 (for m > 2) is an open problem; see [Maz99b, Problem 2].
If (3.9) holds, then solutions to (3.7) satisfy
lull e () < Cm,n, p) diam(2)*™ "2 ||| 1 e

provided p > n/2m (see, e.g., [Maz99b, Section 2]).
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Thus, if @ C R™ is bounded for n < 2m + 2, n # 2m, and if u satisfies (3.7)
for a reasonably nice function h, then u € L>°(). This result also holds if Q C R”
and m = 2.

As in the case of the Green function estimates, if 2 C R™ is bounded and
n >2m+4 3, or if m = 2 and n > 8, then the question of whether solutions u to
(3.7) are bounded is open. In particular, it is not known whether solutions u to

A2u=hinQ, ueW2(Q)

are bounded if  C R™ for n > 8. However, there exists another fourth-order oper-
ator whose solutions are not bounded in higher-dimensional domains. In [MN86],
Maz'ya and Nazarov showed that if n > 8 and if a > 0 is large enough, then
there exists an open cone K C R™ and a function h € C§°(K \ {0}) such that the
solution u to

A’u+adlu=hin K, uc Wg(K) (3.10)
is unbounded near the origin.

To conclude our discussion of Green’s functions, we mention two results from
[MM11]; these results are restricted to relatively well-behaved domains. In [MM11],
D. Mitrea and I. Mitrea showed that, if €2 is a bounded Lipschitz domain in R3,
and G denotes the Green function for the bilaplacian A%, then the estimates

V2G(X, ) e L3(Q), dist(-,0Q) *VG(X, -) e L3/

hold, uniformly in X € Q, for all 0 < a < 1.

Moreover, they considered more general elliptic systems. Suppose that L is
an arbitrary elliptic operator of order 2m with constant coefficients, as defined by
Definition 2.1, and that G denotes the Green function for L. Suppose that 2 C R”,
for n > m, is a Lipschitz domain, and that the unit outward normal v to € lies in
the Sarason space VMO(0RQ) of functions of vanishing mean oscillations on 99).
Then the estimates

VmG(X, ) € Ln"m>(Q), (3.11)
dist(-,0Q)7*V"IG(X, -) € Ln-m=1+a2(Q)
hold, uniformly in X € Q, for any 0 < a < 1.

4. The Wiener test

In this section, we discuss conditions that ensure that solutions (or appropriate
gradients of solutions) are continuous up to the boundary. These conditions parallel
the famous result of Wiener, who in 1924 formulated a criterion that ensured
continuity of harmonic functions at boundary points [Wie24]. Wiener’s criterion
has been extended to a variety of second-order elliptic and parabolic equations
([LSW63, FJK82, FGL89, DMM8&6, MZ97, AH96, TW02, Lab02, EG82]; see also
the review papers [Maz97, Ada97]). However, as with the maximum principle,
extending this criterion to higher-order elliptic equations is a subtle matter, and
many open questions remain.
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We begin by stating the classical Wiener criterion for the Laplacian. If Q@ C R™
is a domain and Q) € 992, then @ is called regular for the Laplacian if every solution
u to

Au=hinQ, wueW?(Q)

for h € C§° () satisfies lim x_,o u(X) = 0. According to Wiener’s theorem [Wie24],
the boundary point @ € 01 is regular if and only if the equation

1
/ capy(B(Q, s) \ Q)s' " ds = oo (4.1)
0
holds, where
cwﬂKpﬂﬁ@mﬁmwﬂwvw;mm;ueq%wmuz1onK}

For example, suppose §) satisfies the exterior cone condition at ). That is,
suppose there is some open cone K with vertex at () and some € > 0 such that
KN B(Q,e) C Q. Tt is elementary to show that cap,(B(Q,s) \ Q) > C(K)s" 2
forall 0 < s < &, and so (4.1) holds and @ is regular. Regularity of such points was
known prior to Wiener (see [Poi90], [Zar09], and [Leb13]) and provided inspiration
for the formulation of the Wiener test.

By [LSW63], if L = —div AV is a second-order divergence-form operator,
where the matrix A(X) is bounded, measurable, real, symmetric and elliptic, then
Q € 09 is regular for L if and only if @ and Q satisfy (4.1). In other words, @ € 99
is regular for the Laplacian if and only if it is regular for all such operators. Similar
results hold for some other classes of second-order equations; see, for example,
[FIK82], [DMMS86], or [EG82].

One would like to consider the Wiener criterion for higher-order elliptic equa-
tions, and that immediately gives rise to the question of natural generalization of
the concept of a regular point. The Wiener criterion for the second-order PDEs
ensures, in particular, that weak W12 solutions are classical. That is, the solution
approaches its boundary values in the pointwise sense (continuously). From that
point of view, one would extend the concept of regularity of a boundary point as
continuity of derivatives of order m — 1 of the solution to an equation of order 2m
up to the boundary. On the other hand, as we discussed in the previous section,
even the boundedness of solutions cannot be guaranteed in general, and thus, in
lower dimensions the study of the continuity up to the boundary for solutions
themselves is also very natural. We begin with the latter question, as it is better
understood.

Let us first define a regular point for an arbitrary differential operator L of
order 2m analogously to the case of the Laplacian, by requiring that every solution
u to

Lu=hinQ, ueW?2(Q) (4.2)
for h € C§°(Q) satisfy limx_,o u(X) = 0. Note that by the Sobolev embedding
theorem, if Q C R™ for n < 2m — 1, then every u € W2 (Q) is Holder continuous
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on  and so satisfies limy_,¢ u(X) = 0 at every point @) € 9. Thus, we are only
interested in continuity of the solutions at the boundary when n > 2m.

In this context, the appropriate concept of capacity is the potential-theoretic
Riesz capacity of order 2m, given by

Capay, (K) = mf{ 3 0%ulpa e s u € CF(R™), u>1on K} (4.3)
0<|a|<m
The following is known. If m > 3, and if Q C R" for n = 2m, 2m + 1 or
2m+2,orif m =2 and n =4, 5, 6 or 7, then Q € 99 is regular for A™ if and
only if

/0 capy,, (B(Q,s) \ Q)s*™ "t ds = co. (4.4)

The biharmonic case was treated in [Maz77] and [Maz79], and the polyharmonic
case for m > 3 in [MD83] and [Maz99al.

Let us briefly discuss the method of the proof in order to explain the restric-
tions on the dimension. Let L be an arbitrary elliptic operator, and let F' be the
fundamental solution for L in R™ with pole at Q). We say that L is positive with
weight F'if, for all u € C§°(R™ \ {Q}), we have that

/ Lu(X) - u(X)F dX>cZ/ VEu(X)PIXPF X, (4.5)

The biharmonic operator is positive with weight F' in dimension n if 4 <
n < 7, and the polyharmonic operator A" m > 3, is positive with weight F’
in dimension 2m < n < 2m + 2. (The Laplacian A is positive with weight F'
in any dimension.) The biharmonic operator A? is not positive with weight F' in
dimensions n > 8, and A™ is not positive with weight F' in dimension n > 2m+ 3.
See [Maz99a, Propositions 1 and 2].

The proof of the Wiener criterion for the polyharmonic operator required
positivity with weight F'. In fact, it turns out that positivity with weight F suffices
to provide a Wiener criterion for an arbitrary scalar elliptic operator with constant
coeflicients.

Theorem 4.6 ([Maz02, Theorems 1 and 2]). Suppose @ C R™ and that L is a
scalar elliptic operator of order 2m with constant real coefficients, as defined by
Definition 2.1.

If n = 2m, then Q € 0% is regular for L if and only if (4.4) holds.

If n > 2m+1, and if the condition (4.5) holds, then again @ € 9% is reqular
for L if and only if (4.4) holds.

This theorem is also valid for certain variable-coefficient operators in diver-
gence form; see the remark at the end of [Maz99a, Section 5.

Similar results have been proven for some second-order elliptic systems. In
particular, for the Lamé system Lu = Au + agrad divu, o > —1, positivity with
weight ' and Wiener criterion have been established for a range of « close to zero,
that is, when the underlying operator is close to the Laplacian ([LM10]). It was



64 A. Barton and S. Mayboroda

also shown that positivity with weight F' may in general fail for the Lamé system.
Since the present review is restricted to the higher-order operators, we shall not
elaborate on this point and instead refer the reader to [LM10] for more detailed
discussion.

In the absence of the positivity condition (4.5), the situation is much more
involved. Let us point out first that the condition (4.5) is not necessary for reg-
ularity of a boundary point, that is, the continuity of the solutions. There exist
fourth-order elliptic operators that are not positive with weight F* whose solutions
exhibit nice behavior near the boundary; there exist other such operators whose
solutions exhibit very bad behavior near the boundary.

Specifically, recall that (4.5) fails for L = A? in dimension n > 8. Nonetheless,
solutions to A?u = h are often well behaved near the boundary. By [MP81], the
vertex of a cone is regular for the bilaplacian in any dimension. Furthermore, if
the capacity condition (4.4) holds with m = 2, then by [Maz02, Section 10], any
solution u to

Au=hinQ, wue WQQ(Q)
for h € C§°(N2) satisfies limx_,o u(X) = 0 provided the limit is taken along a
nontangential direction.

Conversely, if n > 8 and L = A% + ad?, then by [MNS86], there exists a cone
K and a function h € C§°(K \ {0}) such that the solution u to (3.10) is not only
discontinuous but unbounded near the vertex of the cone. We remark that a careful
examination of the proof in [MN86] implies that solutions to (3.10) are unbounded
even along some nontangential directions.

Thus, conical points in dimension eight are regular for the bilaplacian and
irregular for the operator A2 + adi. Hence, a relevant Wiener condition must use
different capacities for these two operators. This is a striking contrast with the
second-order case, where the same capacity condition implies regularity for all
divergence-form operators, even with variable coefficients.

This concludes the discussion of regularity in terms of continuity of the solu-
tion. We now turn to regularity in terms of continuity of the (m —1)-st derivatives.
Unfortunately, much less is known in this case. The first such result has recently
appeared in [MMO09a]. It pertains to the biharmonic equation in dimension three.

We say that Q € 9Q is 1-regular for the operator A? if every solution u to

A’u=hinQ, ueW2(Q) (4.7)

for h € C§°(R2) satisfies limx g Vu(X) = 0. In [MMO09a] the second author of this
paper and Maz’ya proved that in a three-dimensional domain the following holds.
If

/OC PigfIl capp(B(0,as) \ B(0,s)\ Q)ds = (4.8)

for some a > 4 and some ¢ > 0, then 0 is 1l-regular. Conversely, if 0 € 99 is
1-regular for A? then for every ¢ > 0 and every a > 8,

c

Piélél ; capp(B(0,as) \ B(0,s)\ Q)ds = . (4.9)
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Here
capp(K) = inf{||AuHig(R3) cu € W2(R?\ {0}), v = P in a neighborhood of K}

and II; is the space of functions P(X) of the form P(X) = by+b; X1+by Xo+bs X3
with coefficients by € R that satisfy \/bZ + b3 + b3 + b3 = 1.

Note that the notion of capacity capp is quite different from the classical
analogues, and even from the Riesz capacity used in the context of the higher-
order elliptic operators before (cf. (4.3)). Its properties, as well as properties of
1-regular and 1-irregular points, can be different from classical analogous as well.
For instance, for some domains 1-irregularity turns out to be unstable under affine
transformations of coordinates.

The slight discrepancy between the sufficient condition (4.8) and the neces-
sary condition (4.9) is needed, in the sense that (4.8) is not always necessary for
1-regularity. However, in an important particular case, there exists a single simpler
condition for 1-regularity. To be precise, let  C R? be a domain whose boundary
is the graph of a function ¢, and let w be its modulus of continuity. If

/0 cf;éi) = 00, (4.10)

then every solution to the biharmonic equation (4.7) satisfies Vu € C(Q2). Con-
versely, for every w such that the integral in (4.10) is convergent, there exists a
C%% domain and a solution u of the biharmonic equation such that Vu ¢ C(Q).
In particular, as expected, the gradient of a solution to the biharmonic equation is
always bounded in Lipschitz domains and is not necessarily bounded in a Holder
domain. Moreover, one can deduce from (4.10) that the gradient of a solution is
always bounded, e.g., in a domain with w(t) =~ tlogl/ 2t, which is not Lipschitz,
and might fail to be bounded in a domain with w(t) = tlogt¢. More properties of
the new capacity and examples can be found in [MM09a).

5. Boundary value problems in Lipschitz domains for elliptic
operators with constant coefficients

The maximum principle (3.2) provides estimates on solutions whose boundary
data lies in L. Recall that for second-order partial differential equations with
real coefficients, the maximum principle is valid in arbitrary bounded domains. The
corresponding sharp estimates for boundary data in LP, 1 < p < oo, are much more
delicate. They are not valid in arbitrary domains, even for harmonic functions,
and they depend in a delicate way on the geometry of the boundary. At present,
boundary-value problems for the Laplacian and for general real symmetric elliptic
operators of the second order are fairly well understood on Lipschitz domains. See,
in particular, [Ken94].

We consider biharmonic functions and more general higher-order elliptic
equations. The question of estimates on biharmonic functions with data in LP
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was raised by Riviere in the 1970s ([CFS79]), and later Kenig redirected it to-
wards Lipschitz domains in [Ken90, Ken94]. The sharp range of well-posedness
in LP, even for biharmonic functions, remains an open problem (see [Ken94, Prob-
lem 3.2.30]). In this section we shall review the current state of the art in the
subject, the main techniques that have been successfully implemented, and their
limitations in the higher-order case.

Most of the results we will discuss are valid in Lipschitz domains, defined as
follows.

Definition 5.1. A domain 2 C R" is called a Lipschitz domain if, for every @ € 05,
there is a number r > 0, a Lipschitz function ¢ : R"~! — R with ||V, < M,
and a rectangular coordinate system for R™ such that

B(Q,r)NQ={(x,s):x € R"' s€R, |(x,5) — Q)| <, and s > p(z)}.

If we may take the functions ¢ to be C* (that is, to possess k continuous
derivatives), we say that Q is a C* domain.

The outward normal vector to  will be denoted v. The surface measure will
be denoted o, and the tangential derivative along 02 will be denoted V.

In this paper, we will assume that all domains under consideration have
connected boundary. Furthermore, if Q2 is unbounded, we assume that there is
a single Lipschitz function ¢ and coordinate system that satisfies the conditions
given above; that is, we assume that {2 is the domain above (in some coordinate
system) the graph of a Lipschitz function.

In order to properly state boundary-value problems on Lipschitz domains, we
will need the notions of non-tangential convergence and non-tangential maximal
function.

In this and subsequent sections we say that u| oq = [ if f 1s the nontangential
limit of u, that is, if

Q

li X) =
X%Q’l)lgler(@u( )= f(Q)
for almost every (do) Q € 090, where T'(Q) is the nontangential cone
NQ)={Y € Q:dist(¥,09) < (1 +a)|X = Y|}. (5.2)

Here a > 0 is a positive parameter; the exact value of a is usually irrelevant to
applications. The nontangential mazimal function is given by

NF(Q) =sup{|F(X)|: X e I(Q)}. (5.3)
The normal derivative of u of order m is defined as
Ru(@ =Y vQ"  0"uQ),
|a]=m

where 0%u(Q) is taken in the sense of nontangential limits as usual.
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5.1. The Dirichlet problem: definitions, layer potentials,

and some well-posedness results
We say that the LP-Dirichlet problem for the biharmonic operator A? in a domain
2 is well posed if there exists a constant C' > 0 such that, for every f € W/ (99)
and every g € LP(0f2), there exists a unique function u that satisfies

A%y =0 in Q,
u=f on 0f,
(5.4)
al/u =g on 89,

||N(VU)HLp(aQ) < CHQHLp(aQ) + OHvT.f”LP(aQ)'

The LP-Dirichlet problem for the polyharmonic operator A™ is somewhat
more involved, because the notion of boundary data is necessarily more subtle.
We say that the LP-Dirichlet problem for A™ in a domain 2 is well posed if
there exists a constant C' > 0 such that, for every g € LP(09Q) and every f in
the Whitney—Sobolev space WA? | (0€), there exists a unique function u that
satisfies

AMu=0 in Q,
8au|anga for all 0 < || <m — 2,
' tu=g on 01, (5.5)
HN(Vm—lu)HLP(aQ) < Clgllrpn +C Z 1V fall oo
|a]=m—2

The space WAPE (09) is defined as follows.

Definition 5.6. Suppose that Q2 C R™ is a Lipschitz domain, and consider arrays
of functions f = {fs : |a|] < m — 1} indexed by multiindices o of length n,
where f, : 0Q — C. We let WAP (09) be the completion of the set of arrays
Y = {8 : |a| <m — 1}, for ¢ € C5°(R™), under the norm

Z 0%l Lo 00y + Z V20Ul 1o (90)- (5.7)

|a|<m—1 |a]=m—1

If we prescribe 0%u = f, on 9 for some f € WAP (99), then we are pre-
scribing the values of u, Vu, ..., V™ 1u on 99, and requiring that (the prescribed
part of) Vmu|89 lie in LP(092).

The study of these problems began with biharmonic functions in C' domains.
In [SS81], Selvaggi and Sisto proved that, if Q is the domain above the graph of a
compactly supported C* function ¢, with ||[V¢| ;. small enough, then solutions
to the Dirichlet problem exist provided 1 < p < oco. Their method used certain
biharmonic layer potentials composed with the Riesz transforms.

In [CG83], Cohen and Gosselin proved that, if 2 is a bounded, simply con-
nected C!' domain contained in the plane R?, then the LP-Dirichlet problem is well
posed in Q for any 1 < p < oo. In [CG85], they extended this result to the com-
plements of such domains. Their proof used multiple layer potentials introduced
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by Agmon in [Agm57] in order to solve the Dirichlet problem with continuous
boundary data. The general outline of their proof parallelled that of the proof of
the corresponding result [FJR78] for Laplace’s equation.

As in the case of Laplace’s equation, a result in Lipschitz domains soon fol-
lowed. In [DKV86], Dahlberg, Kenig and Verchota showed that the LP-Dirichlet
problem for the biharmonic equation is well posed in any bounded simply con-
nected Lipschitz domain 2 C R™, provided 2 — ¢ < p < 2+ ¢ for some € > 0
depending on the domain €.

In [Ver87], Verchota used the construction of [DKV86] to extend Cohen and
Gosselin’s results from planar C! domains to C* domains of arbitrary dimension.
Thus, the LP-Dirichlet problem for the bilaplacian is well posed for 1 < p < oo in
C' domains.

In [Ver90], Verchota showed that the LP-Dirichlet problem for the polyhar-
monic operator A™ could be solved for 2 — e < p < 2 + ¢ in starlike Lipschitz
domains by induction on the exponent m. He simultaneously proved results for
the LP-regularity problem in the same range; we will thus delay discussion of his
methods to Section 5.3.

All three of the papers [SS81], [CG83] and [DKV86] constructed biharmonic
functions as potentials. However, the potentials used differ. [SS81] constructed
their solutions as

u(X) = agﬁnF(X—Y) Z 6988FX Y)R;g(Y)do(Y)

where R; are the Riesz transforms. Here F/(X) is the fundamental solution to the
biharmonic equation; thus, u is biharmonic in R™\ 9. As in the case of Laplace’s
equation, well-posedness of the Dirichlet problem follows from the boundedness
relation | N (V) 000y < Cllf1ea0) + Cll9ll Lo o0y and from invertibility of the
mapping (f,g) — (u|m, dyu) on LP(9Q) x LP(9Q) — WF(0Q) x LP(99).

The multiple layer potential of [CG83] is an operator of the form

LfP)=pv. [ LPQ)f(Q)do(Q) (5-8)

o0

where £(P, @) is a 3 x 3 matrix of kernels, also composed of derivatives of the
biharmonic equation, and f = (f, fu, fy) is a “compatible triple” of boundary data,
that is, an element of WP (9Q) x LP (0Q) x LP(92) that satisfies O, f = foTu+ fyTy-
Thus, the input is essentially a function and its gradient, rather than two functions,
and the Riesz transforms are not involved.

The method of [DKV86] is to compose two potentials. First, the function
f € L?(09) is mapped to its Poisson extension v. Next, u is taken to be the
solution of the inhomogeneous equation Au(Y) = (n+2Y - V)u(Y) with v = 0 on
09Q. If G(X,Y) is the Green function for A in Q and kY is the harmonic measure
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density at Y, we may write the map f +— u as
uX) = [ Y42y V) [ (Q @@y, (59)
Q o0

Since (n+2Y - V)v(Y') is harmonic, u is biharmonic, and so u solves the Dirichlet
problem.

5.2. The LP-Dirichlet problem: the summary of known results
on well-posedness and ill-posedness

Recall that by [Ver90], the LP-Dirichlet problem is well posed in Lipschitz domains
provided 2 —e < p < 2+e¢. As in the case of Laplace’s equation (see [FJL77]), the
range p > 2—e¢ is sharp. That is, for any p < 2 and any integers m > 2, n > 2, there
exists a bounded Lipschitz domain 2 C R™ such that the LP-Dirichlet problem for
A™ i ill posed in Q. See [DKV86, Section 5] for the case of the biharmonic operator
A? and the proof of Theorem 2.1 in [PV95b] for the polyharmonic operator A™.

The range p < 2 4 ¢ is not sharp and has been studied extensively. Proving
or disproving well-posedness of the LP-Dirichlet problem for p > 2 in general
Lipschitz domains has been an open question since [DKV86], and was formally
stated as such in [Ken94, Problem 3.2.30]. (Earlier in [CFS79, Question 7], the
authors had posed the more general question of what classes of boundary data
give existence and uniqueness of solutions.)

In [PV92, Theorem 10.7], Pipher and Verchota constructed Lipschitz domains
Q such that the LP-Dirichlet problem for A? was ill posed in €, for any given
p > 6 (in four dimensions) or any given p > 4 (in five or more dimensions). Their
counterexamples built on the study of solutions near a singular point, in particular
upon [MNP83] and [MP81]. In [PV95b], they provided other counterexamples to
show that the LP-Dirichlet problem for A™ is ill posed, provided p > 2(n—1)/(n—
3) and 4 < n < 2m + 1. They remarked that if n > 2m + 1, then ill-posedness
follows from the results of [MNP83] provided p > 2m/(m — 1).

The endpoint result at p = oo is the Agmon—Miranda maximum principle
(3.2) discussed above. We remark that if 2 < py < 0o, and the LPo-Dirichlet prob-
lem is well posed (or (3.2) holds) then by interpolation, the LP-Dirichlet problem
is well posed for any 2 < p < pyg.

We shall adopt the following definition (justified by the discussion above).

Definition 5.10. Suppose that m > 2 and n > 4. Then p,, ,, is defined to be the
extended real number that satisfies the following properties. If 2 < p < p,;, ,,, then
the LP-Dirichlet problem for A™ is well posed in any bounded Lipschitz domain
Q C R"™. Conversely, if p > py, », then there exists a bounded Lipschitz domain
Q C R”™ such that the LP-Dirichlet problem for A™ is ill posed in 2. Here, well-
posedness for 1 < p < oo is meant in the sense of (5.5), and well-posedness for
p = oo is meant in the sense of the maximum principle (see (5.24) below).

As in [DKV86], we expect the range of solvability for any particular Lipschitz
domain 2 to be 2—e < p < pp, n+e€ for some € depending on the Lipschitz character
of Q.
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Let us summarize here the results currently known for p,, ,,. More details will
follow in Section 5.3.
For any m > 2, we have that

e If n =2 or n = 3, then the LP-Dirichlet problem for A" is well posed in any
Lipschitz domain €2 for any 2 < p < co. ([PV92, PV95b])

If4 <n<2m+1, then py, ., =2(n—1)/(n — 3). ([She06a, PVI5b].)

If n = 2m+2, then p,, ., = 2m/(m—1) = 2(n—2)/(n—4). ([She06b, MNP83].)
Ifn > 2m+3,then 2(n—1)/(n—3) < pm.n < 2m/(m—1). ([She06a, MNP83].)
The value of py, p, for n > 2m + 3, is open.

In the special case of biharmonic functions (m = 2), more is known.

® P24 =0, pas =4, pa =4, and pe 7 = 4. ([She06a] and [She06b)
o If n > 8, then

4
2+ <pan <4
n— A

where

\  n+10+2y/2(n? —n+2)
n — 7 .

([She06¢])

o If Qis a C! or convex domain of arbitrary dimension, then the LP-Dirichlet
problem for A2 is well posed in Q for any 1 < p < oo. ([Ver90, She06c,
KS11a].)

We comment on the nature of ill-posedness. The counterexamples of [DKV86]
and [PV95b] for p < 2 are failures of uniqueness. That is, those counterexamples
are nonzero functions u, satisfying A™u = 0 in €, such that %u = 0 on 99 for
0 <k <m—1, and such that N(V™~1u) € LP(9Q).

Observe that if Q is bounded and p > 2, then LP(9Q) C L?(91). Because
the L2-Dirichlet problem is well posed, the failure of well-posedness for p > 2
can only be a failure of the optimal estimate N(V™ u) € LP(9Q). That is, if
the LP-Dirichlet problem for A™ is ill posed in €2, then for some Whitney array
f e WAP _(99Q) and some g € LP(9), the unique function w that satisfies
A™y =0 in Q, 0% = f,, 07 lu =g and N(V™ lu) € L*(99) does not satisfy
N(V™tu) € LP(09Q).

5.3. The regularity problem and the LP-Dirichlet problem

In this section we elaborate on some of the methods used to prove the Dirich-
let well-posedness results listed above, as well as their historical context. This
naturally brings up a consideration of a different boundary value problem, the
L4-regularity problem for higher-order operators.

Recall that for second-order equations the regularity problem corresponds
to finding a solution with prescribed tangential gradient along the boundary. In
analogy, we say that the L?-regularity problem for A™ is well posed in € if there
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exists a constant C' > 0 such that, whenever f € WAZ (02), there exists a unique
function u that satisfies
A™u =0 in Q,
8°‘u|aQ:fa forall 0 < o] < m —1,
”N(vmu>”Lq(89) <C Z ||Vrfa||Lq(aQ)'

|la]=m—1

(5.11)

There is an important endpoint formulation at ¢ = 1 for the regularity prob-
lem. We say that the H'-regularity problem is well posed if there exists a constant
C > 0 such that, whenever f lies in the Whitney—Hardy space HL (09), there
exists a unique function u that satisfies

Ay =0 in Q,
8"‘u|aﬂ =fo forall0<|a|<m-—1,

HN(va)HLl(aQ) <C Z Hvaa”Hl(aQ)'

a]=m—1
The space H}, (09) is defined as follows.

Definition 5.12. We say that a € WAY (99) is a H!,(92)-L atom if & is supported
in a ball B(Q,r) N oY and if

Z HVT&QHLQ([)Q) S U(B(Q7T> N aQ)l/q_l'

la]=m—1

If f € WAL (99) and there are H! -L? atoms a;, and constants A, € C such that
Vifa= ZMVT(G;@)Q for all |a| =m — 1
k=1

and such that Y [\x| < oo, we say that f € H] (9Q), with || f|| ;. (90 being the
smallest Y |[\;| among all such representations.

In [Ver90], Verchota proved well-posedness of the L?-Dirichlet problem and
the L%-regularity problem for the polyharmonic operator A™ in any bounded
starlike Lipschitz domain by simultaneous induction.

The base case m = 1 is valid in all bounded Lipschitz domains by [Dah79]
and [JK81b]. The inductive step is to show that well-posedness for the Dirichlet
problem for A™*! follows from well-posedness of the lower-order problems. In par-
ticular, solutions with 0“u = f, may be constructed using the regularity problem
for A™, and the boundary term 0;'u = ¢, missing from the regularity data, may be
attained using the inhomogeneous Dirichlet problem for A™. On the other hand,
it was shown that the well-posedness for the regularity problem for A™*! follows
from well-posedness of the lower-order problems and from the Dirichlet problem
for A™*! in some sense, by realizing the solution to the regularity problem as an
integral of the solution to the Dirichlet problem.
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As regards a broader range of p and ¢, Pipher and Verchota showed in [PV92]
that the LP-Dirichlet and L%-regularity problems for A? are well posed in all
bounded Lipschitz domains  C R3, provided 2 < p < co and 1 < ¢ < 2.
Their method relied on duality. Using potentials similar to those of [DKV8&6],
they constructed solutions to the L2-Dirichlet problem in domains above Lipschitz
graphs. The core of their proof was the invertibility on L?(992) of a certain potential
operator T'. They were able to show that the invertibility of its adjoint 7 on
L?(09) implies that the L2-regularity problem for A? is well posed. Then, using the
atomic decomposition of Hardy spaces, they analyzed the H'-regularity problem.
Applying interpolation and duality for 7* once again, now in the reverse regularity-
to-Dirichlet direction, the full range for both regularity and Dirichlet problems was
recovered in domains above graphs. Localization arguments then completed the
argument in bounded Lipschitz domains.

In four or more dimensions, further progress relied on the following theorem
of Shen.

Theorem 5.13 ([She06b]). Suppose that Q C R™ is a Lipschitz domain. The fol-
lowing conditions are equivalent.

e The LP-Dirichlet problem for L is well posed, where L is a symmetric elliptic
system of order 2m with real constant coefficients.
o There exists some constant C' > 0 and some p > 2 such that

1/p 1/2
<][ N(V™ty)P da> <C <][ N(V™ tu)? da> (5.14)
B(Q,r)NdN B(Q,2r)Nd

holds whenever u is a solution to the L2-Dirichlet problem for L in Q, with
Vu =0 on B(Q,3r)NoN.

For the polyharmonic operator A", this theorem was essentially proven in
[SheO6a]. Furthermore, the reverse Holder estimate (5.14) with p = 2(n—1)/(n—3)
was shown to follow from well-posedness of the L2-regularity problem. Thus the
LP-Dirichlet problem is well posed in bounded Lipschitz domains in R" for p =
2(n—1)/(n—3). By interpolation, and because reverse Holder estimates have self-
improving properties, well-posedness in the range 2 < p < 2(n—1)/(n—3) + ¢ for
any particular Lipschtiz domain follows automatically.

Using regularity estimates and square-function estimates, Shen was able to
further improve this range of p. He showed that with p =24+4/(n—X), 0 < A < n,
the reverse Holder estimate (5.14) is true, provided that

A
/ vnlyf < ¢ ( ’") / (v Ly (5.15)
B(Q,r)NQ R/ Jpq.r)na

holds whenever w is a solution to the L2-Dirichlet problem in Q with N(V™ 1u) €
L*(09) and V*ul g poq =0 forall 0 <k <m— 1

It is illuminating to observe that the estimates arising in connection with the
pointwise bounds on the solutions in arbitrary domains (cf. Section 3) and the
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Wiener test (cf. Section 4), take essentially the form (5.15). Thus, Theorem 5.13
and its relation to (5.15) provide a direct way to transform results regarding local
boundary regularity of solutions, obtained via the methods underlined in Sections 3
and 4, into well-posedness of the LP-Dirichlet problem.

In particular, consider [Maz02, Lemma 5]. If u is a solution to A™u = 0 in
B(Q, R) N Q, where Q is a Lipschitz domain, then by [Maz02, Lemma 5| there is
some constant Ag > 0 such that

sup [uf* < ( )M ¢ / (X)) dX (5.16)
B(Q,r)NQ R/ R" Jp,r)na

provided that /R is small enough, that u has zero boundary data on B(Q, R)NdSY,

and where Q) C R™ has dimension n = 2m+ 1 or n = 2m + 2, or where m = 2 and

n =7=2m + 3. (The bound on dimension comes from the requirement that A"

be positive with weight F'; see equation (4.5).)

It is not difficult to see (cf., e.g., [She06b, Theorem 2.6]), that (5.16) implies
(5.15) for some A > n—2m+2, and thus implies well-posedness of the LP-Dirichlet
problem for a certain range of p. This provides an improvement on the results
of [She06a] in the case m = 2 and n = 6 or n = 7, and in the case m > 3
and n = 2m + 2. Shen has stated this improvement in [She06b, Theorems 1.4
and 1.5]: the LP-Dirichlet problem for A? is well posed for 2 < p < 4 + ¢ in
dimensions n = 6 or n = 7, and the LP-Dirichlet problem for A™ is well posed if
2<p<2m/(m—1)+ e in dimension n = 2m + 2.

The method of weighted integral identities, related to positivity with weight F’
(cf. (4.5)), can be further finessed in a particular case of the biharmonic equation.
[She06¢] uses this method (extending the ideas from [Maz79]) to show that if n > 8,
then (5.15) is valid for solutions to A% with A = \,,, where

= n—|—10—|—2\/3(n2 —n—|—2)' (5.17)

We now return to the Li-regularity problem. Recall that in [PV92], Pipher
and Verchota showed that if 2 < p < oo and 1/p + 1/¢ < 1, then the LP-
Dirichlet problem and the L9-regularity problem for A2 are both well posed in
three-dimensional Lipschitz domains. They proved this by showing that, in the
special case of a domain above a Lipschitz graph, there is duality between the LP-
Dirichlet and L%-regularity problems. Such duality results are common. See [KP93],
[She07b], and [KRO9] for duality results in the second-order case; although even
in that case, duality is not always guaranteed. (See [May10].) Many of the known
results concerning the regularity problem for the polyharmonic operator A™ are
results relating the LP-Dirichlet problem to the Li-regularity problem.

In [MM10], I. Mitrea and M. Mitrea showed that if 1 < p < oo and 1/p+1/q =
1, and if the L9-regularity problem for A% and the LP-regularity problem for A
were both well posed in a particular bounded Lipschitz domain 2, then the LP-
Dirichlet problem for A? was also well posed in Q. They proved this result (in
arbitrary dimensions) using layer potentials and a Green representation formula
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for biharmonic equations. Observe that the extra requirement of well-posedness for
the Laplacian is extremely unfortunate, since in bad domains it essentially restricts
consideration to p < 2 4+ ¢ and thus does not shed new light on well-posedness in
the general class of Lipschitz domains. As will be discussed below, later Kilty and
Shen established an optimal duality result for biharmonic Dirichlet and regularity
problems.

Recall that the formula (5.14) provides a necessary and sufficient condition for
well-posedness of the LP-Dirichlet problem. In [KS11b], Kilty and Shen provided
a similar condition for the regularity problem. To be precise, they demonstrated
that if ¢ > 2 and L is a symmetric elliptic system of order 2m with real constant
coefficients, then the Li-regularity problem for L is well posed if and only if the
estimate

1/q 1/2
][ N(V"™u)?do <C ][ N(V™u)?do (5.18)
B(Q,r)NQ B(Q,2r)NQ

holds for all points Q € 09, all » > 0 small enough, and all solutions u to the

L?-regularity problem with Vku|B(Q 319n0Q = 0 for 0 < k < m — 1. Observe that

(5.18) is identical to (5.14) with p replaced by ¢ and m — 1 replaced by m.

As a consequence, well-posedness of the Li-regularity problem in Q for certain
values of ¢ implies well-posedness of the LP-Dirichlet problem for some values of p.
Specifically, arguments using interior regularity and fractional integral estimates
(given in [KS11b, Section 5]) show that (5.18) implies (5.14) with 1/p = 1/q —
1/(n—1). But recall from [She06b] that (5.14) holds if and only if the LP-Dirichlet
problem for L is well posed in €. Thus, if 2 < ¢ < n — 1, and if the L9-regularity
problem for a symmetric elliptic system is well posed in a Lipschitz domain €2,
then the LP-Dirichlet problem for the same system and domain is also well posed,
provided 2 < p < pg + ¢ where 1/py =1/q¢—1/(n —1).

For the bilaplacian, a full duality result is known. In [KS1la], Kilty and
Shen showed that, if 1 < p < oo and 1/p+ 1/g = 1, then well-posedness of the
LP-Dirichlet problem for A2 in a Lipschitz domain 2, and well-posedness of the
Li-regularity problem for A% in Q, were both equivalent to the bilinear estimate

‘/ Au Av
Q

< C (VY Sl + 1097 NV L+ 1097 O 1)
(5.19)

x (19 + 16217 g )

for all f, g € C§°(R™), where u and v are solutions of the L?-regularity problem
with boundary data 0%u = 90°f and 0% = 0%g. Thus, if Q@ C R" is a bounded
Lipschitz domain, and if 1/p+1/q = 1, then the LP-Dirichlet problem is well posed
in  if and only if the L?-regularity problem is well posed in §2.

All in all, we see that the LP-regularity problem for A2 is well posed in
Q C R™if
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e O is C! or convex, and 1 < p < oo.

en=2orn=3and 1 <p<2+e.

en=4and6/5—c<p<2+e.

en=>506or7 and4/3—e<p<2+e.

e n>8 and 2 — 4+n4_)\n < p < 2+ ¢, where \, is given by (5.17). The above

ranges of p are sharp, but this range is still open.

5.4. Higher-order elliptic systems

The polyharmonic operator A™ is part of a larger class of elliptic higher-order op-
erators. Some study has been made of boundary-value problems for such operators
and systems.

The LP-Dirichlet problem for a strongly elliptic system L of order 2m, as
defined in Definition 2.1, is well posed in € if there exists a constant C' such that,
for every f € WAP, (9Q — C!) and every § € LP(9Q — C!), there exists a
unique vector-valued function @ : Q — C* such that

¢
(Lﬁ)jzz Z 0“a 7k8ﬁuk:O in Q for each 1 < j </,
k=1]a|=|B|=m
80(
9y

1=
HN(Vm_lU)HLq(aQ <C

P

on 0N for |of <m — 2,
on 01,

g
Z IVrfall Lacan) + ClIGl Lo o0)-
m—2

IS

(5.20)

lor|=
The Li-regularity problem is well posed in 2 if there is some constant C' such that,
for every f € WAP (99 — C'), there exists a unique @ such that

¢
(Lii); = Z Z 8%@’28%,6 =0 inQforeachl <j <Y,
k=1 |a|=|B|=m

%= fo ondQforla]<m-1,  (5:21)
[NV )| pap0) < C Z IV fallpaan-
|a]=m—1

In [PV95a], Pipher and Verchota showed that the LP-Dirichlet and LP-regu-
larity problems were well posed for 2 —e < p < 2+ ¢, for any higher-order elliptic
partial differential equation with real constant coefficients, in Lipschitz domains of
arbitrary dimension. This was extended to symmetric elliptic systems in [Ver96].
A key ingredient of the proof was the boundary Garding inequality

)\/ [V"u|(—vy,) do
4 Jaq

4
<> o R0 u(~va)do +C | |V 0l do
o

Jk=1]al= Iﬁ\
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valid if u € C°(R™)4, if L = 8aag§38ﬁ is a symmetric elliptic system with real
constant coefficients, and if 2 is the domain above the graph of a Lipschitz function.
We observe that in this case, (—v,) is a positive number bounded from below.
Pipher and Verchota then used this Garding inequality and a Green formula to
construct the nontangential maximal estimate. See [PV95b] and [Ver96, Sections
4 and 6].

As in the case of the polyharmonic operator A™, this first result concerned
the LP-Dirichlet problem and L4%-regularity problem only for 2 — e < p < 2+ ¢
and for 2 — e < ¢ < 2 + €. The polyharmonic operator A™ is an elliptic system,
and so we cannot in general improve upon the requirement that 2 — e < p for
well-posedness of the LP-Dirichlet problem.

However, we can improve on the requirement p < 2 4 . Recall that Theo-
rem 5.13 from [She06b], and its equivalence to (5.15), were proven in the general
case of strongly elliptic systems with real symmetric constant coefficients. As in
the case of the polyharmonic operator A™, (5.14) follows from well-posedness of
the L2-regularity problem provided p = 2(n — 1)/(n — 3), and so if L is such a
system, the LP-Dirichlet problem for L is well posed in 2 provided 2 —e < p <
2(n—1)/(n—3)+e. This is [She06b, Corollary 1.3]. Again, by the counterexamples
of [PV95b], this range cannot be improved if m > 2 and 4 < n < 2m+ 1; the ques-
tion of whether this range can be improved for general operators L if n > 2m + 2
is still open.

Little is known concerning the regularity problem in a broader range of p.
Recall that (5.18) from [KS11b] was proven in the general case of strongly elliptic
systems with real symmetric constant coefficients. Thus, we known that for such
systems, well-posedness of the Li-regularity problem for 2 < ¢ < n—1 implies well-
posedness of the LP-Dirichlet problem for appropriate p. The question of whether
the reverse implication holds, or whether this result can be extended to a broader
range of ¢, is open.

5.5. The area integral

One of major tools in the theory of second-order elliptic differential equations is
the Lusin area integral, defined as follows. If w lies in W¢,,.() for some domain
Q C R™, then the area integral (or square function) of w is defined for @ € 92 as

1/2
Sw(Q) = / [Vw(X)|? dist(X, 00)2 "dX | .
Q)

In [Dah80], Dahlberg showed that if « is harmonic in a bounded Lipschitz domain
Q, if Py € Q and u(Py) = 0, then for any 0 < p < oo,

1/ Supdcrg/ (Nu)pdcrgC/ (Su)? do (5.22)
C Joo X9) 0

for some constants C' depending only on p, 2 and Fy. Thus, the Lusin area integral
bears deep connections to the LP-Dirichlet problem. In [DJK84], Dahlberg, Jerison
and Kenig generalized this result to solutions to second-order divergence-form
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elliptic equations with real coefficients for which the L"-Dirichlet problem is well
posed for at least one 7.
If L is an operator of order 2m, then the appropriate estimate is

! N(Vu™ Ydo < [ S(Vu™ 'Wdo<C [ N(Vu™ 'Pdo. (5.23)

C Jaa o0 o0
Before discussing their validity for particular operators, let us point out that such
square-function estimates are very useful in the study of higher-order equations.
In [She06b], Shen used (5.23) to prove the equivalence of (5.15) and (5.14), above.
In [KS1la], Kilty and Shen used (5.23) to prove that well-posedness of the LP-
Dirichlet problem for A2 implies the bilinear estimate (5.19). The proof of the
maximum principle (3.2) in [Ver96, Section 8] (to be discussed in Section 5.6) also
exploited (5.23). Estimates on square functions can be used to derive estimates on
Besov space norms; see [AP98, Proposition S].

In [PV91], Pipher and Verchota proved that (5.23) (with m = 2) holds for
solutions u to A%u = 0, provided Q is a bounded Lipschitz domain, 0 < p < oo, and
Vu(Py) = 0 for some fixed Py € Q. Their proof was an adaptation of Dahlberg’s
proof [Dah80] of the corresponding result for harmonic functions. They used the
L?-theory for the biharmonic operator [DKV86], the representation formula (5.9),
and the L2-theory for harmonic functions to prove good-\ inequalities, which, in
turn, imply L? estimates for 0 < p < oo.

In [DKPV97], Dahlberg, Kenig, Pipher and Verchota proved that (5.23) held
for solutions u to Lu = 0, for a symmetric elliptic system L of order 2m with real
constant coefficients, provided as usual that €2 is a bounded Lipschitz domain, 0 <
p < oo, and V™ Lu(Py) = 0 for some fixed Py € Q. The argument is necessarily
considerably more involved than the argument of [PV91] or [Dah80]. In particular,
the bound [|S(V™ )| 2 (p0) < CIIN(V™ )| 12(5q) Was proven in three steps.

The first step was to reduce from the elliptic system L of order 2m to the
scalar elliptic operator M = det L of order 2¢m, where ¢ is as in formula (2.2). The
second step was to reduce to elliptic equations of the form Z\alzm aa0%%u = 0,
where |ao| > 0 for all o] = m. Finally, it was shown that for operators of this
form
> / o 0%u(X)? dist(X,00)dX < C [ N(V™ 'u)? do.
o= 7 2 o0
The passage to 0 < p < oo in (5.23) was done, as usual, using good-\ inequalities.
We remark that these arguments used the result of [PV95a] that the L?-Dirichlet
problem is well posed for such operators L in Lipschitz domains.

It is quite interesting that for second-order elliptic systems, the only currently
known approach to the square-function estimate (5.22) is this reduction to a higher-
order operator.

5.6. The maximum principle in Lipschitz domains

We are now in a position to discuss the maximum principle (3.2) for higher-order
equations in Lipschitz domains.
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We say that the maximum principle for an operator L of order 2m holds in the
bounded Lipschitz domain € if there exists a constant C' > 0 such that, whenever
f € WA _(0Q) C WA2,_,(09) and g € L>(09) C L?(99), the solution u to
the Dirichlet problem (5.20) with boundary data f and g satisfies

”vm—luan < CHQ||L°°(6S2) +C Z ||vaa||L°°(8Q)' (5.24)

|a]=m—2

The maximum principle (5.24) was proven to hold in three-dimensional Lip-
schitz domains by Pipher and Verchota in [PV93] (for biharmonic functions), in
[PV95b] (for polyharmonic functions), and by Verchota in [Ver96, Section 8] (for
solutions to symmetric systems with real constant coefficients). Pipher and Ver-
chota also proved in [PV93] that the maximum principle was valid for biharmonic
functions in C* domains of arbitrary dimension. In [KS11la, Theorem 1.5], Kilty
and Shen observed that the same techinque gives validity of the maximum principle
for biharmonic functions in convex domains of arbitrary dimension.

The proof of [PV93] uses the L?-regularity problem in the domain 2 to con-
struct the Green function G(X,Y) for A? in Q. Then if u is biharmonic in Q with
N(Vu) € L?(09Q), we have that

u(X) = /6 u(Q0,AGY. Q@) + [ 0.u(@)AG(X.Q)dr(@Q)

o0

where all derivatives of G are taken in the second variable Q. If the H'-regularity
problem is well posed in appropriate subdomains of €, then V2V xG(X, ) is in
LY(09) with L'-norm independent of X, and so the second integral is at most
CllOvull = (pn)- By taking Riesz transforms, the normal derivative 9, AG(X, Q)
may be transformed to tangential derivatives V,AG(X, Q); integrating by parts
transfers these derivatives to u. The square-function estimate (5.23) implies that
the Riesz transforms of VxAoG(X, Q) are bounded on L'(9€). This completes
the proof of the maximum principle.

Similar arguments show that the maximum principle is valid for more general
operators. See [PV95Db] for the polyharmonic operator, or [Ver96, Section 8] for
arbitrary symmmetric operators with real constant coefficients.

An important transitional step is the well-posedness of the H'-regularity
problem. It was established in three-dimensional (or C!) domains in [PV93, The-
orem 4.2] and [PV95b, Theorem 1.2] and discussed in [Ver96, Section 7]. In each
case, well-posedness was proven by analyzing solutions with atomic data f using a
technique from [DK90]. A crucial ingredient in this technique is the well-posedness
of the LP-Dirichlet problem for some p < (n—1)/(n—2); the latter is valid if n = 3
by [DKV86], and (for A?) in C'! and convex domains by [Ver90] and [KS11a], but
fails in general Lipschitz domains for n > 4.

5.7. Biharmonic functions in convex domains

We say that a domain Q is convez if, whenever X, Y € (), the line segment
connecting X and Y lies in 2. Observe that all convex domains are necessarily
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Lipschitz domains but the converse does not hold. Moreover, while convex domains
are in general no smoother than Lipschitz domains, the extra geometrical structure
often allows for considerably stronger results.

Recall that in [MMO09a], the second author of this paper and Maz’ya showed
that the gradient of a biharmonic function is bounded in a three-dimensional
domain. This is a sharp property in dimension three, and in higher-dimensional
domains the solutions can be even less regular (cf. Section 3). However, using
some intricate linear combination of weighted integrals, the same authors showed
in [MMO8] that second derivatives to biharmonic functions were locally bounded
when the domain was convex. To be precise, they showed that if 2 is convex, and
u € W2Z(Q) is a solution to A2u = h for some h € C°(Q\ B(Q,10R)), R > 0,
Q € 99, then

o 1/2
sup |Vl < ) ][ |ul® . (5.25)
B(Q,R/5)NQ R\ JanB(Q.s5R\B(Q.R/2)

In particular, not only are all boundary points of convex domains 1-regular, but
the gradient Vu is Lipschitz continuous near such points.

Kilty and Shen noted in [KS1la] that (5.25) implies that (5.18) holds in
convex domains for any ¢; thus, the L?-regularity problem for the bilaplacian is well
posed for any 2 < ¢ < oo in a convex domain. Well-posedness of the LP-Dirichlet
problem for 2 < p < oo has been established by Shen in [She06¢]. By the duality
result (5.19), again from [KS11a], this implies that both the LP-Dirichlet and L%-
regularity problems are well posed, for any 1 < p < oo and any 1 < ¢ < oo, in a
convex domain of arbitrary dimension. They also observed that, by the techniques
of [PV93] (discussed in Section 5.6 above), the maximum principle (5.24) is valid
in arbitrary convex domains.

It is interesting to note how, once again, the methods and results related to
pointwise estimates, the Wiener criterion, and local regularity estimates near the
boundary are intertwined with the well-posedness of boundary problems in LP.

5.8. The Neumann problem for the biharmonic equation

So far we have only discussed the Dirichlet and regularity problems for higher-order
operators. Another common and important boundary-value problem that arises in
applications is the Neumann problem. Indeed, the principal physical motivation
for the inhomogeneous biharmonic equation A?u = h is that it describes the equi-
librium position of a thin elastic plate subject to a vertical force h. The Dirichlet
problem u| oa =17 Vu| a0 = g describes an elastic plate whose edges are clamped,
that is, held at a fixed position in a fixed orientation. The Neumann problem,
on the other hand, corresponds to the case of a free boundary. Guido Sweers has
written an excellent short paper [Swe09] discussing the boundary conditions that
correspond to these and other physical situations.

More precisely, if a thin two-dimensional plate is subject to a force h and
the edges are free to move, then its displacement u satisfies the boundary value
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problem
A’u=h inQ,
pAu+ (1 —p)02u =0 on 09,
O Au+ (1 = p)drrpu =0 on 0.
Here p is a physical constant, called the Poisson ratio. This formulation goes
back to Kirchhoff and is well known in the theory of elasticity; see, for example,

Section 3.1 and Chapter 8 of the classic engineering text [Nad63]. We remark that
by [Nad63, Formula (8-10)],

AU+ (1 — p)0rrpu = O Au+ (1 — p)0- (Opru) .

This suggests the following homogeneous boundary value problem in a Lips-
chitz domain () of arbitrary dimension. We say that the LP-Neumann problem is
well posed if there exists a constant C' > 0 such that, for every fy € LP(9f2) and
Ao € WP ,(09), there exists a function u such that

A%u=0 in Q,

Myu = pAu+ (1 — p)0iu = fo on 09,

(5.26)

1
Kou:=0,Au+ (1— p)28n]. (Oyri;u) = Ao on 09,

IN(V2W)| 1o a0y < Cllfollwe oy + Cllidollwe (aq)-

Here 7;; = v;e; — vje; is a vector orthogonal to the outward normal v and lying
in the z;z;-plane.

In addition to the connection to the theory of elasticity, this problem is of
interest because it is in some sense adjoint to the Dirichlet problem (5.4). That is,
if A%y = A%w = 01in Q, then [, d,w Myu—w K,udo = [, ,u Myw—uKywdo,
where M, and K, are as in (5.26); this follows from the more general formula

/ w A%y = / (pAuAw + (1 — p)0jrudjrw) +/ w K,u— 0,w Myudo
Q Q 09

(5.27)

valid for arbitrary smooth functions. This formula is analogous to the classical
Green identity for the Laplacian

/wAu:—/Vu~Vw—|—/ wv - Vudo. (5.28)
Q Q 0

Observe that, contrary to the Laplacian or more general second-order oper-
ators, there is a family of relevant Neumann data for the biharmonic equation.
Moreover, different values (or, rather, ranges) of p correspond to different natural
physical situations. We refer the reader to [Ver05] for a detailed discussion.

In [CG85], Cohen and Gosselin showed that the LP-Neumann problem (5.26)
was well posed in C! domains contained in R? for for 1 < p < oo, provided in
addition that p = —1. The method of proof was as follows. Recall from (5.8)
that Cohen and Gosselin showed that the LP-Dirichlet problem was well posed
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by constructing a multiple layer potential £f with boundary values (I + K)f,
and showing that I 4 I is invertible. We remark that because Cohen and Gosselin
preferred to work with Dirichlet boundary data of the form (u, Oyu, dyu)| o0 Tather
than of the form (u,d,u)| o0 the notation of [CG85] is somewhat different from
that of the present paper. In the notation of the present paper, the method of
proof of [CG85] was to observe that (I+/K)*6 is equivalent to (K_ 108, M_1v0)qc,
where v is another biharmonic layer potential and (/4 K)* is the adjoint to (I+K).
Well-posedness of the Neumann problem then follows from invertibility of I 4+ K
on 9Q°.

In [Ver05], Verchota investigated the Neumann problem (5.26) in full general-
ity. He considered Lipschitz domains with compact, connected boundary contained
in R™, n > 2. He showed that if —1/(n—1) < p < 1, then the Neumann problem is
well posed provided 2 — e < p < 2 + €. That is, the solutions exist, satisfy the de-
sired estimates, and are unique either modulo functions of an appropriate class, or
(in the case where € is unbounded) when subject to an appropriate growth condi-
tion. See [Ver05, Theorems 13.2 and 15.4]. Verchota’s proof also used boundedness
and invertibility of certain potentials on LP(92); a crucial step was a coercivity
estimate HVQUHH(aQ) < C||Kpu|\W31(aQ) +C||Mpu|\L2(aQ). (This estimate is valid
provided w is biharmonic and satisfies some mean-value hypotheses; see [Ver05,
Theorem 7.6]).

In [She07a], Shen improved upon Verchota’s results by extending the range
on p (in bounded simply connected Lipschitz domains) to 2(n —1)/(n+1) —e <
p<2+cifn >4 and1 < p <2+4+c¢cifn=2orn = 3. This result again
was proven by inverting layer potentials. Observe that the LP-regularity problem
is also known to be well posed for p in this range, and (if n > 6) in a broader
range of p; see Section 5.3. The question of the sharp range of p for which the
LP-Neumann problem is well posed is still open.

It turns out that extending the well-posedness results for the Neumann prob-
lem beyond the case of the bilaplacian is an excruciatingly difficult problem, even
if one considers only fourth-order operators with constant coeflicients.

The solutions to (5.26) in [CG85], [Ver05] and [She07a] were constructed
using layer potentials. It is possible to construct layer potential operators, and
to prove their boundedness, for a fairly general class of higher-order operators.
However, the problems arise at a much more fundamental level.

In analogy to (5.27) and (5.28), one can write

/ w Lu = Alu, w] —|—/ wKau — 0w Myudo, (5.29)
Q o0

where Alu,w] = Zla\:\6|:2 aap [ DPuD%w is an energy form associated to the
operator L =37, 5, aasD*DP. Note that in the context of fourth-order op-
erators, the pair (w,d,w) constitutes the Dirichlet data for w on the boundary,
and so one can say that the operators K u and M4u define the Neumann data
for u. One immediately faces the problem that the same higher-order operator L
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can be rewritten in many different ways and gives rise to different energy forms.
The corresponding Neumann data will be different. (This is the reason why there
is a family of Neumann data for the biharmonic operator.)

Furthermore, whatever the choice of the form, in order to establish well-
posedness of the Neumann problem, one needs to be able to estimate all second
derivatives of a solution on the boundary in terms of the Neumann data. In the
analogous second-order case, such an estimate is provided by the Rellich identity,
which shows that the tangential derivatives are equivalent to the normal derivative
in L? for solutions of elliptic PDEs. In the higher-order scenario, such a result calls
for certain coercivity estimates which are still rather poorly understood. We refer
the reader to [Verl(] for a detailed discussion of related results and problems.

5.9. Inhomogeneous problems for the biharmonic equation and
other classes of boundary data

In [AP98], Adolfsson and Pipher investigated the inhomogeneous Dirichlet problem
for the biharmonic equation with data in Besov and Sobolev spaces. While resting
on the results for homogeneous boundary value problems discussed in Sections 5.1
and 5.3, such a framework presents a completely new setting, allowing for the
inhomogeneous problem and for consideration of the classes of boundary data
which are, in some sense, intermediate between the Dirichlet and the regularity
problems.

They showed that if f € WAY, (09) and h € L?

41/ _5(%2), then there exists
P
a unique function u that satisfies

Alu=h in Q,
(5.30)
Tro%u= fq, for0<|a| <1
subject to the estimate
p < P f P .
lullpr @) S CllAllr o) + Cllifllwar, o0 (5.31)

provided 2 —e < p < 2+¢ and 0 < s < 1. Here Trw denotes the trace of w in the
sense of Sobolev spaces; that these may be extended to functions u € L? t1/p
s > 0, was proven in [AP98, Theorem 1.12].

In Lipschitz domains contained in R?, they proved these results for a broader
range of p and s, namely for 0 < s < 1 and for

2 00 s<e¢
ax | 1, <p< ’ ’ 5.32
mX( 8+1+8> P {2 e<s<l. (5.32)

s—eg?
Finally, in C' domains, they proved these results for any p and s with 1 < p < oo
and 0 < s < 1.

In [MMW11], I. Mitrea, M. Mitrea and Wright extended the three-dimen-
sional results top =00 (for0 < s <g)or2/(s+1+e)<p<1(forl—e<s<1).
They also extended these results to data h and f in more general Besov or Triebel—-
Lizorkin spaces.
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Let us define the function spaces appearing above. L2 (R"™) is defined to be
{g:(I—A)2g¢c LP(R")}; wesay g € LE(Q) if g = hl, for some h € LE(R™).
If k is a non-negative integer, then L} = W/. If m is an integer and 0 < s < 1,
then the Whitney-Besov space WAL | = is defined analogously to WAP (see
Definition 5.6), except that we take the completion with respect to the Whitney—
Besov norm

S 0l + Y. 10l o0 (5.33)
la|]<m—1 |a]=m—1

rather than the Whitney—Sobolev norm
Yo 10y + Do 1Vl L)

|a|<m—1 |a]=m—1

The general problem (5.30) was first reduced to the case h = 0 (that is,
to a homogeneous problem) by means of trace/extension theorems, that is, sub-
tracting w(X) = [, F(X,Y)h(Y)dY, and showing that if h € L | Jp—3() then
(Trw, Tr Vw) € WAY(09). Next, the well-posedness of Dirichlet and regularity
problems discussed in Sections 5.1 and 5.3 provide the endpoint cases s = 0 and
s = 1, respectively. The core of the matter is to show that, if v is biharmonic, & is
an integer and 0 < a < 1, then u € L, (Q) if and only if

[VEHLu(X)[” dist(X, 9Q)P 7P + [VFu(X)[” + [u(X)]P dX < oo, (5.34)

Q

(cf. [AP98, Proposition S]). With this at hand, one can use square-function es-
timates to justify the aforementioned endpoint results. Indeed, observe that for
p = 2 the first integral on the left-hand side of (5.34) is exactly the L? norm
of S(V*u). The latter, by [PV91] (discussed in Section 5.5), is equivalent to the
L? norm of the corresponding non-tangential maximal function, connecting the
estimate (5.31) to the nontangential estimates in the Dirichlet problem (5.4) and
the regularity problem 5.11. Finally, one can build an interpolation-type scheme
to pass to well-posedness in intermediate Besov and Sobolev spaces.

6. Boundary value problems with variable coefficients

In this section we discuss divergence-form operators with variable coefficients. At
the moment, well-posedness results for such operators are restricted in two serious
ways. First, the coeflicients cannot oscillate too much. Secondly, the boundary
problems treated fall strictly between the range of LP-Dirichlet and LP-regularity,
in the sense of Section 5.9. That is, the LP-Dirichlet, regularity, and Neumann
problems on Lipschitz domains with the usual sharp estimates in terms of the
non-tangential maximal function for these divergence-form operators seem to be
completely open.

To be more precise, recall from the discussion in Section 5.9 that the classical
Dirichlet and regularity problems, with boundary data in L?, can be viewed as the
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s =0, 1 endpoints of the boundary problem studied in [AP98] and [MMW11]
Alu=hinQ, 0%, = faforall|a] <1

with f lying in an intermediate smoothness space WAY,,(09), 0 < s < 1. In the
context of divergence-form higher-order operators with variable coefficients, essen-
tially the known results pertain only to boundary data of intermediate smoothness.

We now establish some terminology. A divergence-form operator L, acting on
Q + C*), may be defined weakly via (2.5); we say that Lu = h if

m loc(

Z/%hj— ey Y /a 0 (X) a5 (X) (X)X (6.)
j=17¢ k=1 |al=|B|=
for all ¢ smooth and compactly supported in 2.

In [Agr07], Agranovich investigated the inhomogeneous Dirichlet problem, in
Lipschitz domains, for such operators L that are elliptic (in the sense of (2.7)) and
whose coefficients a’ B are Lipschitz continuous in €.

He showed that if h € L” 1+1/p+s( ) and f € WAP, 145(092), for some
0 < s <1, and if |p — 2| is small enough, then the Dirichlet problem

Lu=h in{,
o (6.2)
Tro%u=f, forall0<|a|<m-1
has a unique solution u that satisfies the estimate
» < » Flywar : :
HUHmeHsﬂ/ @ S ClAll a0 T CHf”WAmeS(aQ) (6.3)

Agranovich also considered the Neumann problem for such operators. As we
discussed in Section 5.8, defining Neumann problem is a delicate matter. In the
context of zero boundary data, the situation is a little simpler as one can take a
formal functional analytic point of view and avoid to some extent the discussion
of estimates at the boundary. First, observe that if the test function ¢ does not
have zero boundary data, then formula (6.1) becomes

Z/ Lu); pj = Z > /a (X)) ally(X) 0P up(X) dX

Jk=1lal=[8|=

+ Z /{m Bm_l_l-uﬁf,godcr
i=0

where B;u is an appropriate linear combination of the functions 0“u where |a| =
m + 1. The expressions B;u may then be regarded as the Neumann data for w.
Notice that if L is a fourth-order constant-coefficient operator, then By = —M 4
and By = K4, where K4, My are given by (5.29).

We say that u solves the Neumann problem for L, with homogeneous bound-
ary data, if (6.1) is valid for all test functions ¢ compactly supported in R" (but

not necessarily in .) Agranovich showed that, if h € L? n—141/p (), then there
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exists a unique function w € L ., /p +(€2) that solves this Neumann problem
with homogeneous boundary data, under the same conditions on p, s, L as for
his results for the Dirichlet problem. He also provided some brief discussion (see
[Agr07, Section 5.2]) of the conditions needed to resolve the Neumann problem with
inhomogeneous boundary data. Here h € ig(Q) if h = g} o for some g € L% (R")
that in addition is supported in Q.

In [MMS10], Maz’ya, M. Mitrea and Shaposhnikova considered the Dirichlet
problem, again with boundary data in intermediate Besov spaces, for much rougher
coefficients. They showed that if f € WA} _,_ . for some 0 < s < 1 and some
1 < p < o0, if h lies in an appropriate space, and if L is a divergence-form operator
of order 2m (as defined by (2.5)), then under some conditions, there is a unique
function u that satisfies (6.2) subject to the estimate

> / |0%u(X)|P dist(X, 0Q)P P>~ dX < oo. (6.4)

la|]<m

See [MMS10, Theorem 8.1]. The inhomogeneous data h is required to lie in the

space V? (), the dual space to V7 (Q), where

—-m,1—s—1/p ,s+1/p—1

1/p
Hva,g’a = < Z / |0%u(X) [P dist(X, 9Q)patrlel—pm dX) '

|la]<m

The conditions are that 2 be a Lipschitz domain whose normal vector v lies in
VMO(99), and that the coefficients a/, lie in VMO(R™). Recall that this con-
dition on © has also arisen in [MM11] (1t ensures the validity of formula (3.11)).
The ellipticity condition they required was that the coefficients be bounded and
that (@, Ly) > )\vagonLg for all smooth compactly supported functions ¢, that
is, that

Re Y Z/ or(X)0%; (X dX>)\ZZ/|8°“<p|

la|=|Bl=m j,k=1 la|=m k=1
(6.5)

for all functions ¢ € C§°(Q2 + C). This is a weaker requirement than condi-
tion (2.7).

In fact, [MMS10] provides a more intricate result, allowing one to deduce
a well- posedness range of s and p, given information about the oscillation of the
coefficients a’ /3 and the normal to the domain v. In the extreme case, when the
oscillations for both are vanishing, the allowable range expands to 0 < s < 1,
1 < p < o0, as stated above.

We comment on the estimate (6.4). First, by [AP98, Propositon S] (listed
above as formula (5.34)), if u is biharmonic then the estimate (6.4) is equivalent to
the estimate (6.3) of [Agr07]. Second, by (5.23), if the coefficients ai% are constant,
one can draw connections between (6.4) for s = 0, 1 and the nontangential maximal
estimates of the Dirichlet or regularity problems (5.20) or (5.21). However, as we
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pointed out earlier, this endpoint case, corresponding to the true LP-Dirichlet and
regularity problems, has not been achieved.

6.1. The Kato problem and the Riesz transforms

An important topic in elliptic theory, which formally stands somewhat apart from
the well-posedness issues, is the Kato problem and the properties of the Riesz
transform. In the framework of elliptic boundary problems, the related results can
be viewed as the estimates for the solutions with data in LP for certain operators
in block form.

Suppose that L is a variable-coefficient operator in divergence form, that is,
an operator defined by (2.5). Suppose that L satisfies the ellipticity estimate (6.5),
and the bounds

J4
> 3 [enonra

|| =|B|=m j,k=1

< Cvame(Rn)vaQHH(Rn)' (6.6)

(This is a weaker condition than the assumption of [MMS10] that aZB be bounded
pointwise.) Auscher, Hofmann, McIntosh and Tchamitchian [AHMTO01] proved
that under these conditions, the Kato estimate

1 m m
ANV Flany < IVEAl2@ny < CIV™ 2y (6.7)

is valid for some constant C'. They also proved similar results for operators with
lower-order terms.

It was later observed in [Aus04] that by the methods of [AT98],if 1 < n < 2m,
then the bound on the Riesz transform VL ~1/2 in LP (that is, the first inequality
in (6.7)) extends to the range 1 < p < 2+¢, and the reverse Riesz transform bound
(that is, the second inequality in (6.7)) extends to the range 1 < p < oco. This
also holds if the Schwartz kernel W;(X,Y) of the operator e * satisfies certain
pointwise bounds (e.g., if the coefficients of A are real).

In the case where n > 2m, the inequality HVmL_l/QfHLP(Rn) < Ol fll oy
holds for 2n/(n + 2m) —e < p < 2; see [BK04, Aus04]. The reverse inequality
holds for max(2n/(n + 4m) — e,1) < p < 2 by [Aus04, Theorem 18], and for
2 <p<2n/(n—2m)+ e by duality (see [Aus07, Section 7.2]).

Going further, let us consider the second-order divergence-form operator . =
—divAV in R"™! where A is an (n + 1) x (n + 1) matrix in block form; that is,
Ajpy1 =Apt1;=0for 1 <j<n,and Apqq 41 = 1. It is fairly easy to see that
one can formally realize the solution to Lu = 0 in RT‘l, u|Rn = f, as the Poisson
semigroup u(z,t) = e VL f(z), (x,t) € R”!. Then (6.7) essentially provides an
analogue of the Rellich identity-type estimate for the block operator IL, that is,
the L2-equivalence between normal and tangential derivatives of the solution on
the boundary

[0eu( -, 0)[| p2ny = IVaul+, 0]l 2(gn)-
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As we discussed in Section 5, such a Rellich identity-type estimate is, in a sense, a
core result needed to approach Neumann and regularity problems, and for second-
order equations it was formally shown that it translates into familiar well-posedness
results with the sharp non-tangential maximal function bounds. ([May10]; see also
[AAAT11))

Following the same line of reasoning, one can build a higher-order “block-
type” operator L, for which the Kato estimate (6.7) would imply a certain com-
parison between normal and tangential derivatives on the boundary

[0 u (-, Ol L2 gy = IV 6(+, )l L2 (geny-

It remains to be seen whether these bounds lead to standard well-posedness results.
However, we would like to emphasize that such a result would be restricted to very
special, block-type, operators.

References

[AA1]] P. Auscher and A. Axelsson, Weighted maximal regularity estimates and solv-
ability of non-smooth elliptic systems I, Invent. Math. 184 (2011), no. 1, 47—
115.

[AAAT11] M.A. Alfonseca, P. Auscher, A. Axelsson, S. Hofmann, and S. Kim, Ana-
lyticity of layer potentials and L? solvability of boundary value problems for
divergence form elliptic equations with complex L coefficients, Adv. Math.
226 (2011), no. 5, 4533-4606.

[AAHO8] P. Auscher, A. Axelsson, and S. Hofmann, Functional calculus of Dirac opera-
tors and complex perturbations of Neumann and Dirichlet problems, J. Funct.
Anal. 255 (2008), no. 2, 374-448.

[AAM10] P. Auscher, A. Axelsson, and A. McIntosh, Solvability of elliptic systems with
square integrable boundary data, Ark. Mat. 48 (2010), no. 2, 253-287.

[Ada97] D.R. Adams, Potential and capacity before and after Wiener, Proceedings
of the Norbert Wiener Centenary Congress, 1994 (East Lansing, MI, 1994)
(Providence, RI), Proc. Sympos. Appl. Math., vol. 52, Amer. Math. Soc.,
1997, pp. 63-83.

[Agmb57]  S. Agmon, Multiple layer potentials and the Dirichlet problem for higher order
elliptic equations in the plane. I, Comm. Pure Appl. Math 10 (1957), 179—
239.

[Agm60] , Mazximum theorems for solutions of higher order elliptic equations,
Bull. Amer. Math. Soc. 66 (1960), 77-80.

[Agr07] M.S. Agranovich, On the theory of Dirichlet and Neumann problems for lin-
ear strongly elliptic systems with Lipschitz domains, Funktsional. Anal. i
Prilozhen. 41 (2007), no. 4, 1-21, 96. English translation: Funct. Anal. Appl.
41 (2007), no. 4, 247-263.

[AH96] D.R. Adams and L.I. Hedberg, Function spaces and potential theory, Grund-
lehren der Mathematischen Wissenschaften [Fundamental Principles of Math-
ematical Sciences], vol. 314, Springer-Verlag, Berlin, 1996.



88

A. Barton and S. Mayboroda

[AHMTO1] P. Auscher, S. Hofmann, A. McIntosh, and P. Tchamitchian, The Kato square

[AP9S]
[AR11]
[AT98)]
[Aus04]

[Aus07]

[BK04]

[CFST9]

[CGs83]

[CG85)
[Dah79]

[Dah80]

[DJK84]

[DK90]

[DKPV97]

[DKV86]

root problem for higher order elliptic operators and systems on R™, J. Evol.
Equ. 1 (2001), no. 4, 361-385.

V. Adolfsson and J. Pipher, The inhomogeneous Dirichlet problem for A% in
Lipschitz domains, J. Funct. Anal. 159 (1998), no. 1, 137-190.

P. Auscher and A. Rosén, Weighted maximal regularity estimates and solv-
ability of non-smooth elliptic systems II, ArXiv e-prints (2011).

P. Auscher and P. Tchamitchian, Square root problem for divergence operators
and related topics, Astérisque (1998), no. 249, viii+172.

P. Auscher, On L? estimates for square roots of second order elliptic operators
on R™, Publ. Mat. 48 (2004), no. 1, 159-186.

, On necessary and sufficient conditions for LP-estimates of Riesz
transforms associated to elliptic operators on R™ and related estimates, Mem.
Amer. Math. Soc. 186 (2007), no. 871, xviii475.

S. Blunck and P.C. Kunstmann, Weak type (p,p) estimates for Riesz trans-
forms, Math. Z. 247 (2004), no. 1, 137-148.

A. Calderén, E.B. Fabes, and Y. Sagher, Nestor M. Riviére: June 10, 1940—
January 3, 1978, Harmonic analysis in Euclidean spaces (Proc. Sympos. Pure
Math., Williams Coll.,, Williamstown, Mass., 1978), Part 1, Proc. Sympos.
Pure Math., XXXV, Part, Amer. Math. Soc., Providence, R.I., 1979, pp. vii—
xvii (1 plate).

J. Cohen and J. Gosselin, The Dirichlet problem for the biharmonic equation
in a C* domain in the plane, Indiana Univ. Math. J. 32 (1983), no. 5, 635
685.

, Adjoint boundary value problems for the biharmonic equation on C*
domains in the plane, Ark. Mat. 23 (1985), no. 2, 217-240.

B.E.J. Dahlberg, On the Poisson integral for Lipschitz and C*-domains, Stu-
dia Math. 66 (1979), no. 1, 13-24.

, Weighted norm inequalities for the Lusin area integral and the non-
tangential mazimal functions for functions harmonic in a Lipschitz domain,
Studia Math. 67 (1980), no. 3, 297-314.

B.E.J. Dahlberg, D.S. Jerison, and C.E. Kenig, Area integral estimates for
elliptic differential operators with nonsmooth coefficients, Ark. Mat. 22 (1984),
no. 1, 97-108.

B.E. J. Dahlberg and C.E. Kenig, L” estimates for the three-dimensional
systems of elastostatics on Lipschitz domains, Analysis and partial differential
equations, Lecture Notes in Pure and Appl. Math., vol. 122, Dekker, New
York, 1990, pp. 621-634.

B.E.J. Dahlberg, C.E. Kenig, J. Pipher, and G.C. Verchota, Area integral
estimates for higher order elliptic equations and systems, Ann. Inst. Fourier
(Grenoble) 47 (1997), no. 5, 1425-1461.

B.E.J. Dahlberg, C.E. Kenig, and G.C. Verchota, The Dirichlet problem for

the biharmonic equation in a Lipschitz domain, Ann. Inst. Fourier (Grenoble)
36 (1986), no. 3, 109-135.



Boundary-value Problems for Higher-order Elliptic Equations 89

[DMM86] G. Dal Maso and U. Mosco, Wiener criteria and energy decay for relazed
Dirichlet problems, Arch. Rational Mech. Anal. 95 (1986), no. 4, 345-387.

[DPP07] M. Dindos, S. Petermichl, and J. Pipher, The L? Dirichlet problem for second
order elliptic operators and a p-adapted square function, J. Funct. Anal. 249
(2007), no. 2, 372-392.

[DR10] M. Dindos and D.J. Rule, Elliptic equations in the plane satisfying a Carleson
measure condition, Rev. Mat. Iberoam. 26 (2010), no. 3, 1013-1034.

[EG&2] L.C. Evans and R.F. Gariepy, Wiener’s criterion for the heat equation, Arch.
Rational Mech. Anal. 78 (1982), no. 4, 293-314.

[FGL89] E.B. Fabes, N. Garofalo, and E. Lanconelli, Wiener’s criterion for divergence
form parabolic operators with C*-Dini continuous coefficients, Duke Math. J.
59 (1989), no. 1, 191-232.

[FJK82] E.B. Fabes, D.S. Jerison, and C.E. Kenig, The Wiener test for degenerate
elliptic equations, Ann. Inst. Fourier (Grenoble) 32 (1982), no. 3, vi, 151—
182.

[FILTT] E.B. Fabes, M. Jodeit, Jr., and J.E. Lewis, Double layer potentials for do-

mains with corners and edges, Indiana Univ. Math. J. 26 (1977), no. 1, 95—
114.

[FIRTS] E.B. Fabes, M. Jodeit, Jr., and N.M. Riviere, Potential techniques for bound-
ary value problems on C*-domains, Acta Math. 141 (1978), no. 3-4, 165-186.

[HKMP12] S. Hofmann, C.E. Kenig, S. Mayboroda, and J. Pipher, Square function/non-
tangential maximal function estimates and the Dirichlet problem for non-
symmetric elliptic operators, ArXiv e-prints (2012).

[JK81a] D.S. Jerison and C.E. Kenig, The Dirichlet problem in nonsmooth domains,
Ann. of Math. (2) 113 (1981), no. 2, 367-382.

, The Neumann problem on Lipschitz domains, Bull. Amer. Math. Soc.
JK81b The N bl Lipschitz d ins, Bull. A Math. S
(N.S.) 4 (1981), no. 2, 203-207.
en .E. Kenig, Progress on two problems posed by Riviere, Harmonic analysis
Ken90 C.E. Kenig, P bl d by Riviere, H i lysi

and partial differential equations (Boca Raton, FL, 1988), Contemp. Math.,
vol. 107, Amer. Math. Soc., Providence, RI, 1990, pp. 101-107.

[Ken94] , Harmonic analysis techniques for second order elliptic boundary value
problems, CBMS Regional Conference Series in Mathematics, vol. 83, Pub-
lished for the Conference Board of the Mathematical Sciences, Washington,
DC, 1994.

[KKPT00] C.E. Kenig, H. Koch, J. Pipher, and T. Toro, A new approach to absolute
continuity of elliptic measure, with applications to non-symmetric equations,
Adv. Math. 153 (2000), no. 2, 231-298.

[KMRO1] V.A. Kozlov, V.G. Maz’ya, and J. Rossmann, Spectral problems associated
with corner singularities of solutions to elliptic equations, Mathematical Sur-
veys and Monographs, vol. 85, American Mathematical Society, Providence,
RI, 2001.

[KP93] C.E. Kenig and J. Pipher, The Neumann problem for elliptic equations with
nonsmooth coefficients, Invent. Math. 113 (1993), no. 3, 447-509.



90

[KROY]

[KS11a]
[KS11b]
[Lab02]
[Leb13]
[LM10]

[LSW63]

[May10]

[Maz77]

[Maz79]

[Maz97]

[Maz99a]

[Maz99b]

[Maz02]

[MD83]

[Mel03]

[Mir48]

A. Barton and S. Mayboroda

C.E. Kenig and D.J. Rule, The regularity and Neumann problem for non-
symmetric elliptic operators, Trans. Amer. Math. Soc. 361 (2009), no. 1, 125
160.

J. Kilty and Z. Shen, A bilinear estimate for biharmonic functions in Lipschitz
domains, Math. Ann. 349 (2011), no. 2, 367-394.

, The LP regularity problem on Lipschitz domains, Trans. Amer. Math.
Soc. 363 (2011), no. 3, 1241-1264.

D.A. Labutin, Potential estimates for a class of fully nonlinear elliptic equa-
tions, Duke Math. J. 111 (2002), no. 1, 1-49.

H. Lebesgue, Sur des cas d’impossibilité du probléme de Dirichlet ordinaire,
C.R. des Séances de la Société Mathématique de France 17 (1913).

G. Luo and V.G. Maz’ya, Wiener type regularity of a boundary point for the
3D Lamé system, Potential Anal. 32 (2010), no. 2, 133-151.

W. Littman, G. Stampacchia, and H.F. Weinberger, Regular points for elliptic
equations with discontinuous coefficients, Ann. Scuola Norm. Sup. Pisa (3)
17 (1963), 43-77.

S. Mayboroda, The connections between Dirichlet, reqularity and Neumann
problems for second order elliptic operators with complex bounded measurable
coefficients, Adv. Math. 225 (2010), no. 4, 1786-1819.

V.G. Maz’ya, On the behavior near the boundary of solutions of the Dirichlet
problem for the biharmonic operator, Dokl. Akad. Nauk SSSR 18 (1977), 15—
19. English translation: Soviet Math. Dokl. 18 (1977), no. 4, 1152-1155.

, Behaviour of solutions to the Dirichlet problem for the biharmonic
operator at a boundary point, Equadiff IV (Proc. Czechoslovak Conf. Differen-
tial Equations and their Applications, Prague, 1977), Lecture Notes in Math.,
vol. 703, Springer, Berlin, 1979, pp. 250-262.

, Unsolved problems connected with the Wiener criterion, The Legacy
of Norbert Wiener: A Centennial Symposium (Cambridge, MA, 1994), Proc.
Sympos. Pure Math., vol. 60, Amer. Math. Soc., Providence, RI, 1997,
pp. 199-208.

, On the Wiener type regularity of a boundary point for the polyhar-
monic operator, Appl. Anal. 71 (1999), no. 1-4, 149-165.

, On Wiener’s type regularity of a boundary point for higher order
elliptic equations, Nonlinear analysis, function spaces and applications, Vol.
6 (Prague, 1998), Acad. Sci. Czech Repub., Prague, 1999, pp. 119-155.

, The Wiener test for higher order elliptic equations, Duke Math. J.
115 (2002), no. 3, 479-512.

V.G. Maz’ya and T. Donchev, Regularity in the sense of Wiener of a boundary
point for a polyharmonic operator, C. R. Acad. Bulgare Sci. 36 (1983), no. 2,
177-179.

V.V. Meleshko, Selected topics in the theory of two-dimensional biharmonic
problem, Appl. Mech. Rev. 56 (2003), no. 1, 33-85.

C. Miranda, Formule di maggiorazione e teorema di esistenza per le funzioni
biarmoniche de due variabili, Giorn. Mat. Battaglini (4) 2(78) (1948), 97-118.



[Mir58]

[Mit10]

[MMOS]

[MM09a]

[MMO9b)]

[MM10]

[MM11]

[MMS10]

[MMW11]

[MNS6]

[MNP83]

[MP81]

[MRO1]

[MR92]

Boundary-value Problems for Higher-order Elliptic Equations 91

, Teorema del massimo modulo e teorema di esistenza e di unicita per
il problema di Dirichlet relativo alle equazioni ellittiche in due variabili, Ann.
Mat. Pura Appl. (4) 46 (1958), 265-311.

1. Mitrea, Mapping properties of layer potentials associated with higher-order
elliptic operators in Lipschitz domains, Topics in operator theory. Volume
2. Systems and mathematical physics, Oper. Theory Adv. Appl., vol. 203,
Birkhauser Verlag, Basel, 2010, pp. 363-407.

S. Mayboroda and V.G. Maz’ya, Boundedness of the Hessian of a biharmonic
function in a conver domain, Comm. Partial Differential Equations 33 (2008),
no. 7-9, 1439-1454.

, Boundedness of the gradient of a solution and Wiener test of order
one for the biharmonic equation, Invent. Math. 175 (2009), no. 2, 287-334.

, Pointwise estimates for the polyharmonic Green function in general
domains, Analysis, partial differential equations and applications, Oper. The-
ory Adv. Appl., vol. 193, Birkhauser Verlag, Basel, 2009, pp. 143-158.

I. Mitrea and M. Mitrea, On the Dirichlet and regularity problems for the bi-
Laplacian in Lipschitz domains, Integral methods in science and engineering.
Vol. 1, Birkhduser Boston Inc., Boston, MA, 2010, pp. 245-254.

D. Mitrea and I. Mitrea, On the regularity of Green functions in Lipschitz
domains, Comm. Partial Differential Equations 36 (2011), no. 2, 304-327.

V.G. Maz’ya, M. Mitrea, and T. Shaposhnikova, The Dirichlet problem in
Lipschitz domains for higher order elliptic systems with rough coefficients, J.
Anal. Math. 110 (2010), 167-239.

I. Mitrea, M. Mitrea, and M. Wright, Optimal estimates for the inhomoge-
neous problem for the bi-laplacian in three-dimensional Lipschitz domains, J.
Math. Sci. 172 (2011), no. 1, 24-134.

V.G. Maz’ya and S.A. Nazarov, The apex of a cone can be irreqular in
Wiener’s sense for a fourth-order elliptic equation, Mat. Zametki 39 (1986),
no. 1, 24-28, 156. English translation: Math. Notes 39 (1986), no. 1-2, 14-16.

V.G. Maz’ya, S.A. Nazarov, and B.A. Plamenevskii, Singularities of solutions
of the Dirichlet problem in the exterior of a thin cone, Mat. Sb. (N.S.) 122
(164) (1983), no. 4, 435-457. English translation: Math. USSR-Sb. 50 (1985),
no. 2, 415-437.

V.G. Maz’ya and B.A. Plamenevskii, On the mazimum principle for the bihar-
monic equation in a domain with conical points, Izv. Vyssh. Uchebn. Zaved.
Mat. (1981), no. 2, 52-59. English translation: Soviet Math. (Iz. VUZ) 25
(1981), no. 2, 61-70.

V.G. Maz’ya and J. Rossmann, On the Agmon-Miranda mazimum principle
for solutions of elliptic equations in polyhedral and polygonal domains, Ann.
Global Anal. Geom. 9 (1991), no. 3, 253-303.

, On the Agmon-Miranda maximum principle for solutions of strongly
elliptic equations in domains of R™ with conical points, Ann. Global Anal.
Geom. 10 (1992), no. 2, 125-150.



92

IMZ97]
[Nad63]
[Nec67]
[Poi90]

[PV91]

[PV92]
[PV93]
[PV95a
[PV95b]
[Rul07]
[She06a)

[She06D]

[She06c¢]
[She07a]
[She07b]

[SS81]

[Sul75]

[Swe09]

[TW02]

A. Barton and S. Mayboroda

J. Maly and W.P. Ziemer, Fine regularity of solutions of elliptic partial differ-
ential equations, Mathematical Surveys and Monographs, vol. 51, American
Mathematical Society, Providence, RI, 1997.

A. Nadai, Theory of Flow and Fracture of Solids, vol. 11, McGraw-Hill, 1963.

J. Necas, Les méthodes directes en théorie des équations elliptiques, Masson
et Cie, Editeurs, Paris, 1967.

H. Poincaré, Sur les Equations aux Dérivées Partielles de la Physique
Mathématique, Amer. J. Math. 12 (1890), no. 3, 211-294.

J. Pipher and G.C. Verchota, Area integral estimates for the biharmonic op-
erator in Lipschitz domains, Trans. Amer. Math. Soc. 327 (1991), no. 2, 903—
917.

, The Dirichlet problem in L? for the biharmonic equation on Lipschitz
domains, Amer. J. Math. 114 (1992), no. 5, 923-972.

, A mazimum principle for biharmonic functions in Lipschitz and C*
domains, Comment. Math. Helv. 68 (1993), no. 3, 385-414.

, Dilation invariant estimates and the boundary Garding inequality for
higher order elliptic operators, Ann. of Math. (2) 142 (1995), no. 1, 1-38.

, Maximum principles for the polyharmonic equation on Lipschitz do-
mains, Potential Anal. 4 (1995), no. 6, 615-636.

D.J. Rule, Non-symmetric elliptic operators on bounded Lipschitz domains in
the plane, Electron. J. Differential Equations (2007), No. 144, 8.

Z. Shen, The L? Dirichlet problem for elliptic systems on Lipschitz domains,
Math. Res. Lett. 13 (2006), no. 1, 143-159.

, Necessary and sufficient conditions for the solvability of the LP
Dirichlet problem on Lipschitz domains, Math. Ann. 336 (2006), no. 3, 697—
725.

, On estimates of biharmonic functions on Lipschitz and convex do-
mains, J. Geom. Anal. 16 (2006), no. 4, 721-734.

, The LP boundary value problems on Lipschitz domains, Adv. Math.
216 (2007), no. 1, 212-254.

, A relationship between the Dirichlet and regularity problems for el-
liptic equations, Math. Res. Lett. 14 (2007), no. 2, 205-213.

R. Selvaggi and I. Sisto, An existence theorem for the Dirichlet problem with
respect to the operator A% in certain domains of class C*, Boll. Un. Mat. Ital.
B (5) 18 (1981), no. 2, 473-483.

B.V. Sul’ce, A priori estimates in uniform norms for strongly elliptic systems,
Sibirsk. Mat. Z. 16 (1975), 384-394, 422, English translation: Siberian Math.
J. 16 (1975), no. 2, 297-305.

G. Sweers, A survey on boundary conditions for the biharmonic, Complex
Var. Elliptic Equ. 54 (2009), no. 2, 79-93.

N.S. Trudinger and X.J. Wang, On the weak continuity of elliptic operators
and applications to potential theory, Amer. J. Math. 124 (2002), no. 2, 369—
410.



Boundary-value Problems for Higher-order Elliptic Equations 93

[Ver87] G.C. Verchota, The Dirichlet problem for the biharmonic equation in C* do-
mains, Indiana Univ. Math. J. 36 (1987), no. 4, 867-895.

[Ver90] , The Dirichlet problem for the polyharmonic equation in Lipschitz
domains, Indiana Univ. Math. J. 39 (1990), no. 3, 671-702.

[Ver96] , Potentials for the Dirichlet problem in Lipschitz domains, Potential
theory — ICPT 94 (Kouty, 1994), de Gruyter, Berlin, 1996, pp. 167-187.

[Ver05] , The biharmonic Neumann problem in Lipschitz domains, Acta Math.
194 (2005), no. 2, 217-279.

[Ver10] , Boundary coerciveness and the Neumann problem for 4th order linear

partial differential operators, Around the research of Vladimir Maz’ya. 11, Int.
Math. Ser. (N. Y.), vol. 12, Springer, New York, 2010, pp. 365-378.

[Wie24]  N. Wiener, The Dirichlet problem, J. Math. Phys. 3 (1924), 127-146.

[Zar09] S.C. Zaremba, Sur le principe du minimum, Bull. Acad. Sci. Cracovie (1909),
197-264.

Ariel Barton and Svitlana Mayboroda

Department of Mathematics

University of Minnesota

Minneapolis, Minnesota 55455, USA

e-mail: abarton@math.umn.edu
svitlana@math.umn.edu


mailto:abarton@math.umn.edu
mailto:svitlana@math.umn.edu

	Boundary-value Problems for Higher-order Elliptic Equations in Non-smooth Domains
	1. Introduction
	2. Definitions
	3. The maximum principle and pointwise estimates on solutions
	4. The Wiener test
	5. Boundary value problems in Lipschitz domains for elliptic operators with constant coefficients
	5.1. The Dirichlet problem: definitions, layer potentials, and some well-posedness results
	5.2. The Lp-Dirichlet problem: the summary of known results on well-posedness and ill-posedness
	5.3. The regularity problem and the Lp-Dirichlet problem
	5.4. Higher-order elliptic systems
	5.5. The area integral
	5.6. The maximum principle in Lipschitz domains
	5.7. Biharmonic functions in convex domains
	5.8. The Neumann problem for the biharmonic equation
	5.9. Inhomogeneous problems for the biharmonic equation and other classes of boundary data

	6. Boundary value problems with variable coefficients
	6.1. The Kato problem and the Riesz transforms

	References


