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We continue a program to develop layer potential techniques for PDE on
Lipschitz domains in Riemannian manifolds. Building on L” and Hardy space
estimates established in previous papers, here we establish Sobolev and Besov space
estimates on solutions to the Dirichlet and Neumann problems for the Laplace
operator plus a potential, on a Lipschitz domain in a Riemannian manifold with a
metric tensor smooth of class C'*?, for some y>0. We treat the inhomogeneous
problem and extend it to the setting of manifolds results obtained for the constant-
coefficient Laplace operator on a Lipschitz domain in Euclidean space, with the
Dirichlet boundary condition, by D. Jerison and C. Kenig. ~ © 2000 Academic Press

1. INTRODUCTION

There has been a substantial amount of work in the area of elliptic, con-
stant coefficient PDEs in Lipschitz domains via layer potential methods. In
particular, the classical Dirichlet and Neumann boundary value problems
for the flat-space Laplacian 03 + --- + 82 with boundary data in L” spaces
for optimal ranges of p have been solved. There are also sharp results for
the inhomogeneous Dirichlet and Neumann problems. See [ Ve, DK, JK2,
FMM, Za] and the references therein for more on this subject. Similar
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2 MITREA AND TAYLOR

issues are studied in [AP] for the flat-space bi-Laplacian in Euclidean
Lipschitz domains.

In [MT, MMT] the authors initiated a program to extend the
applicability of the layer potential theory from the setting of the flat-space
Laplacian on Lipschitz domains in Euclidean space to the setting of
variable coefficients, and more generally to the context of Lipschitz
domains in Riemannian manifolds. The paper [ MT] dealt with the scalar
Laplace—Beltrami operator, and [ MMT ] treated natural boundary problems
for the Hodge Laplacian acting on differential forms.

Quite recently, more progress in this direction has been made in [ MT2],
where a sharp L” theory for scalar layer potentials associated with the
Laplace—Beltrami operator in Lipschitz domains has been developed. Let
us now recall the general setting and describe some of the main results
from [MT] and [ MT2].

Consider a smooth, connected, compact Riemannian manifold M, of real
dimension dim M =n>3, equipped with a Riemannian metric tensor
g=2r & dx; ®dx; whose coefficients are Lipschitz continuous. The
Laplace—Beltrami operator on M is then given in local coordinates by

Au:=div(grad u) =g~ "2 9,(g%g"? 0, u), (L.1)

where we use the summation convention, take (g’*) to be the matrix
inverse to (gy), and set g:=det(gy). For Ve L*(M) we introduce the
second order, elliptic differential operator

L:=4-V. (1.2)

Assume V>0 and, also, >0 on a set of positive measure in M. This
implies that

L:LY(M)— L? (M) (1.3)

is an isomorphism for each pe (1, o), where L?(M) denotes the class of
L?-Sobolev spaces on M. See [ MT].

Throughout this paper, we let 2 < M be a connected open set that is a
Lipschitz domain; ie., 0Q is locally representable as the graph of a
Lipschitz function. We will always assume that 7'>0 on a set of positive
measure in each connected component of M\Q. Consider the Dirichlet
boundary problem

Lu=0 inQ, ul,=Ff (14)
and the Neumann boundary problem

Lu=0 inQ, 0,ulp=g (1.5)
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where v denotes the outward unit normal to 022, and 0,=0/0v is the nor-
mal derivative on 0Q2. When the boundary data are from L?(0R2) (for
appropriate p) then, in (1.4)—(1.5), the boundary traces are taken in the
nontangential limit sense and natural estimates (involving the nontangen-
tial maximal function) are sought. More specifically, if {y(x)} co0 is a
family of nontangential approach regions (cf. [ MT] for more details) and
u is defined in © then u*, the nontangential maximal function of u, is
defined at boundary points by

u*(x) :=sup{|u(y)|: yey(x)}, xedQ. (1.6)

Then the natural accompanying estimates for (1.4) and (1.5) are,
respectively,

[* [l o0y < C LS | Lro@) (1.7)

and

H(V“)*HLP(59)< C Hg”LP(ag)- (L.8)

In the case when Q is a Lipschitz domain in the Euclidean space and
L=0%+ ... +02 is the flat-space Laplacian, these problems were first
treated in [Da, JK] by means of harmonic measure estimates. Shortly
thereafter, building on [ FJR] where the case of C' domains was treated,
a new approach using layer potential techniques was developed in [ Ve,
DK ]. In these latter papers, a key ingredient was the L? boundedness of
Cauchy type integrals on Lipschitz surfaces due to [CMM ] (following the
pioneering work of [C]).

In [MT] we have extended such operator norm estimates on Cauchy
integrals to a variable coefficient setting, allowing for an analysis of poten-
tial type operators in the manifold setting described above. To be more
specific, denote by E(x, y) the integral kernel of L™, so

L’lu(x)zj E(x, y)u(y)dVol(y), XeM, (1.9)

where d Vol is the volume element on M determined by its Riemannian
metric. Then, for functions f: 02 — R, define the single layer potential

Sf(x) 1=Lg E(x, y) f(p)do(y),  x¢0Q, (1.10)
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and define the double layer potential by

OE
9f(X)i=L ~— (%, y) f(y)do(y),  x¢0Q. (L.11)

Q avy
Here do denotes the canonical surface measure on 0Q induced by the
Riemannian metric on M. The following results on the behavior of these
potentials, which extend previously known results for the flat Euclidean
case, were demonstrated in [ MT].
Define @, :=Q and Q_ =M \@2; note that @, are Lipschitz domains.
Given fe L?(0Q2), 1 <p < o0, we have, for a.e. x €02,

I loa, (x)=8f(x) := Lg E(x, y) f(y) da(y), (1.12)
If loa, (x) = (£ 31+ K) f(x), (L13)

where, for a.e. x€0Q,

oE
Kf(x):=P.V. —(x, y) f(y) do(p). (1.14)

file] avy

Here P.V. |, indicates that the integral is taken in the principal value
sense. Specifically, we fix a smooth background metric which, in turn,
induces a distance function on M. In particular, we can talk about balls
and P.V. [, is defined in the usual sense, of removing such small geodesic
balls and passing to the limit. Moreover, for a.e. x €09,

0, flon, (x) =(F 31+ K*) f(x), (1.15)

where K* is the formal transpose of K.
The operators

K, K*: LP(0Q2) — L?(09), l<p< oo, (1.16)
and
S: LP(0Q) — LY(0Q), l<p<oo, (1.17)

are bounded.

Turning to the issue of invertibility, extending results produced in the
Euclidean, constant coefficient case by [ Ve, DK] we showed in [ MT,
MT2] that there exists ¢ =¢(£2) > 0 so that the operators

+A4 K LP(0Q) > LP(0Q), 2—e<p<ow,

(1.18)
+ I+ K* LP(0Q) - LP(0Q), 1<p<2+e,
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are Fredholm, of index zero. In particular, (recall that we are assuming
V>0 on a set of positive measure in each connected component of M\Q)
the operators

L[+ K LP(0Q) - LP(0Q), 2—e<p<oo, 1)
LI+ K* LP(0Q) —» LP(0Q), l<p<2+e, '

and

S:LP(0Q) - L2(0Q), l<p<2+s 120)
I+ K: L2(0Q) — LP(0Q), l<p<2+eg, .

are invertible. Also, if >0 on a set of positive measure in £2, then

— 4+ K LP(0Q) > LP(0Q), 2—e<p<oo,
U4 K% LP(0Q) > L2(0Q), 1<p<2+e, (1.21)
4K L(0Q) > LP(0Q), 1<p<2+e

are isomorphisms, while, if =0 on Q, then

LI+ K LP(0Q))€ > LP(0Q)/%, 2—e<p< o,
— LI+ K*: L2(0Q) - L2(2Q), l<p<2+e, (1.22)
— L+ K LP0Q)/% > LY(0Q))6, 1<p<2+e,

are isomorphisms, where % is the set of constant functions on 02 and
L5(0R2) consists of elements of L?(0£) integrating to zero.

Given these results, solutions to the Dirichlet, Regularity and Neumann
problems for the operator L in Lipschitz subdomains of M can be
produced for L? boundary data, for appropriate (sharp ranges of) p and
optimal nontangential function estimates; cf. [MT2]. The paper [ MT2]
also contains invertibility results in the local Hardy space h'(0R), its dual
bmo(0Q2), and spaces of Holder continuous functions C*0Q), for
small «>0. Parenthetically, let us point out that real interpolation and
(1.21)—(1.22) also allow one to solve the Dirichlet and the Neumann
problems with boundary data in Lorentz spaces L, ,(0€2) for appropriate
ranges of indices.

One of our primary goals in this paper is to continue this line of work
and to prove invertibility results for the boundary layer potentials in the
right sides of (1.12)—(1.14) in the class of Besov spaces B?(0Q) for the
optimal range of the parameters p and s. We mention a sample result. Let
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Qc M be an arbitrary Lipschitz domain. There exists ¢€(0, 1] so that if
pell, o] and s€(0, 1) satisfy one of the three conditions

2 2
1+s<p<1—£ and 0<s<l1;
2
1<p< and -——l—-e<s<l; (1.23)
1+e¢ )4
2 2
——<p< @ and O<s< —+e¢,
1—e¢ p

then, with ge[1, oo ] denoting the conjugate exponent of p, the operators
11+ K: B?(0Q) — BF(0Q), S:B? (0Q)— BY_(09Q), (1.24)

are invertible. For a complete statement see Section 11. This extends work
in [ FMM ] where the same issue has been studied in the flat-space setting.
Our approach parallels that in [FMM] but the setting of Lipschitz
domains in Riemannian manifolds introduces significant additional dif-
ficulties, which require new techniques and ideas to overcome. On the
analytical side, one major concern is understanding the behavior of the
fundamental solution E(x, y) near the diagonal in M x M in the context of
a metric tensor whose coefficients have a rather limited amount of
smoothness; here we build on results in [ MT, MMT, MT2].

Even though our main results are for scalar functions, we are
occasionally lead to consider differential forms of higher degrees. Given
this, we develop mapping properties of layer potentials in this context. See
Section 6-8. To obtain such invertibility results, in the present paper we
shall assume more regularity on the metric tensor g than the Lipschitz
condition mentioned above. We say more about this below.

Having these invertibility results, we then proceed to solve the Poisson
problem for the Laplace—Beltrami operator with Dirichlet and Neumann
boundary conditions for data in Sobolev—Besov spaces. Concretely, consider

Lu=felL?, ,, ,(Q),
Tru= ge B2(022), (1.25)
uel? ., (),

s+1/p

and

Lu =f€ Ltll/q—s—l,O(Q)!
0/u=ge B (0Q), (1.26)
ue L (Q).

1—s+1/q
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The technical definition of 7u is given in Section 12. Here we would like
to point out that d/u can be thought of as a “renormalization” of the
normal gradient of u on 0Q, in a fashion that depends decisively on f.
Assume that pe (1, o0) and s€(0, 1) satisfy one of the three conditions
listed in (1.23) and that ¢ is the conjugate exponent of p. Then (1.25) and
(1.26) are solvable with naturally accompanying estimates. Certain limiting
cases of (1.25)—(1.26) are also considered; see Sections 9-10.

Our main results regarding the solvability of (1.25)—(1.26) extend
previous work in [JK2, FMM, Za] where similar problems for the flat-
space Laplacian have been considered. As in [FMM] we employ the
method of layer potentials. In addition to establishing invertibility results,
like (1.24), we also need to understand the mapping properties of the
operators (1.10)—(1.11), sending functions from Sobolev-Besov spaces on
02 into functions in appropriate Sobolev—Besov spaces in Q. We do this in
Sections 6-8.

We outline the structure of the rest of this paper. In Section 2, following
[MT, MMT], we include a discussion of the nature of the main singularity
of the fundamental solution E(x, y). In Section 3 we establish some useful
interior estimates for null-solutions of the operator L. In Sections 4-5 we
collect basic definitions and several important properties of Sobolev and
Besov spaces, as well as atomic Hardy spaces. Mapping properties for
Newtonian potentials are presented in Section 6. In Sections 7-8 we then
establish a number of useful results for single and double layer potential
operators on Sobolev—Besov spaces.

Two endpoint results for the Poisson problem for L (with Neumann and
Dirichlet boundary conditions, respectively) are studied in Sections 9-10.
Then, in Section 11, invertibility results for boundary layer potentials,
including (1.24), are presented. Subsequently, these are used in Sec-
tions 12-13 to solve the general Poisson problem for L, respectively with
Neumann and Dirichlet boundary conditions, for data in Sobolev—Besov
spaces. Applications to complex powers of the Laplace—Beltrami operator
(with either homogeneous Dirichlet or homogeneous Neumann boundary
conditions) in an arbitrary Lipschitz domain are presented in Section 14.
These extend results on the flat, Euclidean case given in [JK2, JK3, MM ].

As mentioned above, some of our arguments require more regularity of
the metric tensor than the Lipschitz condition. For example, most of our
scalar results are obtained under the assumption that

greC'™7,  some 7>0. (1.27)
Some of our arguments, as in [ MMT ], need

gr €Ly, some r>n, (1.28)
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and we shall occasionally require that
grwely, some r>=2n. (1.29)

We would like to stress that, for all our main results, the assumption (1.27)
suffices. Nonetheless, we will explicitly state which of these hypotheses we
need in each segment of the analysis.

In closing, let us point out that, for the results that we have in mind,
such as the well posedness of (1.25)—(1.26), some smoothness of the metric
tensor is required. More specifically, the condition gy e L™ (V j, k) is,
generally speaking, not enough in order to guarantee, e.g., the well-posed-
ness of the L?-Poisson problem (1.25) (with s:=1—1/p) for p in some «
priori given open interval containing 2 (even when the underlying domain
is smooth). This can be seen from an adaptation of an example given in
Section 5 of [ Me]; we omit the details here. The interested reader is also
referred to Propositions 1.7-1.10 in [Ta2, Chap.3] for some related
results.

2. ESTIMATES ON THE FUNDAMENTAL SOLUTION

Retain the hypotheses made in Section 1 on M. As for the metric tensor

g=1 g dx; ®dxy, (2.1)
J. k
unless otherwise stated, in this section we will assume that the coefficients
(gs) satisfy (1.28), ie.,

geLy(M, Hom(TM ® TM, R)),  for some r>n=dim M, (2.2)

where TM is the tangent bundle of M.

As mentioned in the introduction, we will primarily study the Laplace
operator on scalar functions, but some constructions involving the Hodge
Laplacian on differential forms will arise, and in this section we work in the
context of forms.

Let A’TM, /€{0,1, .. n}, stand for the /-th exterior power of the
cotangent bundle 7*M. Its sections consist of /-differential forms. If
(xy, ..., X,;) are local coordinates in an arbitrary coordinate patch U on M
and ue A°TM then u|y=Y, -, u;dx’, where the sum is performed over
ordered /-tuples I = (i, ..., i,), | <i;<i,< --- <i,<n and, for each such /,
dx’ :=dx; A --- Adx;. Here, of course, the wedge stands for the usual
exterior product of forms, while |/| denotes the cardinality of 1.

The Hermitian structure in the fibers on TM extends naturally to T*M
by setting {dx;, dx;) :=g’*(x). The latter further induces a Hermitian
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structure on A“TM by selecting {w'};_, to be an orthonormal frame in
ATM provided {w;},< <, is an orthonormal frame in T*M (locally).
Note that

dx!, dx” = det((87(x))ic1, jes)- (23)

Recall that the exterior derivative operator d is given locally by

n

d=) idx A (2.4)

o ox; 7

and denote by ¢ its formal adjoint with respect to the metric induced by
(2.3). The latter acts on a differential form ue A°TM, locally written as
uly=X =, urdx’, by Su=3,_,_, (6u), dx" where, for each I,

— ]k J Jks :
Y > g 6 AN Y e e in U.
\Jl=¢ j. k X |K|=¢—1 jk,rs

(2.5)

Here, for 1 <, k, s<n,

gy | 08u @g-k>
I - st y k7o) 26
“a Z <8xk ox; Ox, (26)

are the Christoffel symbols. Also, for any two ordered arrays J, K, the
generalized Kronecker symbol &% is given by

det((d; k)jerkex)s i =Kl

T = i 2.7

ek {0, otherwise, (27)

where, as usual, J, ; :=11if j=k, and zero if j #k.

Denote by 4,:= —dd—o0d the Hodge-Laplacian on /-forms, /€
{0, 1, ..., n} and fix some positive, not identically zero function Ve C*(M).
Recall from [MMT] that under these conditions, the operator L :=
A,—V, acting on suitable spaces of /-forms has an inverse, (4,— V)™,
whose Schwartz kernel, E,(x, y), is a symmetric double form of bidegree
(Z,7¢).

In local coordinates, in which the metric tensor is given by (2.1), we can
set

(n—2)/2
efx—y, y (zg,k —y,-)(xk—yk>> Fixy (28)
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for appropriate C= C,, where I, is the double form of bidegree (/, /)
given by

Z det((gij(y))iel,je.]) dx'®dy’, if /=1,
I'y(x, p):=4in=¢ 171=¢

1, if /=0.
(2.9)
Note that ej(z, y) is smooth and homogeneous of degree —(n—2) in

ze R™\0 and C?*7 in y, for some y > 0. Then define the remainder ¢f(x, y)
so that

E/x, y)/g(y)=ei(x—y, y)+el(x, p). (2.10)

In the theorem below we collect useful estimates for ef(x, y) and its
derivatives. These estimates follow from Propositions 2.5 and 2.8 of
[MMT].

THEOREM 2.1.  For each /€ {0, 1, ..., n} and each ¢ € (0, 1), the remainder
e’(x, y) satisfies

VL V5el(x, IS C, fx— p| -3t 7vkee), (2.11)

Sor each j, ke {0, 1}.
Furthermore, for { =0 the same conclusion is valid under the (weaker)
hypothesis (1.27) on the metric tensor.

In the sequel, we shall also need information about the “commutators”
between d, 0 on the one hand and the forms E,(x, y) on the other hand.
This is made precise in the proposition below, which is taken from
Section 6 of [ MMT].

ProPOSITION 2.2. There exists a double form R,(x,y) of bidegree
(4, 2+ 1) so that

R, e C1.}7((M x M\diag) U {(x, y): x ¢ supp dV'}), some y>0,

IVIVERAx, YIS Clx—p| =440, 0<j k<],

2.12
and so that ( )

Ox(Es11(x, y)) = dy(EAX, ¥)) + Ry(x, p). (2.13)

Furthermore,

A (Efx, p)) =0,(E; 1 1(x, ) = Ry(p, X). (2.14)
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We shall occasionally also use R, to denote the boundary integral
operator with kernel R,(x, y), that is,

R, f( j CRAx, y), f(3))> doly),  feLP(@Q, A“*'TM). (2.15)

Also, set R for the analogous operator with kernel R,(y, x).
Next, let Q be a Lipschitz domain in M and denote by %, the single layer
potential operator on 022 with kernel E (x, y), i.e

Sof(x) = LQ CEAx, ), () da(y),  xeM\OQ, (2.16)

where fe LP(0Q, A’TM). Note that at the level of scalar functions, i.e.,
when /=0, this agrees with (1.12). Also, (4,— V)% f=0 in M\oQ.
Finally, set S, f:=.9%, f|,0 for £=0,1, .., n

3. INTERIOR ESTIMATES

In this section we derive interior estimates (L”-style) for elliptic systems
of PDEs. General standard references are [ ADN, DN]. Here we obtain
quite sharp estimates for operators whose coefficients have the limited
regularity described by (3.2) below.

To proceed, let L be a second order, elliptic differential operator in a
compact Riemannian manifold M, locally given by

Lu=Y 0,47 (x)0,u+Y, B/(x)0u—V(x)u (3.1)
Jk J

Above, A% :=(a}f), 5, B/ :=(b}’), 5 and V:=(v*¥), ; are matrix-valued
functions with entries satisfying

a3f e Lip, b¥elL}, v¥eL’,  forsome r>n, (3.2)

We note that the Laplace—Beltrami operator on scalar functions satisfies
(3.2) when the metric tensor is Lipschitz. Also, the Hodge Laplacian 4, on
/-forms, for 1 </ <n—1, satisfies (3.2) if the metric tensor satisfies (1.28).

Our first proposition is a local regularity result that sharpens part of
Proposition 3.3 in [MT].

PropoSITION 3.1.  Let O be an open subset of M, and assume r/(r — 1) <
p<qg<r. Then
uelf (0), LuelLf

loc

(O)=uelf . (0), (3.3)
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and natural estimates hold. If one strengthens the hypotheses in (3.2) to

a}’.‘,fe Cc'tr, bj"."g eC!'*7, y>0, vFelL>, (34)
then (3.3) holds for any qe (1, o) with the hypothesis ue Lf, (O) weakened
touelL] (0O).

Proof. We first treat (3.3) when the hypothesis on u is strengthened to
ueL?, (0) for all  <1. For notational simplicity, we use L? in place of
L% 1,(0), etc. Recall that S7'; stands for Hormander’s classes of symbols.
Since we find it necessary to work with symbols which only exhibit a
limited amount of regularity in the spatial variable (while still C* in the

Fourier variable) we define
p(x, &) eLip 87 5= [DEp(x, &) < C(EH™—# W, and

IDEp(-, &)l ipny < Cp(E™ 7P IH2 (35)

We also denote by OPLip S7' 5 the corresponding class of pseudodifferen-
tial operators p(x, D) with symbols p(x, ¢) e Lip S )’ 5, and by @PLip S7'
the class of operators ¢(D, x) with symbols ¢(&, y) = p(y, &) when p(x, &) e
LipS7 5.

Turning to the problem at hand, we use a symbol decomposition on the
first-order differential operator 4;:=3, A’*(x) 0y, of a sort introduced by

[KN, Bo] (cf. also the exposition in [ Ta]). Picking ¢ € (0, 1), write

A;=Af +A4;, where A¥eOPS;, and  A7eOPLipS;7;°.
(3.6)

Then set L* :=3 0,47 € OP S7 ,, elliptic, and denote by E* e OP S 3
a parametrix of L*. Make all pseudodifferential operators properly sup-
ported. We have, on 0,

J

u=E*f—Y E*0,A7u—Y) E*B/;u+ E*Vu, mod C*®, (3.7)
j

where f:= Lu. Note that the hypotheses imply E*f'e L4.

Next we shall need mapping properties for pseudodifferential operators
whose symbols have a limited amount of smoothness in the spatial
variables. Concretely, the result that is relevant for us here reads as follows.
If l<p<oo and d€(0, 1) then

plx, &)eLip STy =p(x, D): L, —~L?, —(1—d)<s<l. (38)

s+m s
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When s < 1, this is a special case of results in [ Bou] (cf. also Proposition
2.1.E in [Ta]). The case when s =1 requires a separate analysis, which we
now give.

To prove (3.8) with s=1 it suffices to take m = —1. We need to show
that

p(x, &) eLip S7§, ue L?=D;(p(x, D) u) e L”. (3.9)

If D, falls on u, the estimate is clear from standard results. If D; falls on the
coefficients of p(x, D), we need only note that

p(x,&)e LS5, a>0=p(x,D): L? > L?, I<p<o, (3.10)

which follows from elementary integral kernel estimates. This finishes the
justification of (3.8).
Going further, based on the discussion above we have

Ywel?, 0<t<2—0=Avel? ,

=E*0,A%vel? (3.11)

T+0°

In order to continue, we need a multiplication result to the effect that

Ly -Lr_ <L, (3.12)
whenever
max{0, n(1/p+1/r—1)} <t<1, n<r<oo, and 1<p*<p< 0.
(3.13)

This is a special case of [ RS, Theorem 1, p. 171]. Hence, from (3.2) and
(3.12), it follows that

uel?, Vi<l=E*B/ 0uel?,,, vr<l1. (3.14)
Indeed, we only need to check that 7e€(0,1) can be chosen so that
t>n(l/p+1/r—1), ie, that 1/u>1/p+1/r—1. Nonetheless, the largest
right side in this last inequality occurs when p 1 and r\n, and that is 1/n.
A direct inspection shows that the limiting case of (3.14) corresponding to
t=1 is also true.

Going further, ue L? and Ve L” imply that Vue LY with 1/g:=1/p+
l/r—z/n and, hence, E*VuelL} —L? _,, as long as d€(0,1) and
r>max {p,n}. Thus, at this stage we see that the right side of (3.7)
belongs to L?, s and so does u. This is an improvement of regularity for u
and the argument can be iterated a finite number of times, to produce the
conclusion in (3.3) in the case under discussion.
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To treat the case =0, i.e., when ue L?, we apply symbol smoothing to
the first order differential operator Y; 0, 47%, which this time we denote
Ap= A, (D, x) e OQPLip S.,. Symbol smoothing produces

Ay=Af+4;, A*ecOPS|;=0PS;,, A; cOPLipS|°.
(3.15)

Note that @PLip ST ; consists of adjoints of elements of OPLip ST 5, so
instead of (3.8) we have
p(& y)eLlip ST s=p(D,x): LY > LY, —1<s<1-90. (3.16)

This time, let £# € OP S| denote a parametrix for 3. A7 0. Then, if
ueL? and Lu= fe L? we have

u=E*f—Y E*A20u—Y E*B/0u+E*Vu, modC® (3.17)
~ :

J

Now
uel?=A%0,uel?, ;=E*A20,uel?. (3.18)

To treat terms like E#B’0;u, note that d;ue L?, and B’€ L} for each j.
Now, the inclusion

L, LT=>L?, (3.19)

is true for r/(r—1)<p< oo, as long as r>n. Thus, E#B/@jueLf. Also,
Vue LP" where 1/p* :=1/r+1/p, by Holder’s inequality so that E*Vue
LZ" = L?, by Sobolev’s embedding theorem.

We see that the right side of (3.17) then belongs to L%, if 6 (0, 1), so
ue L for 6 < 1. This reduces our problem to the case already treated, so
(3.3) is established.

The rest of the proposition, with stronger hypotheses on the coefficients
of L and weaker hypotheses on u, has a similar proof. In fact, to get
started, it suffices to assume ue L'%7  , for some (small) &, 0>0. |

We now produce some weighted estimates, which will be very useful for
subsequent analysis.

PrOPOSITION 3.2. Let Q be a Lipschitz domain in M and take s [0, 1],
r/(ir—1)<p<r. For ue L}, () satisfying Lu=0 in Q we have, under the
hypothesis (3.2),
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f dist(x, Q)1 =97 |V2u(x)|? d Vol(x)

Q

<Cj dist(x,@.Q)*SP|Vu(x)|PdVol(x)+Cf u|?dVol.  (3.20)
Q Q

Proof. Denote by Q,(x) the cube in R” centered at x and whose side
length is r. We claim that for each arbitrary, fixed x,€Q and 0<p<
Bp =172 dist(x,, 0Q2) there holds

j |v2u|PdV01<cp—Pj |vu|PdVol+cj |Vul? d Vol.
Q,(xo) Q9,,/8(%p) Q9,5(x0)

(3.21)

Passing from (3.21) to (3.20) is done by multiplying both sides with an
appropriate power of p and summing over cubes in a Whitney decomposi-
tion of Q. Specifically, let {Q,};.; be an open covering of Q with cubes
0; < Q so that 30, <Q, dist(Q;, 0Q) ~ p, :=diam Q; and the collection
{20;} ;<1 has the finite intersection property; cf. [ St]. Then, applying (3.21)
to each Q;, multiplying both sides by p{! =97 and summing up the resulting
inequalities yields a version of (3.20) with the only difference that, in the
current scenario, the last integral is || Vul| 7, q)-

To further transform this we use Holder’s inequality and a Sobolev-type
estimate to write

1/p
<f |Vu|1’dVol> <c<j |u|1’*dV01>
Q Q

1/p 1/p
<c<j |Vu|1’dVol> +<j |u|PdVol> . (3.22)
Q Q

1/p*

where 1/p* :=1/p— 1/r. Note that for the second estimate to hold we need
I<p<p*<o and l/p—1/p*<1/n (cf, eg, [GT, Lemmas 7.12 and
7.16]). These are true since we are assuming pe(l,r) and r>n. Now,
based on the above discussion, (3.22) can be used to conclude (3.20).

To prove (3.21), use x, as the center of a coordinate system and, as in
[MT, MMT], introduce the dilation operators v,(x) :=v(px), X € Qgg :=
Qgs3(xo). Thus, if Lu =0, then u, satisfies the equation

0, A% du, + pB du, = f,, (323)
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where
AM(x) == (a3 (pX))a, p»
BI(x) := (b (px))y, g (3.24)
Vp(x) = (Uuﬂ(px))a,ﬂa
and

£y =V u,. (3.25)

Furthermore, Eq. (3.23) holds on Qqgs, for p in some interval (0, py], on
which the collection 47 is uniformly Lipschitz and pB/ is bounded in L],
since r > n.

The regularity result in Proposition 3.1 then gives, as long as

pe(r/(r—1),r),
f |V2u,,|PdV01<c,,j [1f,17 + u, 7] d Vol, (3.26)
(o)) Qg8

for any solution to (3.23) on Qg5. Now if u, solves (3.23), so does u,—a
for any constant (vector) a, so (3.26) holds with u, replaced by u, —a, for
any a. Take a to be the average of u, on Qg and use Poincaré’s inequality

f |up—a|PdV01<C,,f Vu, |7 d Vol, (3.27)
Qg/s Q9/8
to get
f IV2u,|” d Vol < C, j 1£,17d Vol + C, f IVu,|”dVol,  (3.28)
[ Qs Qo

for any solution u, to (3.23) on Q5. Now, if Lu =0, then u, satisfies (3.23)
with f, given by (3.25), so we have

| VR, 1P avel<c, [ Va7 dVol+C,p¥ [ |V,u,l7d Vol
(o)) Qs Qo3

(3.29)

In turn, this estimate is equivalent to (3.21) and the proof of (3.20) is
finished. |
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ProposITION 3.3. If we strengthen (3.2) to
ajfeLip, b¥ eLf, vPelL’,  for some r=2n, (3.30)

then the conclusion in Proposition 3.2 holds for 1 <p <r.

In passing, let us point out that (3.30) is automatically fulfilled by the
Hodge-Laplacian 4,, 1 </ <n, if the metric tensor satisfies (1.29), and by
A —V on scalars given (1.27).

Proof. Let 1<p<r/(r—1)and let ge(r/(r—1),r) be arbitrary. In this
case, we know by Proposition 3.1 that uelL{ (Q), LueL{ (2)=ue

L; 1o 2). Holder’s inequality plus a quantitative form of this implication
give

1/q
[pr|q+|u/,|q]dV01> , (3.31)

1/p
<j |v2u,,|PdVol> <c<j
(o)) (&)

for any solution to (3.23). Again we can replace u, by u, —a. This time use

9/8

1/q . 1/q*
<j |up—a|‘1dVol> < c<f Vu, |4 dVol> , (3.32)
Qg (2%
provided
I<g*<g<w and L—l<l (3.33)

(see, e.g., [GT, Lemmas 7.12 and 7.16]), to get that, for any solution to
(3.23),

1/p 1/q* 1/q
<J |V2up|PdVol> <C<J |Vup|q*dVol> +C<I |fp|‘1dV01> .
(o) Qo Qoss
(3.34)
Thus, if (3.25) holds, we have

1/q*

1/p .
<j |V2up|1’dVol> <c<j Vu, |7 de1>
(o Qo3

+ Cp? <J

Qo3

1/q
V4 de1> . (335)
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Now use

1/q . 1/4
<j |Vﬂup|quol> <Cp—"/r<f |u,,|qde1>
Qg Dojs

1/p
<Cpr j |Vu,,|P+|u,,|PdVol> ,
Qoyg

(3.36)

where 1/§ :=1/q — 1/r and the last inequality is Sobolev’s. For this to hold,
we need

<l. (3.37)

11
l<p<g<o and  ———
p q n

Granted (3.37) and the possibility of choosing ¢ so that
p=q* (3.38)

we get

j |V2up|PdV01<cj |vu,,|PdVol+cp<2—"/r>Pf lu,|” d Vol,
(o)) [ (27
(3.39)

and, further,

f|V2u|PdVol<cp—Pj |Vu|PdVol+cp—"P/rf |u|? d Vol.
2 Do,

Qo8
(3.40)
As before, this latter inequality leads to
L)dist( ., 0Q)1=97 V2|7 d Vol
< ng dist(-, Q) |Vu|? d Vol
+CL2 dist(-, Q)= |7 d Vol (3.41)

and, further, to (3.20), via the elementary estimate

jdist(.,ag)w |F|PdVo1<Cj |F|PdVol+cj \VF|? d Vol, (3.42)
Q Q Q
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which is valid for 1 <p< oo and a<1/p. For this program to work it
suffices to have

n 1 (3.43)
rop

The conclusion is that (3.20) holds for 1 <p <r/(r—1) if, given such a p,
one can choose g€ (r/(r—1), r) so that (3.33), (3.37), (3.38), and (3.43) are

satisfied. Some elementary algebra shows that this is indeed the case
provided r=2n. |

For later reference we record below two more related estimates.
ProOPOSITION 3.4. Assume pe(r/(r—1),r) and let uelLf (Q) satisfy

Lu=0in Q. Here L is as in (3.1) and its coefficients are as in (3.2). Then,
Sor any ball B,(x) with x€Q, 0 < p <3dist(x, 0Q), there holds

1 1/p
p 1Vl < € (2 [tz —utl dvolta)
p sz(x)
+ G2 ful). (344)

In particular, for p as above, for any o € R we have

j dist(x, 0Q)**+? |Vu(x)|? d Vol(x) < cj dist(x, Q)% |u(x)|? d Vol(x).
(3.45)

These results also hold for 1 <p < oo if the coefficients of L satisfy (3.4).

Proof. Note that under the current smoothness assumptions for the
coefficients of L, in each coordinate patch ¢, Proposition 3.1 gives

p
ueLloc

(O)=ueCLr(0) some &>0, if q>g.

(3.46)

(0), LuelL?

loc

A natural estimate accompanies (3.46) also. As before, we apply (3.46) to
the equation

ajAf)k ak(up_a) +pr; aj(up_a) +p2Vp(up_a) =fpa (347)

where, this time, f, :=ap®V, and aeR. Note that {p>V,; pe(0, pol} is
bounded in L" and that ‘|prLq(@)<Cap2 nir, Choosmg a: —u(x) yields
(3.44) after a rescaling.
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Finally, (3.45) is a simple consequence of (3.44), and the last part
of the statement follows similarly with the help of (the last part in)
Proposition 3.1. |1

4. SOBOLEV AND BESOV SPACES ON LIPSCHITZ DOMAINS

The theory of Besov spaces and Sobolev spaces on Lipschitz domains in
Euclidean space has been thoroughly treated in [JK2]. Other references
for various aspects of the theory include [ BL, Pe, BS, Tr, Gr]. We recall
some of these results here, to fix notation, and we indicate extensions to the
manifold setting.

We recall that, if Q is a Lipschitz domain in R”, then, for 1 <p, g < o
and 0 <s <1, one definition of the Besov space B?%(0Q) is the collection
of all measurable functions f on dQ such that

HfHBf’ 100) = Hf“L”(@Q)

LA(x) = f)I” q/p 1/q
+<jag <Lg |x—y|(n71+sq)p/qd (y)> do(x)> < 0.
(4.1)

In the special situation when p =g, it is customary to simplify the notation
a bit and write B2(0Q) in place of B ?(0Q).

The case when p = oo for the “diagonal” scale corresponds to the non-
homogeneous version of the space of Holder continuous functions on 0€Q.
More precisely, BX(02), 0 <s<1, is defined as the Banach space of
measurable functions on f so that

|/(x)—f(y)l
”fHBDC([ﬂQ) = fllze@oy+ sup ——————<o0. (4.2)
X, y;@Q |x_y|
x#£y

Also, recall that B? (0Q):=(B%(0€))* for each 0<s<1, 1<p< oo and
=(1—,)~" Let Lip (02) denote the collection of all Lipschitz functions
on 0%Q2.

Next, we consider the case when Q is a Lipschitz domain in the compact
Riemannian manifold M. It is then natural to say that f belongs to
B2-4(0Q2) for some 1<p, g<oo and O0<s<1 if (and only if) for any
smooth chart (¢, @) and any smooth cut-off function 0e CZ,(O), (f0)°
@ e BPUD(O N 6!2)). The following elementary lemma allows for transfer-
ring many results about Besov spaces originally proved in the classical
Euclidean setting to the case of boundaries of Lipschitz domains in
Riemannian manifolds.
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LemMA 4.1. Let (O;, D;);o; be a finite set of local bi-Lipschitz charts so
that 02 < ),.; 0, and ®,;(0Q N O)=R"~1. Also, consider (y,);.; a partition
of unity subordinate to (O;);c,. Finally, for a measurable function f on 0Q2
denote by F; the extension by zero outside its support of (fy;) o ®@;, for each
iel

Then, for 1<p,q< o and 0<s<1, the following two statements are
equivalent:

() feB?(0R);
(2) F;e B9(R"~") for each ie L

Moreover, if these conditions hold, then

”f”Bf’ 100) X z HF,'”va YRN—1y- (4.3)

iel

To illustrate the point made before the statement of this result we note
that from well known interpolation results in R” the following can be
proved. First, recall that [-,-], and (-,-), , denote, respectively, the
brackets for the complex and real interpolation method (cf, e.g., [ Ca, BL,
BS]).

ProrosiTiON 4.2. For 0<O0<1, 1<py, p1, 4o, 1 <00 and 0<s,,
s; <1, there holds

[ B %(082), Bf 4(0Q2)] = B} 1(09), (44)

where 1/p:=(1—0)/po+0/py, 1/q:=(1—0)/qo+0/q, and s:=(1—0) s+
0s,.

A similar result is valid for —1<s,,s,<0, and for the real method of
interpolation.

Another result of interest for us is an atomic characterization of the
Besov space B1(9Q). First, we shall need a definition. For 0 <s < 1, a B}(0Q)-
atom is a function a € Lip(0L2) with support contained in B,(x,) n0R2 for
some x, €00, re (0, diam 2], and satisfying the normalization conditions

lall Loao) < pErL IVianall zo@ay <r ™" (4.5)
Here V., stands for the tangential gradient operator on 0Q2 and,
throughout the paper, distances on M are considered with respect to some

fixed, smooth background Riemannian metric g,. The atomic theory of
[FJ] lifted to 0€2 gives the following.
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PROPOSITION 4.3. Let O0<s<1 and feBXdQ). Then there exist a
sequence of B(082)-atoms {a;}; and a sequence of scalars {1}, €/ such
that

=3 4a, (4.6)
with convergence in BX(0Q), and

11l 51002y zinf{ Yol f=3 A a5 a; BY(0S2)-atom, (1)), e/l}. (4.7)

j=0 j=0

In the sequel, we shall also need to work with the Besov spaces B' (9Q),
s€(0,1). Inspired by the corresponding atomic characterization from
[FJ], set

B! (0Q):=% + {fz Y. A;a;:a;B' (092)-atom, (4)), e/l}, (4.8)

j=0

where the series converges in the sense of distributions, and % is the space
of constant functions on 0Q. In this context, a BI_S(O.Q)-atom, O0<s<l,is
a function ae L*(02) with support contained in B,(x,) n0Q2 for some
Xo €00, 0 <r<diam 2, and satisfying

| ado=0, lal poomy<r—m (49)
00
Furthermore, for fe B! (0Q), 0<s<1,

115 o) :=inf{|g|m+ Sl =g+ Y z,-a,}, (4.10)

j=0 =0

where g€, a;’s and (4;); are as in (4.8). Parenthetically, observe that
Vin: BN0Q)—> B!_(0Q) is a bounded operator; this is trivially checked
using the above atomic decompositions.

Next, we include a brief discussion of the Besov and Sobolev classes in
the interior of a Lipschitz domain Q < M. First, for 1 <p, ¢ < o0, s >0, the
Besov space B2 9(M) is defined by localizing and transporting via local
charts its Euclidean counterpart, i.e., B2 9(R") (for the latter see, e.g., [ Pe],
[BL, BS, Tr, JW1]). Going further, B2 () consists of restrictions to €2 of
functions from B2 9(M). This is equipped with the natural norm, ie.,
defined by taking the infimum of the |-| B i(ar)-NOTMS of all possible

extensions to M. The spaces B ?(2) will be abbreviated as B2(Q).
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Using Stein’s extension operator and then invoking well known real
interpolation results (cf, e.g., [BL]), it follows that for any Lipschitz
domain Q = M,

(BZ©(Q), B{r 1(2))o, , = BL(2) (4.11)

if 1/p=(1=0)/po+0/p:, 1/g=(1—0)/q0+0/q,, s=(1—0)s0+0s,, 0<0
<1, 1<po, P15 90> 41 <0, So #51, So, $1>0.

A similar discussion applies to the Sobolev (or potential) spaces LZ(£2),
this time starting with the potential spaces L?(M ) (lifted to M from R” via
an analogue of Lemma 4.1; for the latter context see, e.g., [ St, BL]). For
seR we define the space LZ () to consist of distributions in LZ(M)
supported in © (with the norm inherited from L?(M)). It is known that
Co (L) is dense in L2 ((£2) for all values of s and p.

comp

Recall (cf. [JW]) that the trace operator

Tr: L?(Q) - B”

s—1/p

(09Q) (4.12)

is well defined, bounded and onto if 1 <p < oo and ;<s <1+ . This also
has a bounded right inverse whose operator norm is controlled exclusively
in terms of p, s and the Lipschitz character of Q. Similar results are valid
for Tr: B2 %(Q) — Bf_,,(02). In this latter case we may allow 1<p < co;
cf. [BL].

Next, if 1 <p < oo and %< s<l+ i, the space L? ((£2) is the kernel of the
trace operator Tr acting on LZ(€). This follows from the Euclidean result
[JK2, Proposition 3.3]. In fact, for the same range of indices, L? ((£2) is
the closure of Cg () in the LZ(L) norm.

For positive s, L? () is defined as the space of linear functionals on test
functions in Q equipped with the norm

1 ler (o) :=sup{I<{f. g>]: g€ Conp(R), 1€l 1ary <1}, (4.13)

where tilde denotes the extension by zero outside Q2 and ;+ | =1. For all
values of p and s, C*(Q) is dense in L?(Q). Also, for any se R,

L7, o(2)=(LYL)* and  LZ(Q)=(L{(2))* (414)
For later reference, let us point out that
LY ()= (L% (2))% LT ) (2)=(L7_1,1,(2)% (415)

for 0<s<1 and I <p, ¢ <oo with }+ I =1. These follow from (4.14) and
the fact that L2 ((2)=LZ(Q) for 0<a<§, Il <p< oo (the latter can be
easily deduced from [JK2, Proposition 3.5]).
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We shall also need the fact that the exterior derivative operator
d: L?(Q, A’TM)— L? (2, A”T'TM) (4.16)

is well defined and bounded for 0</<n, 1 <p<oo and s=0. See, e.g.,
[FMM] for a discussion. A similar result holds for J, the formal adjoint
of d, provided the metric tensor on M is sufficiently smooth. Here,
L?(Q, A’TM) stands for the space of /-forms on Q with coefficients in
L2(Q).

As for L2(02), 1 <p< oo, —1<s<1, define this to be L?(02) when
s=0 and {feL?(0Q); Vi feLP(0Q)} when s=1. The case when 0<s
<1 can be handled by defining L?(0Q2) by complex interpolation:

L2(0Q) :=[L?(8Q), L?(2Q)],. (4.17)

Finally, when —1<s<0, set
1 1
L?(0Q):= (L7 (0Q))*, -+-=1
q p

Going further, it is well known that L2(Q), L? ((Q), L? (Q), L” , ,(Q),
L?(0Q), and L? (0€2) are complex interpolation scales for 1 <p < oo and
nonnegative s (in the case of the last two scales we also require that s<1).
Also, the Besov and Sobolev spaces on the domain are related via real
interpolation. For instance, we have the formula

(LP(Q), LE(2))5,4=B&(2) (4.18)

when 0 <s <1, 1 <p<oo, and k is a nonnegative integer. It is also known
that for s >0,

1<p<2=B>?(Q) = L2(Q) = B>*Q), (4.19)
2<p < 0= BrAQ) < L(Q) <> B 2(Q).

Also, the same inclusions hold with @ replaced by 0Q.

A more detailed discussion and further properties of these spaces, as well
as proofs for some of the statements in this paragraph for Euclidean
domains can be found in [BL, BS, JK2]. We consider next yet other
characterizations of membership in the classes of Sobolev and Besov
spaces, together with some of their consequences.
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PrOPOSITION 4.4. Let Q be a Lipschitz domain in M and fix 1 <p < o0,
ke{0,1}, and a function u in Q so that Vue L (Q) for 0<j<k+1.
Then, for 0 <s<1,

dist(-, 02)' =% |VE T | + |V*¥u| + |u| € LP(Q) =>ue B?

k+s

(Q). (4.20)

Suppose next that 1 <p < oo and 0<s < 1; in the case p >?2 assume further
that s #1/p. Then

dist(-, 3Q)1 =% |VE* u| + |V¥u| + [u] € LA(Q) =ue LE (Q). (421)
Finally, if 0<s <3 <1, then
we B, (Q)=dist(-, Q)™ |V¥u| + u| € L7(Q). (4.22)

Moreover, naturally accompanying estimates are valid in each case.

Proof. The implications (4.20)—(4.21) are proved in [JK2]. This was
done in the Euclidean setting but it can easily be adapted to manifolds.
Also, the implication (4.22) follows by observing that ue B, (£2) entails
V¥u e B?(Q) and then invoking [ Gr, Theorems 1.4.2.4 and 1.4.4.4]. |

We conclude this section with a discussion of membership in the classes
of Sobolev and Besov spaces for null-solutions of elliptic PDEs. First, we
need a few lemmas.

LeEMMA 4.5. Let L be as in (3.1) and assume that its coefficients satisfy
(3.2). Assume ue BE(Q), for some pe(r/(r—1),r), s€(0,1), and Lu=0 in
Q. Then

dist(-, 92)' =% |Vu| e L?(Q). (4.23)

The same conclusion holds if p = co. Also, if the coefficients of L satisfy (3.4)
then (4.23) is actually true for 1 <p < o0.

Proof. Note that it suffices to estimate dist(x, 92)' = |Vu(x)| for x near
0Q. If 0 < p < dist(x, 022) then, working in local coordinates, Proposition
3.4 gives

u(z) — ()| dz)l/ﬂ

|Z_x|n+sp

dist (x, 0Q) |Vu(x)| < C (,ﬂ’ j
B,(x)

+ Cdist(x, 0Q2)2~"" Ju(x)| (4.24)
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so that

(dist(x, 2Q)' ~* [Vu(x)|) < C | W

B,(x) z—

dz+ Clu(x)|?.  (4.25)

Since u € B?(2), this readily yields a local version of (4.23), near 0Q2. Away
from 0Q, the desired conclusion follows from (3.45).

Next, if p= o0, then (4.23) is a simple consequence of (3.44). The last
part of the statement of the lemma can be proved in a similar fashion. |

LEMMA 4.6. Let L be as in (1.2), with Lipschitz metric tensor, and
assume that ue L?(Q), with 1 <p < oo and 0<s<1, satisfies Lu=0 in Q.
Then

dist(-, 0Q)'~* |Vu| e LP(Q). (4.26)

Proof. First note that (4.26) is obvious when s=1 and that (the last
part in) Proposition 3.4 furnishes (4.26) when s=0. In particular, the
assignment « +— Vu is continuous from # N L?(2) and # N L{(Q) into the
weighted Lebesgue space L?(Q, dist(-, 0Q)? d Vol) and L?(Q), respectively,
where we set

H ={uelL?l

loc

(Q): Lu=0}, (4.27)

a space that is independent of p € (1, c0), by (the last part in) Proposition
3.1. Interpolating with change of measure (cf. [SW]) gives that the map

Vi[# ALY Q), # A LY(RQ)], - LP(Q, dist (-, 0Q)~97 dVol)  (4.28)

is continuous for 0 <s < 1. At this stage, the desired result is a consequence
of the fact that

[H# ALP(Q), # ALX(Q)],=H# AL2(Q), 0<s<l. (429)

This concludes the proof of the lemma, modulo that of (4.29) which is
treated separately below. ||

The result (4.29) is proven by an argument similar to one used in the
proof of Theorem 4.2 in [JK2], for L =4,, the flat-space Laplacian. We
present the argument here, in order to make clear what properties we need
on the metric tensor.

LeEMMA 4.7. Whenever the metric tensor is Lipschitz, the result (4.29) is
true for all pe (1, o).
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Proof. To begin with, note that the claim about (1.3) extends, via (the
last part in) Proposition 3.1, to include the fact that

L:L5(M)— L?(M) is an isomorphism Vpe(l, o0). (4.30)

Next, for j=0, 1, let &: L#(L2) — L#(M) denote Stein’s extension operator,
and let #: L?(M)— L?(£2) denote restriction. Then set

G=LELL(Q) > LP (M), G=RL""LP (M) LI(Q). (431)

To justify the mapping property stated for ¥, note that (4.30) implies
L™ LP(M)— L5(M), so by duality L™ L? (M) — L?(M), 1 <p < .

One sees that 97 =1 on L7 (Q2), while Q:=9% satisfies 0?=0Q and
SeL? ,(M)=Qf=fon Q, ie,

[=Q: L0 (M)—LP_, (M\Q), j=1,2. (4.32)

Also, given ue L?(Q) we have ue # if and only if JueL? , o M\Q) for
j=1, 2. With this set-up, [ LM, Theorem 14.3] applies to give (4.29). ||

We now present a result which for the flat-space Laplacian was

established in [JK2, Sect. 4].

ProrosITION 4.8. Let L be as in (1.2), with Lipschitz metric tensor, and
consider a function u so that Lu=0 in Q. Then, if 1 <p<oo and 0 <s<1,

ue L?(Q)=ue B(Q). (4.33)

Conversely, retain the same hypotheses and, in the case p > 2, assume further
that s #1/p. Then

ueBP(Q)=ueL?(Q). (4.34)

Proof. This is a direct consequence of Lemmas 4.5-4.6 and Proposition
44. 1

In order to state our last result in this section, recall that the nontangen-
tial maximal operator acts on a section u defined in the Lipschitz domain
Q, by

u*(x) :=sup{|u(y)| : yey(x)}, xedQ. (4.35)

Here, y(x) = Q is a suitable nontangential approach region with “vertex” at
x€0Q.

Our aim is to relate L%-estimates on the nontangential maximal function
to membership in the Sobolev space L3, for null-solutions of L. We have
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PrOPOSITION 4.9. Consider L as in (3.1), a second order strongly elliptic,
formally self-adjoint operator so that

afeC'tr, >0, b¥el;,  vPel’, r>n (436)
Then, for each u so that Lu=0 in Q, there holds
ueLf/z(.Q)@u*eLz(aQ). (4.37)

Also, naturally accompanying estimates are valid.

Proof. We start with the right-to-left implication in (4.37). As a conse-
quence of the well-posedness of the Dirichlet problem for L — /1 (where the
real parameter 1 is assumed to be large) and the mapping properties of the
layer potential operators involved in the integral representation of the
solution, the estimate

j dist(x, ag)|vu(x)|2dVol(x)<cf |u*|? do, (4.38)
Q oQ

uniformly in u satisfying Lu =0 in €, has been established in [ MMT]. See,
e.g., (3.55) and Corollary 3.2 in that paper. In concert with (4.19), this
readily yields the right-to-left implication in (4.37).

As for the opposite implication, since the problem has local character,
there is no loss of generality in assuming that 2 is small, e.g., contained in
some coordinate patch. Moreover, so we claim, it suffices to consider the
case when u, satisfying Lu =0 in ©, also belongs to C%(2) n L}(R) and, for
each ¢>0, prove the estimate

j |u|2da<C6J (dist(x,ag)|W(x)|2+|u(x)|2)de1(x)+ej u*|? do.
o2 Q 0.

Q

(4.39)

Hereafter we shall work in local coordinates and the constant C, is
supposed to depend exclusively on the Lipschitz nature of 2, ¢ and L.

To justify the claim, let us show how (4.39) can be used to finish the
proof of the left-to-right implication in (4.37). Indeed, granted (4.36),
Lemma 4.5 and a simple limiting argument which utilizes an approximating
sequence £, 7 Q with bounded Lipschitz character lead to

sup H”HLZ(an) <C, H”HLfﬂm) +e u*|| 200)- (4.40)
J
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In order to continue, we invoke an estimate from [ MMT], to the effect
that

H“HLZ(ag) X H”*HLZ(ag)s (4.41)

uniformly for null-solutions u e C°%() of L, with constants depending only
on the Lipschitz nature of 2 and L. This is a consequence of [ MMT,
Theorem 3.17] (cf. especially the estimate (3.5) there) and has been
established under the requirement that the operator L satisfies the
non-singularity hypothesis:

VD(S M) Lipschitz domain, weLj (D), Lu=0=u=0 in D.
(4.42)

Let us assume for now that this is the case and explain how the proof of
the proposition can be finished.

With Q; in place of Q, (4.41) readily gives that, in our current setting,
| 1200y = SUP; HuHLz(ag/_). Utilizing this back in (4.40) and choosing &
small enough, establishes the estimate |lu™*|| o0, < C(0Q) |lu] @) a3
desired.

Finally, (4.39) can be established as [ DKPV, Sect.2]. The approach
devised in the aforementioned paper is sufficiently flexible, as it rests on the
following ingredients: (i) the assumptions of symmetry and strong
ellipticity for L, (ii) interior estimates for L, (iii) the existence of an
adapted distance function (see [ DKPV, p. 1432-1433] for details), and (iv)
integrations by parts, Schwarz’s inequality and the standard Carleson
estimate. All these are available in our case (cf. Section 3 for (ii)) and the
argument in [ DKPV] can be adapted to our situation to yield (4.39). We
leave the details to the interested reader.

At this point we return to (4.42) and indicate how one can dispose of
this extra assumption. The first step is to observe that if L is negative-
definite on M then (4.42) is automatically verified. Indeed, if D= M is a
Lipschitz domain and u eLi o(D) is such that Lu =0 in D then, with tilde
denoting extension by zero outside D, we see that e L3(M) satisfies
supp Liz =0D. In particular, {Li, &y =0 due to support considerations.
Since we are assuming L <0 on M, this forces # =0, as desired.

In the second step we shall show how L can be altered off Q so that it
becomes negative-definite on M. In the process, we can (and will) assume
that Q is very small (relative to L, in a sense made more precise below).
To this end, fix some constant A4 € (0, c0) so that, in the current setting,
L — A is negative-definite on L*(M). Also, pick B> A and set B;=B;(x)=
B(1—yg) where, for some fixed peQ, Q;= {xe M :dist(x, p) <1/j}.
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Here is the claim which finishes the proof of the proposition.
L—B; is negative-definite on M for large J. (4.43)

Since this is a consequence of 0 <(—L+ B;+A4)~'<A~" (all operators
considered on L*(M)) and standard functional analysis, it suffices to prove
that

(L—B;—A)"'>(L—B—A)"", in L?-operator norm,
as j— oo. (4.44)

To see this, given fel* M) set u,=(L—B,—A)"'f and u=
(L—B—A)"!'f We have ;]| 2 < || fll 2. Also, the fact that

(L—A)u;=Bu;+ f (4.45)

is bounded in L% M) entails HujHLTSCO [/l 2. Now (L—A)u—u;)=
Bu— Bju;=B(u—u;)+(B— B;)u; which implies (L—A4—B)(u—u;)=
(B— B;) u; and, further,

lu—u;ll 2 <B~' (B~ B)) ;] 12- (4.46)
Note that, generally speaking,
I(B—B)) vl 2<0;B |[v]| 12, (4.47)
with 6, — 0 as j— co. Hence
lu—u;)l 2 < B~ [(B—B;) ;12 < Co0; || 1 22 (4.48)

and (4.44) is proven. |

5. THE BANACH ENVELOPE OF ATOMIC HARDY SPACES

Fix an arbitrary Lipschitz domain @ in M and for each pe((n—1)/n, 1)
set s :=(n— 1)(’%— 1). Note that 0 <s<1. A function ¢ € L*(0Q) is called
an $H?(0Q)-atom if jag a do =0 and, for some boundary point x, € 0Q2 and
some 0 <r <diam Q,

supp a =02 N B,(x,), el ooy < ¥~ V/2. (5.1)

Recall that % is the space of constant functions on 0Q. For
(n—1)/n<p<1 (and p =1, respectively) we recall that the atomic Hardy
space $HP(082) is defined as the vector subspace of (BX(02)/%)* (and
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L'(0Q), respectively) consisting of all linear functionals f that can be
represented as

=23 Aa, (4)); €7, a;’s are H?(0Q)-atoms, (5.2)

in the sense of convergence in (B*(92))* (and L'(0RQ), respectively). We
equip H?(02) with the (quasi-) norm

1/p
f|,3p(ag):=inf{<z |)vj|p> cf=Y Aa;asin (5.2)}. (5.3)

j=0 j=0
We shall also need the localized version of $?(0Q2), ie., HhP(0R2)<
(BX(0£2))* defined by

H2(0Q) := HP(0Q) + € = HP(0Q) + L1(0Q), Vg >1. (5.4)
As is well known,

B=(0Q), if p<l,

(bp(ag))*:{bmo(&()), if p=1.

(5.5)

See, e.g., [CW] for a more detailed account. It is also well known that

{D2(02)} (4 1ym<p<1 Y{LA(O2)} 1 < p< oo is an interpolation scale

for the complex method. (5.6)

See the discussion in [ KM].

Next we discuss the “minimal enlargement” of h”(0€2) to a Banach space,
its so-called Banach envelope. To define this properly, we digress momen-
tarily for the purpose of explaining a somewhat more general functional
analytic setting. A good reference is [ KPR].

Let ¥~ be a locally bounded topological vector space, whose dual
separates points, and fix U a bounded neighborhood of the origin. Then,
with co 4 standing for the convex hull of a set 4 = 77, the functional given
by

[ X[l :=1inf{y>0; 7 'xeco(U)} (5.7)

defines a (continuous) norm on ¥~ (any other such norm corresponding to
a different choice of U is in fact equivalent to (5.7)). Then, ¥, the Banach
envelope of 77, is the completion of 7~ in the norm (5.7). Thus, ¥ is a well
defined Banach space, uniquely defined up to an isomorphism. Also, the
inclusion ¥~ = ¥ is continuous and has a dense image. Furthermore, 7~
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and 7 have the same dual; see [ KPR]. Another useful observation is con-
tained in the next lemma (whose proof is an exercise).

Lemma 5.1. Let v7, 75 be two topological vector spaces as above and
consider a bounded linear operator T: V| — V5. Then T extends to a bounded
linear operator T: V| — ¥V, with

sup | T(x) 5, < 1] 7 inf{e >0 : T(Uy) < Uy}, (58)

where U; =V} is the bounded neighborhood with respect to which the norm
II- Ha,? has been defined, j=1, 2.
If. moreover, T is an isomorphism then so is T.

Our main result in this section relates Bp(ég) to the atomic Besov spaces
B' (09Q), defined by (4.8)~(4.10). It is an improvement of [FMM,
Theorem 5.4].

PROPOSITION 5.2. Let Q be a bounded Lipschitz domain in M and fix
some index "L<p<1. Then hP(0Q), the Banach envelope of hHP(0RQ),

n

coincides with B' (0Q), where s =(n—1)(; —1).

Proof. The crucial observation is that f)”(@Q), as a subspace of
(BX(082))*, is given by

E + {f= Y. Aya;in (BP(02))*: (4); el', a;’s are Sj"(aQ)-atoms} (5.9)

j=1

endowed with the norm

f»—»inf{|g|Lw<ag)+Z |41 f=g+) Aa;, g€, A;’s,a;’s as in (5.9)}.

(5.10)

For Euclidean domains this has been proved in [FMM] and the proof
given there readily adapts to our current setting. Now the desired conclu-
sion follows by noting that each $?(9Q2)-atom is in fact a B' (0Q)-atom,
granted that s=(n—1)(1—1). |

P

We mention that Proposition 5.2 plus previously noted duality results
yield (B! (0Q))* = B*(0R2), a special case of duality results that are
contained in [ Tr, Theorem 2.11.27.
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6. NEWTONIAN POTENTIALS ON SOBOLEV AND
BESOV SPACES

Let the manifold M, the Lipschitz domain @ and the potential V be as
in Section 1. The goal is to study the mapping properties on scales of
Sobolev—Besov spaces for the associated Newtonian potential operator

1,f(x) := L} CEAx, ), f(p)y dVol(y),  xeQ. (6.1)

n (6.1), fis a differential form of degree /€ {0, 1, .., n} in 2, and E(x, y)
is the Schwartz kernel of

(A, — V)"V L2 (M, A’TM) — LA(M, A°TM), (6.2)

as in Section 2. In other words, IT,=R(4,— V)~'E, where E denotes
extension by 0 off Q and R denotes restriction to Q.

PROPOSITION 6.1.  Assume the metric tensor satisfies (1.28). For each
/el .., n},
I, (L?

s+1

(99 A{TM))*_)Lf—s(QsA/TM)a VSE[—I, 1],
rl(r—=1)<p, g<r, 1l/p+1/g=1 (6.3)
and

I1,: (BY, (2, A’TM))* - B? _ (Q, A’TM),  Vse(—1,1),

r(r—=1)<p, gq<r, l/p+1/g=1, (6.4)

are well defined, bounded operators.
For /=0 and under the (weaker) assumption that the metric tensor is
Lipschitz, (6.3)—(6.4) are valid for the full range 1 <p, g < c0.

Proof. Given our assumption on the metric, if s= —1 then (6.3) holds
for 1 <p <r; see [MMT, Theorem 2.9]. The full range —1 <s<1 is then
easily seen from this, duality and interpolation (note that /7, is formally
self-adjoint).

The assertion on Besov spaces is a corollary of the preceding result and
repeated applications of the method of real interpolation (together with the
corresponding duality and reiteration theorems).

Finally, the last part in the proposition follows much as before; this time,
however, we invoke (4.30). ||
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7. SINGLE LAYER POTENTIALS ON SOBOLEV AND
BESOV SPACES

In this section we continue to retain the same hypotheses made in
Section 1 for M, Q and V. Recall the fundamental solution E,(x, y) for the
operator 4,— V and the single layer potential operator

S, (Lip(0Q, A’TM))* - C1.F7(Q, A’TM), some y>0, (7.1)
defined by

I f(x) = CEAxX, ) ogs [),  x€Q, (72)

for each fe(Lip(0Q, A’TM))*. Hereafter, < -,-> stands for the natural
duality pairing between a topological vector space and its dual (in the case
at hand, between Lip(0Q, A°TM) and (Lip(0Q, A°TM))*).

Our main result in this section summarizes the mapping properties of the
operator (7.1) on scales of Sobolev—Besov spaces.

THEOREM 7.1. Assume the metric tensor satisfies (1.29) Then, for
I<p<oo, 0<s<1 and 1 </ <n, the operator

S, BP (0Q, A’TM)— B? (Q, A°TM) (7.3)

1+1/p—s

is well-defined and bounded. In fact, if 1 <p < o0, then

S: B? (0Q, A’TM) — L? (Q, A’TM) (74)

1+1/p—s
is also a bounded linear mapping, so that ¥se (0, 1), Vpe (1, o0),
”*%’fHB’I’Hpﬂ(Q,A”TM)'F Hf%’f”L‘l’Hpﬂ(g, ATM)
<C(Q,s, p) ‘|f‘|3{5(69, A'TM)> (7.5)
uniformly for f € B? (0Q, A’TM).
In particular, if Tr stands for the trace map on 0Q, the operator
S, :=Tr ¥, has the property

S,: B2 (0Q, A“TM)— B?_ (0Q, A‘TM),

for 1<p<oo,0<s<],and 1</ <n.
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Finally, if ¢ =0, the same results are valid for %, under the assumption
that the metric tensor satisfies (1.27).

Handling %, on Besov spaces utilizes size estimates for the integral kernel
(and its derivatives). A general statement to this effect is formalized and
proved in the Lemmas 7.2-7.3 below. Since these lemmas have some inter-
est of their own, we state (and prove) them in a slightly more general
version than what is needed here.

LemmA 7.2. Let Q be a Lipschitz domain in M and consider a positive
integer N. For k(x, y) defined on M x M\diagonal and satisfying

VLV k(x, y)| < dist(x, y) =247, Vi=0,1,..,N, Vj=0,1,
(7.6)

for some x>0 independent of x, y, introduce
HL(x) :=Ck(x, Vo, /7, XL (1.7)
Then, for 0 <s <1, this operator satisfies the estimates
Idist(-, 0Q2) = IV A S| gy + IV S | gy + 14 f || 11y
<AL, k5, 9) 1/ 1l 500> Vi=0,1,..,N—1, (7.8)
uniformly in f € (B(0Q))*.

Proof. Let us estimate the leading term in the left side of (7.8); the
argument for the remaining terms is simpler. The point is to establish the
estimate

f dist(x, 0Q)* 1+ V1 +ik(x, ) g(x) d Vol(x)
Q

B;’C(Zi.Q)

<AL, x, 5) (18l oy (7.9)

uniformly for ge L% __(€2). To this end, for a fixed, arbitrary ge L2 (Q),

comp comp

we shall focus on establishing

f g(x) dist(x, 0Q) 1+ (Vi+ik(x, p) — Vitik(x, q)) d Vol(x)

Q

< Cdist(p, 9), (7.10)

uniformly for p, g€ 0Q. Now, fix two arbitrary boundary points p, g € 0Q
and, for a large constant C, bound the integral above by
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|g()] dist(x, 02)°~ '+ [V " k(x, p)| d Vol(x)

JL:list(x, p) < Cdist(p, q)

+ | g(x) dist(x, 0Q)* ="+ |V *'k(x, ¢)| d Vol(x)

dist(x, p) < Cdist(p, q)

+| |g(x)] dist(x, 22)* 1+
d

ist(x, p) > Cdist(p, q)
x |Vi*k(x, p) — Vi* k(x, q)| d Vol(x)
=: I+ 1T+ 1II (7.11)

To deal with 7, in the light of (7.6), by localizing and pulling back to R” ,
it suffices to consider

tsfl+i

- - - AT l.dtdx',
Lx’—pw+|t+¢(x')—q>(p')|<C|p'—q'| (Ix'=p'l+lt+o(x")—@(p)H)" '+

(7.12)

where @:R""!> R is a Lipschitz function and x=(x, ¢+ @(x")),
p=(p,o(p)), q=(4, ¢(q")). Accordingly, we seek a bound of order
|p"—¢'|°. To this effect, we note that the integral (7.12) is majorized by

[s—1+i

cjl it dx'

¥oplri<clp—q) (X' =p'|+0)" 1

© ls_1+i 1
<C —dt ———dx’
<j0 (14—t ><j|x'|<0|p'q'| x|~ >

<Cuslp' =4I, (7.13)

and the last bound has the right order. Similar arguments also apply to I/
in (7.11) since dist(x, g) < dist(x, p) + dist(p, g) < C dist(p, ¢). Thus, we are
left with estimating //1. For this, an application of the mean-value theorem
together with (7.6) and a change of variables allow us to write

1< Cf
X" =p'l+1t+o(x)—e(p)>Clp —4|
ts—1+i [
X ' ' |p/ Q| ’ n+idx/dt
(Ix"=p'I+1t+o(x)—@(p)])
ts—l+i|pr_q/|

< CJ ' dt. (7.14)

I —pl+e=cClp—g) (|X = p'|+1)"!
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Making x'+—x":=(x"—p")/|p'—¢'| and t+—1t :=t/|p'—4¢'| in the last
integral above readily leads to a bound of order |p'—¢’|’, i.e., the proper
size. This finishes the proof of (7.8). ||

LEMMA 7.3. Retain the same hypotheses as in Lemma 7.2 and recall the
operator A" introduced in (7.7). Then, for 0 <s <1, this operator satisfies the
estimates

Idist(-, 0Q2)*** [V AL || oy + IV'Hf || ooy + 1S || 22(2)
<C(Qa K, S) HfHBiO (092)> Vl=0, 1,---3N_13 (715)

uniformly in f e B* (0Q) :=(B}(0Q))*.

Proof. Consider the leading term in the left side of (7.15); all the others
can be handled similarly. Here the idea is to prove that

‘|V}c+ik(x3 )HB;(@Q) < C(Qs S) dISt(xa 69)73‘71” Vi= 03 13 ey N— 19
(7.16)

uniformly in x € Q. Clearly, this suffices in order to conclude (7.15). The
remainder of the proof, modeled upon [ FMM], consists of a verification
of (7.16).

The problem localizes and, hence, it suffices to prove the estimate

1+ik _ 1+ik )

[ Bt nol I o) dotg < C s, 00)
22 Yoo lp—ql

(7.17)

uniformly for x € Q, in the case when £ is the domain above the graph of
a Lipschitz function ¢: R"~! - R.

Now, for a fix, sufficiently large C> 0, split the inner integral according
to whether |[x—p|<C|p—gq| or |x— p|>C|p—gq|. Thus, it suffices to
treat {,q |1| do, [, |1I| do, and (g |11I| do, where

VL k(x, p)l
I:ZJ n—1+s O-( )’
lx—pl<Clp—al |P—4q|
IV k(x, q)
11;=f T 2 I ds(p), (7.18)
lx—pl<Clp—al |P—4l

|Vi+ik(x’ p) _V}c+ik(xa 61)|
|n—l+s dO'(p)

111::[

lx—pl>Clp—al lp—q
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To this end, note first that a change of variables based on the representa-
tions x = (x', p(x') +1), p=(p', @(p")), and ¢ =(q', ¢(q')) gives

n<c|
X =pl+1t+e(x)—e(p)<Clp'—4'|
' | —r+1—s
x ’ |p qr| ’ ’ n71+idp’
(I1+o(x") =P+ Ix" = p'l)

dp'
I —pl+t<Clp—q'| | P’ *q,|n71+s (t+1x"—=p'l)

<cj

n—1+i"

(7.19)

Substituting x' — p’=th in the last integral above and then integrating
against [g.—1 dg’ yields

1
f 1] do<C— <f
202 U Ire-1 \Vjp+1<CIx —th—q'|/t

dh
' g 2
><(|h|+l)"”’|x’—th_q'|n1+s>dq (7.20)

Substituting again, this time first x’ —¢' =tw and then w—h=rw, r>0,
we S"~2, we may further bound the last integral in (7.20) by

1 f J dh dw
Zs+i Rr-1 |+ 1<C |w—h| (|h|+1)n—1+i|w_h|n—1+s

C 1 © dr
S | — =) dn
rr J (|h|+1)"_1<£h|+1 V”l>

=C, it (7.21)

C

which is a bound of the right order for fag |I]| do. The same arguments
work to bound fag |II| do, by observing that |[x—p|<Clp—gq|=
|x —¢| < C'|p—q| and using Fubini’s theorem.

As for [,q |1I1| do, we note first that since |x —z| > C |x — p| uniformly
for ze[p, q].

1
| do(p) dolq).

k—pl>Clp—gl |p—ql" 2" |x—p|"*'

L \II| do < CJ
Q

(7]

(7.22)
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As before, pulling back everything to R*~1, it is enough to bound

jR,,,l L : dp' dg'.  (7.23)

woplresclp—gl [P =4 1" (X = p + 0"
Substituting x" — p’ = th and then x' — ¢’ = tw gives

ij U 1
Y g \ s cop— g (A + 1) g — X"+ he|" =2+

! 1 dw
T i — ) dh
r fR”” (|h|+1)n+l<£h|+1>C|wh| |w—h|"—2“>

=Cp it ™7 (7.24)

dh> dq'

as desired. This finishes the proof of (7.16) and, with it, the proof of the
lemma. ||

We are now ready to present the

Proof of Theorm 7.1. Consider first the single layer potential (7.1) on
the scale of Besov spaces and recall the decomposition (2.10). This and
(2.11) show that the kernel of %, satisfies the estimates (7.6) and, hence,
Lemmas 7.2-7.3 apply. From Lemma 7.2 (with N =1) we get, dropping the
dependence of the various norms on the exterior power bundle,

Idist(-, 02)* " VA1 iy + 19/ | oy < (2. ) If | gm@aye- (125)

uniformly in fe(BX(022))*. Since (4,— V) % f =0 in &, it follows from
(7.25) and Proposition 3.3 that

Idist(-, 32)° [V, f 1| ey + 1V S ey + 19 L i
<C(Q,s) HfH(Bso(b.Q))*a (7.26)

uniformly in f e (B °(02))*. Up to this point, the hypothesis (1.28) on the
metric sufficed. However, it is here that the hypothesis (1.29) on the metric
tensor is needed for the first time. To be more precise, (1.29) is needed
when 7 > 0; for the case /=0, (1.27) suffices.

Let us digress momentarily and point out that we could have arrived at
(7.26) solely based on Lemma 7.2 in which we take N =2. However, this
approach requires the pointwise control of (mixed) derivatives of order
three for the kernel E,(x, y); cf. (7.6). Under the present approach, this
would require a version of (2.11) with (mixed) derivatives of order three
placed on the residual part e{(x, y) which, in turn, would require a metric
tensor of class L%, r>n, (for the techniques of [MT, MMT] to apply
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unaltered). This is why we choose to establish (7.25) by using Lemma 7.2
with N=1 and then, further, invoke the interior estimates of Section 3 in
order to obtain (7.26). In this latter scenario, the hypothesis (1.29) suffices.

Returning to the mainstream discussion, note that (7.26) in concert with
Proposition 4.4 give that the operator

%1 (BY(02)* > BL Q). se(0.1), (7.27)

is well-defined and bounded. Observe that, by Proposition 5.2, this is a
stronger result than the one corresponding to p=1, 0 <s<1 in Theorem
7.1.

Going further, Lemma 7.3 (with N=1) applied to the single layer
operator gives

Idist(-, 0R2)" [VL, 1]l Loy + 192/ | Loy < TR, 8) L | 5 _ (20
(7.28)

uniformly in f'e B®(0€2). Now the conclusion in the first part of Theorem
7.1 follows from (7.26) and (7.28) by virtue of Proposition 4.4 and
interpolation.

Turning our attention to the second part, i.e., when the range of %, is
taken on the scale of Sobolev spaces, note that (7.25), (7.28) and Stein’s
interpolation theorem for analytic families of operators give that for
I<p<oo,0<s<l,

[[dist( -, aQ)S_l/p VS [ HLP(Q) + H‘%’fHL”(Q) <L, p, S)HfHBP_x(ag)s
(7.29)

uniformly in f' € B” (0Q). Now, this already leads to the desired conclusion
when s—1/p >0, thanks to (4.21) in Proposition 4.4. In the case when
s—1/p <0, we first invoke Proposition 3.3 (here the hypothesis (1.29) is
used again when />0; when /=0, (1.27) suffices) and, proceeding as
before, we arrive at the same conclusion if 1 <p <r, se(0, 1/p).

Finally, interpolation between this range and the one treated earlier,
covers the full unit square, ie., s€(0, 1), 1/pe (0, 1). This finishes the proof
of the Theorem 7.1. |

Parenthetically, let us point out that (7.3)-(7.4) and real interpolation
also give that for 1 <p, ¢ < o0,

1% 1ap,

HSff”BPI-_"s(ag, ATM) S C(,s, p,q) Hf“ij(@Q, A‘TM)>

_ (@, A'TM) <C(Q, s, p,q) HfHBlj;’(aQ, A'TM)> (7.30)

uniformly for '€ B”9(0Q, A’TM), Vs (0, 1).
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Our next result deals with the case when the domain of .%; is in the scale
of Sobolev spaces. To state it, recall that for any two real numbers a, b we
set a v b:=max{a, b}.

THEOREM 7.4. Assume that the metric tensor satisfies (1.28). Then for
l<p<oo, 0<s<1, and 1 </ <n, the operator
S LP (0Q, A'TM)— B2 3, (Q, A’TM) (7.31)

—s+1/p
is well defined and bounded. When ¢ =0, this holds under hypothesis (1.27).

Proof. Note that it suffices to treat only the cases when s=0 and s=1
since the rest follows by complex interpolation (cf. [BL]). In fact, we shall
only consider the situation when s =0, the rest being similar.

Recall the residual kernel e{(x, y) from Section 2 and denote by %, %
the integral operators

B(x):=] (Vieflx, ), f(3)) do(y),  xeQ.

(7.32)
F(x):=] Vel p). () doly). xe
Then, if the metric tensor satisfies (1.28), or (1.27) in case /=0,
B. LP(0Q) —» B> ?(Q), 0<s<l, l<p<r, (7.33)
and
B LP(0Q) - LP(Q), 1<p<oo, (7.34)

are bounded operators. This follows from Lemmas 2.11-2.12 in [ MMT].
In particular,

B, B: LP(0Q) - B2 P(Q),  Vpe(l, w), (7.35)

1/p

are also bounded. For 4, this is contained in (7.33) if 1 <p <r whereas, for
n<p<oo,itis a consequence of the fact that # in (7.35) factors as

L7(0Q) <> L"(0Q) 5 By" () <> BL2(Q),  Ve>0small.  (7.36)

The corresponding statement for # (in (7.35)) is clear from (7.34).

To continue, denote by C#S? the class of classical symbols ¢(&, x) of
order m which are C# in x, for some ue[0, co], while still smooth in
£eR™0. The problem at hand localizes and, granted the fact that the
operators (7.35) are bounded, when 2 is an Euclidean Lipschitz domain it
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suffices to show the following. If ¢(&, x)e C“S3?, u>1, has a principal
symbol that is even in &, then the Schwartz kernels of 0;q(D, x), ¢(D, x) 0,
e QP C°S ;"' are all kernels of operators mapping L?(92) boundedly into
B}, 2V3(Q) for each 1 <p < o0,

Take for instance the case of the Schwartz kernel k(x— y, y) of
V.q(D, )C)E@PCOScl , for some ¢(&, x)e C“S3?, u>1, whose principal

symbol is even in ¢ and denote by ¢ the corresponding integral operator,
ie.,

A f(x) :=~LQ k(x—y, y) f(y)da(y),  xeQ. (7.37)

By performing a decomposition in spherical harmonics (cf. [MT] for
details in similar circumstances), there is no loss of generality in assuming
that = oo.

Next, fix feL?(022) and set u:=.24f in Q. Analogously to [JK2],
[Ve2], we use the fact that |[u|| B4 is controlled by a finite sum of
expressions of the type

Uortq_q/p(f J [Vu(x', o(x )+s)|"dx'ds>q/pa;t>l/q
<J o <f J u(x', @(x') +5)|” dx’ ds>q/p“il>l/q

= I+1I (7.38)

Here ¢: R"~! > R is a Lipschitz function used to describe 0Q locally and
S, =0Q is a surface ball of fixed radius r > 0.

Our aim is to bound 7 and II by | f| ;¢ in the case when 1 <p <0
and ¢:=p v 2. The first observation is that /7 in (7.38) can easily be
controlled using

¥l Loy = 1CAS)* | roey < C 11/ | rog) s (7.39)

where the last estimate is proved in [ MT] (recall that (-)* has been intro-
duced in Section1). As for I, following [JK2] we invoke Hardy’s
inequality (cf, e.g., [St, Appendix A]) in the case 1<p<2 plus
Minkowski’s inequality in order to write

r alp e\ Va4
1 <cC <f0 (L ls Vu(x', p(x") + )| dx’> Ss>

r rlq 1/p
<C f j s Valx, o)+ ) ax ) (7.40)
S, \0 N
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Note that we can arrive at same majorand for / as above in the case
2 < p < oo simply by using Fubini’s theorem since, in this case, p =g.

At this point observe that matters are reduced to proving the L?-bounded-
ness, 1 <p<oo, of the L4(0,r),ds/s)-valued operator T given by the
assignment:

LP(S,)a fos VAL(X', p(x')+s)e LP(S,, LY(0, r), ds/s)). (7.41)

It is preferable to deal first with the Hilbert space setting, i.e., when ¢ =2,
since in this case the vector-valued Calderon—Zygmund theory works.
Concretely, setting

k(x', y"):i=s Vik((x" =)', o(xX") — (") +5), (¥, 9()")), X,y eR"T
(7.42)

the estimates
Vit Vik(x, p)| < Clx—y| =717, i, j=0, (7.43)
readily imply that
o ds\'? L
([1vevi B P S) s Clw -y otn osijsl
(7.44)

In turn, these express the fact that the kernel of 7" in (7.41) is standard. The
boundedness of the operator T when p =2 follows from

. 12
1T Vs, camanmn <C ([, /s IVu(x plx) 45 dsa

r

1/2
<C < f dist(x, 0Q) |Vu(x)|? dx>
Q

< C I f 1l 200)- (7.45)

The crucial step in (7.45) is the last inequality and this has been proved in
[MMT, Theorem 1.1]. This finishes the proof of the L”-boundedness of T
when ¢ =2 and takes care of the 1 <p<2 part in the statement of the
theorem.
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Next, consider the case when p > 2. When f has small support, contained
in an open subset of 02 where 0Q is given as the graph of ¢: {x'€
R*~':|x'|<r} >R and xo=(x}, ¢(xy)) €0 is an arbitrary boundary
point, then

s |Vu(xp, ¢(xp) +5)]

SL s [VE((x0, ¢(x0) +5), (¥, (VDI - 1SV, (V') dy'

yi<r

< CUf(x,), (7.46)

uniformly in s, where .# denotes the Hardy-Littlewood maximal operator
on 0Q. The last inequality in (7.46) is a consequence of the fact that the
expression

s [VE((X', o(x") +35), (V' @(¥")] (7.47)

behaves like the Poisson kernel for the upper-half space; see, e.g.,
[ St, Theorem 2, pp. 62-63]. Thus,

sup s |Vu(xg, ¢(xp) +5)| < CAf(x0). (7.48)

se(0,r)

Using this and the fact that .# is bounded on L?(0Q), 1 <p < oo, it follows
that

1/p
<J ( sup |sVu(x', w(X’)+S)I)"dX’> SCfllree)y, — (749)

S, se(0,r)

i.e., that 7 in (7.41) is bounded when g = co.

The case when p=¢g>2 now follows by interpolating the end-point
results corresponding to ¢ =2 and ¢ = oo. (Note that here we use the fact
that B2>% — B2>% for 1<q,<gq,<o0.) This completes the proof of
Theorem 7.4. |

The last result of this section deals with the mapping properties of layer
potential operators associated with general elliptic, second order differential
operators on Lipschitz domains. As such, it further augments the results in
[ MMT, Sect.2] where some partial results in this direction where first
proved.

THEOREM 7.5. Let &, F — M be two (smooth) vector bundles over the
(smooth) compact, boundaryless manifold M, of real dimension n. It is
assumed that the metric structures on &, F, and M have coefficients in L?
for some r>n.
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Let

Lu=Y 0,47 (x) dyu+Y, B/(x) d;u— V(x)u, (7.50)
ik J
where A% = (a3f), B/ = (b3"), and V= (d**) are matrix-valued functions, be
an elliptic, second-order differential operator mapping C? sections of & into
measurable sections of F. It is assumed that, when written in local
coordinates, the coefficients of L and L* satisfy

afel?, bPelLy, d¥elL’,  for some r>n. (751)

Moreover, suppose that L is invertible as a map from H“*(M, &) onto
H=Y2(M, F) and denote by E the Schwartz kernel of L.

Let Q be an arbitrary Lipschitz domain in M. For a first order differential
operator Pe Diff|(F, ) with continuous coefficients, consider the integral
operator & with kernel (1d, ® P,) E(x, y), i.e.,

7f(x) Z=LQ (I, ®P,) E(x, y), f(y) do(y),  xeQ. (752)

Then, for each 1 <p < o0,

T: LP(0Q, F)— B,PY(Q, &) (7.53)

1/p

is a bounded operator.

Consider next the integral operator & which is constructed as before but,
this time, in connection with the kernel E(x, y). Then, for each 1 <p < oo and
0<s<l,

SLP (0Q, F)—> Brrt | (Q,6) (7.54)

—s+1+1/p

is a bounded operator. Moreover, if 1 <p< oo and 0 <s<1, then
S BP (0Q,F)—> BY | 1,(2,6) (7.55)
is a bounded operator also. Finally, the same conclusion applies to

S BP (0Q, F)— L?

—s+1+1/p

(Q, &) (7.56)

provided 1 <p < oo and 0 <s<1.

Proof. This follows much as Theorem 7.4 and Theorem 7.1, via a
decomposition in spherical harmonics; cf. [ MT] for details in similar cir-
cumstances. ||
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8. DOUBLE LAYER POTENTIALS ON SOBOLEV AND
BESOV SPACES

We shall work with our usual set of hypotheses on M, Q and V' made
in Section 1. The aim is to describes the action of the operators (1.11) and
(1.15) on scales of Sobolev—Besov spaces. We begin with the case when the
domain of the operators is the scale of Besov spaces.

THEOREM 8.1.  Assume that the metric tensor satisfies (1.27). Then, for
Il<p< oo and 0 <s<1, the operator

7: BP(0Q) - B”

s+1/p

(Q) (8.1)

is well defined and bounded. In fact, if 1 <p < oo and 0 <s<1, then

7: B2(0Q2) > L7, () (82)
is also bounded. Furthermore,
K: B?(0Q) — B?(0Q) (8.3)

is well defined and bounded for 1 <p < oo and 0 <s<1.

This is based on a series of lemmas, which we now formulate and prove.
We debut with the following Holder result which, on the Besov scale,
corresponds to p = co.

LemmA 8.2. Assume that the metric tensor on M satisfies (1.27). Then,
for 0<s< 1, & is a bounded linear map from BP(082) into BP(LQ).

Proof. This has been proved in [ MT2, Sect. 7] as a consequence of the
estimate

sup (dist(x, 02)' 7 [VZf(x)]) S C(2, 3) | /]| 5* 002 (84)

xeR

uniformly for fe B¥(092), if 0 <s<1. Cf. [MT2, (7.24)]. |

We next turn attention to the case p =1 on the Besov scale. The main
result in this regard is the lemma below.

LeEMMA 8.3. Assume that the metric tensor satisfies (1.27). Then the

operator 9 maps BL0Q) linearly and boundedly into B!, (Q) for each

0<s<l1.
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Proof. Since Zf is a null-solution for L in Q, by Proposition 3.3 and
Proposition 4.4, it suffices to show that

J, dist(x, 02) 7 [VZ/(x)] d Vol(x) < C /| o (85)

uniformly for /'€ B!(02). Fix an arbitrary f € B}(0Q), 0 <s < 1. Note that,
in the left side of (8.5), the contribution away from the boundary is easily
estimated, e.g., by the interior estimates in Section 3. Thus, we may replace
Q by € N Q, where € is a small collar neighborhood of 022 in M. Further-
more, via a partition of unity, there is no loss of generality in assuming that
f has small support, contained in a coordinate patch.

To continue, let us assume for a moment that V=0 on Q. In this case,
since V& annihilates constants, we can replace f in (8.5) by f—f(n(x))
where 7: 4N Q2—>0Q is some Lipschitz continuous map so that
dist(x, 0Q2) ~ dist(x, 7(x)), uniformly for x € € n Q. Next, since the metric
satisfies (1.27), the decomposition (2.10) in concert with Theorem 2.1 give
that the kernel k(x, y) of VZ satisfies

lk(x, y)| < Cdist(x, y) 77", VxeQ, Vy e 0Q. (8.6)
Thus, we need to estimate

dist(x, Q)= dist(x, ») ™" | /(») — f(n(x))| da(p) d Vol(x).
(8.7)

J‘(Kr\[l Q

Note that max{dist(x, 0Q), dist(y, n(x))} < Cdist(x, y). Also, set 7:=
dist(x, 022) and X :=n(x). Then, the integral in (8.7) is bounded by I+ II
where

Iz:fw j f 1~ dist(y, X) 7" | f(y) — f(%)| do(y) do(%) di
0 Q2 “dist(y, X) = Cr

yeo

(8.8)

and

m=["[ | (= dist(y, )7 | f) — /(9] do(9) dot(%)
0 02 “dist(y, X) < Ct

yeoR

(8.9)

where C >0 is a fixed, sufficiently large constant. To continue, pull-back
everything to R”~' and denote by (wg)(x) :=|lg(x+-)— g(-)| Lge-1y the
L'-modulus of continuity of an arbitrary function g: R"~!— R. Then,
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changing the order of integration and integrating first with respect to ¢, we
obtain

ne<c[" L[ Wy
o ' Jyzsca |z|”
of )(z i
SCJ _ |(r{()(1+)sd2<(j HfHB;(Rn—l)» (8.10)
Rr—1 Z|

which has the right order. In a similar manner,

1 (of )(2)
1<c dz dt
| | fO [1+Sj|z|<Ct |Z|n—1 z
wf)(z)
<cj %szCHfHBI(an). (8.11)
Rr—1 |Z| s

This concludes the proof of the lemma in the case when V=0 on Q.

To treat the general case, let &, be the double layer potential corre-
sponding to the choice of a potential ¥, which vanishes in Q. By the
previous discussion, it suffices to prove that

”diSt('a ag)is |V(9 _@o)ﬂ ”Ll(g) < Cs HfHLl((?Q)a (8-12)

for each s € (0, 1), uniformly for f € L1(02). Now, by (2.10) and Theorem 2.1,
the integral operator in the left side of (8.12) has a kernel k(x, y) satisfying,
for each ¢ >0,

|k(x, y)| < C, dist(x, 0Q2) ~* dist(x, y)~"~1+2), VxeQ, Yy € 0Q.
(8.13)

This and elementary estimates then readily yield (8.12). ||

Let us pause for a moment and discuss an alternative approach to the
Lemma 8.3. While this works for differential forms of higher degree, the
metric tensor would have to satisfy (1.29) in place of (1.27). Nonetheless,
this result (or rather its proof) will be useful for us in the sequel.

To get started, let us consider a generalization of (1.11) at the level of
differential forms of arbitrary degrees. Specifically, for each /€ {0, 1, ..., n},
we introduce the double layer potential of a /-form f in, say,
L*(0Q, A’TM) by setting

Dof(x) = () v dy=(3) 7 8,) EAX, p), f(2)) do( ),

(7]

xeQ, (8.14)
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where A, v are the usual exterior and interior, respectively, products of
forms. Its (nontangential) boundary trace is

Dy floo=0G1+K,) f,  ae. on 0L, (8.15)

where

K, f(x) = P-V~J Cv(p) v d,—=v(y) A 0,) EAx, y), f(y)) do(y),

o

X €0Q. (8.16)

See [ MMT, Sect.6] for more on these. Note that when /=0, the
operators (8.14), (8.16) reduce precisely to (1.11) and (1.15), respectively.

LEmmA 8.4. Assume that the metric tensor satisfies (1.29). Then, for
0<s<l1 and /€{0,1, .., n}, the operators

d%,: B 0Q, A’TM)— BXQ, A**'TM) (8.17)
and
09,: B(0Q, A'TM)— BXQ, A*~'TM) (8.18)

are well defined and bounded.

Proof. We deal only with (8.17) since the case of (8.18) follows from
this via an application of the Hodge star isomorphism.
A basic ingredient in the proof is an identity to the effect that

47,f(x)= | <dud,E,(x )00 A f(3)) doty)
]R30 ) v () doy)

= doS; (v A f)X) = RAv A f)(X)+dR;_y(v v f)(X)
= —0dS; (v A )X) = RAv A [)X) = VS (v A f)(X)
+dR,_ (v v f)(x)
= 0L 2V Adf)(X) —OR, (v A S)(X) = Ry(v A f)(x)
=V (v A f)X) +dR, (v v (). (8.19)
Recall that %, is the single layer potential on /-forms, i.e., the boundary

integral operator with kernel E,(x, y); cf. Section 2. Also, for the last
equality see [ MMT, Sect. 6].
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Now, if f is an /-form with components B!(0Q)-atoms, then (com-
ponentwise) v A df eh?(0Q) with pe((n—1)/n, 1), s€(0,1) related by
l—s=(n— 1)(’%— 1), and v A df[l4p0) < C with C independent of f. This
follows from (4.5). In particular,

HV AN df”(BTO,S(aQ))* < C (820)

Now the desired conclusion about 0.9, ,(v A df) follows from Proposition
4.3, (8.20), and Theorem 7.1 (it is at this point that the hypothesis (1.29)
is used).

The remaining terms after the last equality sign in (8.19) are residual and
can be handled more directly. In fact, it suffices to assume (1.28), which we
shall do. To this end, it helps to note that B(0Q)<> L%9(0Q) for
1/q(s):=1—s/(n—1). Take, for instance, the case of JR, (v A f); it
suffices to show that

R, ,: LY(0Q, A’ *'TM) - B!

1+s

(Q, A°TM), 0<s<l1, (821)
is bounded. Indeed, as we shall see momentarily, we even have
R., - LP(0Q, A’TM) — L(Q, A’*'TM),  Vpe(l,r). (822)

+1°

To justify (8.22), let us introduce

§/+1g(X):=fQ<Rz+1(x,y), g(y)y> dVvolly), xeQ, (823)

and observe that when the metric tensor satisfies (1.28),
R, 1LY, o(Q2)=(LYQ)* - LE(Q),
41 2,0 2 2 (824)
r/(”_l)<% q,<r5 1/q+1/q/:15

is bounded. This follows by invoking an observation made in [ MMT,
Sect. 6] to the effect that R, , , = (4,— V)~ (dV v )(4,,,— V)~ ! and by
appealing to the mapping properties of the Newtonian potentials
established in Section 6 of the present paper. The point is that (8.22) is a
consequence of (8.24) and duality, upon noticing that

| <R, fig>dVol=| (Tr(R,.ig), /> do (8.25)
2 02
for any reasonable forms f, on 0Q, and g, on Q. Specifically, since

Tr: LY(Q) > L2(0Q),  Vpe(l, o), Vq’>g, (8.26)
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is bounded, (8.25) entails

UQ <R;+1f, gydVol|<C HgH(Lg(Q, AL +1TAD))* HfHLP(aQ, A'TM)> (8.27)

for 1 <p < oo as long as ¢’ >n/2. This last condition can be arranged given
the validity range for (8.24) and the fact that we are assuming r >n. For
such a ¢, (8.27) proves the membership of R, f to LYQ, A”+*'TM)
whenever f'e L?(0Q, A’TM) with 1 <p < oo, plus natural estimates. Thus,
(8.22) holds for p close to 1.

In fact, a similar reasoning as above but with (8.26) replaced by

Tr: LY(Q) > LY(6Q), V¢, (8.28)

shows that (8.22) holds for any pe(r/(r—1),r). Then the full range
I <p<rin (8.22) follows by interpolation.

Hence, the proof of (8.22) is finished and this, in turn, completes the
proof of (8.21). As the remaining terms in the right side of the last equality
in (8.19) are treated similarly, the proof of the lemma is finished. ||

We are now ready for the

Proof of Theorem 8.1. Let us first deal with the operator (8.1). The case
p=o00, 0<s<1 is contained in Lemma 8.2 whereas Lemma 8.3 covers the
case p=1, 0 <s< 1. The full range then follows by interpolation.

Turning now attention to the operator (8.2), recall from the proof of
Lemma 8.3 that

Idist(-, 92) ™" [VZS ||| yay + 12 || 1oy < T, 9) 1f | 800y (8.29)

holds uniformly for fe B!(92). Then, (8.29) in concert with the Holder
estimate (8.4) and Stein’s interpolation theorem for analytic families of
operators yield the estimate

dist(-, 02)' =~ V7 [V || gy + 1S || o) < C(2. . ) 1 | 572y (8:30)

uniformly for '€ BZ(0€2) for each 1 <p< o0, 0<s<1.

To continue, we distinguish two cases. First, if 1 —s—1/p >0 then (8.30)
and Proposition 4.4 yield that ZfelL?, , (€2) plus natural estimates.
Second, if 1 —s—1/p<0 we proceed similarly and arrive at the same
conclusion as before. The only difference is that we involve Proposition 3.3
(cf. the comment following its statement) before invoking Proposition 4.4.

This completes the proof of the claim regarding the operator (8.2).
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Finally, the last point in the statement of the theorem is a consequence
of (8.1) and the trace formula (1.13). ||

In the remainder of this section we analyze the action of the double layer
potential on the scale of Sobolev spaces.

THEOREM 8.5. Assume that the metric tensor satisfies (1.28). Then, for
l<p<oo and 0<s<1, the operator

9: LP(2Q) — BP Y A(Q) (8.31)

s+1/p

is bounded.

Proof. For (8.31) with s =0, arguments similar to the ones used in the
proof of Theorem 7.4 apply. Matters can again be reduced to the same pat-
tern in the case s =1, thanks to the identity (8.19). Note that, in this later
situation, we need estimates like
LP(0Q, A°TM) — BP?,, (Q, A°T'TM), Vpe(l, o). (8.32)

t
R, 1+1/p

+1°

In turn, the estimate (8.32) follows easily from (8.22) and embedding
results (since we are assuming r>n). Now the claim about (8.31) is
obtained by interpolation. |

For our next theorem, the following observation is useful. To state it,

recall the nontangential maximal operator (-)* from Section 1.

PrOPOSITION 8.6. If the metric tensor satisfies (1.28) and 1 < p < oo, then
feL?(0Q)=(VZf)* e L?(0R2), (8.33)

plus a natural estimate.

Proof. This follows from (8.19), with /=0, plus estimates on the single
layer potential .%, established in [ MMT, Sect. 2]. ||

Our next result contains an improvement of (8.31) and (7.31) with /=0
in the range 2 <p < o0.

THEOREM 8.7. Assume that the metric tensor satisfies (1.28). Then, for
2<p< oo and 0 <s< 1, the operators

9 LP(0Q) - L?

s+1/p

() (8.34)
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and
SLP (02) > LY, ,,,(Q) (8.35)
are well defined and bounded.

Proof. remark When 0 <s<1 and 2<p < o0, (8.34) also follows from
(4.19) and (8.2). Similarly, for the same ranges of indices, (8.35) is a conse-
quence of (4.19) and (7.4). Note that, in this scenario, the hypothesis (1.27)
on the metric tensor suffices. Thus, the main novel points addressed by
Theorem 8.7 are s=0 and s=1.

Proof of Theorem 8.7. Our proof builds on an idea from [JK2].
Assume first that s=0. In this case, granted (1.20), proving (8.34) is the
same as proving such a result with & replaced by T:=Z0(31+K)™!, in
the range 2 <p < oo. Based on [MMT], we have that

T: L2(09Q) - L2 ,(Q) (8.36)

is bounded. Also, since 7 is the solution operator for the Dirichlet problem
(1.4), the maximum principle gives that

T L*(0Q)— L*(Q) (8.37)

is bounded. Now, the inclusion
[L*(Q), L] 5(2)]y = L%,(2), 0<f<l1, p:=2/0, (8.38)
together with (8.36), (8.37), and interpolation allows one to conclude that
Z: LP(0Q) - L}, (Q), 2<p< oo, (8.39)

is bounded. Observe that by interpolating (8.39) with 2: L3(0Q) — L3 ,(£2)
which, in turn, follows from (8.31), we arrive at the conclusion that

P: LP(0Q) - L”

s+1/p

(Q), 2<p<2s, O<s<l,  (840)

is bounded.

Consider next fe L?(0R2), 2<p< oo, and set u:=2f Our aim is to
prove that uelf,, () plus estimates. Introducing v:=Xu, where
XeT*M is an arbitrary vector field with smooth coefficients, it suffices to

show that

vel?

P,(Q) plus a natural estimate. (8.41)

By Proposition 8.6 we have v* € L?(0Q). If we next set w :=v — I1y(v) in Q.
it follows that Lw =0 in Q and w* e L?(0Q), at least if p is large. Indeed,
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by Section 6, I1y(v) € LE(2) = C%Q) if p is large. Thus, from the integral
representation for the solution of the L7-Dirichlet problem with p>2
(established in [MT2]) and (8.39) we may conclude that we LY, (Q) if p
is large. Since [7,(v)e L%(£2), (8.41) follows. This proves (8.34) for s=1
and p large. Now, interpolating what we have just proved with (8.40) gives
(8.34) for the full range of indices specified in the statement of the theorem.

The argument for (8.35) is similar. The starting point is to consider the
solution operator T :=.% oS! plus the fact that S~': L2(0Q) —» L?(09Q) is
an isomorphism for 2 <p < oo ([ MT2]). Proceeding as before yields (8.35)
for s =1. Finally, (8.35) with s =0 is handled as before by taking this time
u:=9%f, fe LP(0R2), 2 <p < oo. This finishes the proof of the theorem. |

In closing, let us point out that (1.19) and Theorem 8.7 (or rather its
proof) give that the solution u of the boundary problem (1.4) and (1.7)
satisfies

HUHLII’/p(Q) < (L, p) HfHLI’(ag) if 2<p<oo. (8.42)
On the other hand, by Theorem 8.5 and (1.20),
H“HB{;%%Q) < (L, p) H.f“L{(aQ) if I<p<2. (8.43)

As for the solution u of the boundary problem (1.5) and (1.8), Theorem 7.4,
in concert with (1.21)—(1.22), yields that

HVUHLII’/I,(.Q) <L, p) Hg”LI’(ag) if 1<p<2. (8.44)

9. AN ENDPOINT NEUMANN PROBLEM

Retaining the hypotheses of Section 1 on M, V" and the metric, including
(1.27), here we study a limiting case of the Neumann problem. Specifically,
for a Lipschitz domain Q < M, we shall be concerned with the case when
the boundary data belong to B' (0Q) for se(0,s,), where so€(0,1)
depends on the domain. First we need a couple of technical results.

_Lemma 9.1, Let yeBF(022) for some se€(0,1). Then there exists
Y e CAQ), locally Lipschitz in Q, so that |sq=1 and dist(-,0Q)'
Ve L®(Q).

Proof. The problem localizes and, via a bi-Lipschitz change of variables
can be transported to the Euclidean upper-half space. There, the Poisson
extension does the job; see, e.g., [St]. |
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LEMMA 9.2. There exists so=5¢(2) >0 so that whenever 0 <s <s,,
dist(x, 0Q2)° =" |Vul|l ey < C(2, ) [ul ! () (9.1)

uniformly for ue By _ (Q) with Lu=0 in Q.

The proof of this lemma is postponed until the next section; cf. (10.7).

Assume that 0 <s<s,, where s, is as in Lemma 9.2. We will be con-
cerned with the Neumann boundary problem with boundary data in
B' (0Q), ie.,

Lu=0 in 2,

2

L= feB' (00), (9.2)
ov

ueBl_(Q).

The boundary condition in (9.2) is interpreted as the equivalent of

| <Vu, vy avol=< >, WeBr@Q), (9.3)

where tilde is the extension operator introduced in Lemma 9.1, and <, -
in the right side stands for the natural pairing between B' (0Q)<
(BX(02))* and BX(0Q). It is to be noted that, by Lemmas 9.1-9.2, the
integral in the left side of (9.3) is absolutely convergent.

An observation made first (in the flat Euclidean setting) in [ FMM ] and
which also applies to the present context is that the space of natural
boundary data in (9.2) is indeed B' (09Q) and not the larger space
(BX(0€2))*. This is supported by the observation that even though
—1I+K* is, as we shall see momentarily, an isomorphism of the larger
space (B°(0€2))* for small s, and even though % maps the latter space
boundedly into B3® (), the natural jump formula

0,9f=(—3+K*f (9.4)

necessarily fails for general f € (B°(0€2))*. This is because, as will be shown
in Theorem 10.1, the normal derivative of ¥f e B} _ (L) always belongs to
a smaller subspace of (BX(0€2))*, namely B' (9Q).

Our main result in this section is the theorem below, which extends
[FMM, Theorem 7.2]. Recall that ¥ stands for the collection of all

constant functions on 0%2.

THEOREM 9.3. There exists sq € (0, 1) depending only on Q so that, if
0<s<s, and f€ B' (0Q) (with the extra condition { f, %) =0 imposed if
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V=0 in Q) then there exists a unique (modulo constants, if V=0 in Q)
solution u to the Neumann problem (9.2). Moreover, u satisfies the estimate

H”HB;_S(Q) + | dist(-, 0Q)*~" [Vulll piqy + lull L) < C(L2, 5) HfHBl_s(i)Q)'
(9.5)

In particular, when V>0 on a set of positive measure in £,

ITe ulls! o< C(2.5) /151 omy. (9.6)
When V=0 in Q, then Tr u in (9.6) should be considered modulo constants.

Note that this result implies that, under the same hypotheses, the
Neumann-to-Dirichlet operator for L is bounded from B' (0Q) into
)

In proving Theorem 9.3, the following result is very useful.

LEmMmA 9.4. There exists s, €(0, 1) such that, when V>0 on a set of
positive measure in €,

— 31+ K*: BL (0Q) - BL (0Q) (9.7)

is an isomorphism for 0 <s <s,.
When V=0 in Q, then the same conclusion holds if we restrict to the
subspace of B' (08) consisting of functionals that annihilate €.

Proof. Granted that V>0 on a set of positive measure in £, it has been
shown in [MT2, Theorems 7.6-7.7] that there exists ¢>0 so that
—1I+ K* is an isomorphism of h?(0Q) for 1 —e<p < 1. Our result then
follows from this, Lemma 5.1 and Proposition 5.2. The case when V=0 in
Q follows by a minor variation of this argument. |

We are now ready to present the

Proof of Theorem 9.3. We give the proof when V>0 on a set of
positive measure in Q; the easy modifications needed when V"'=0 in Q are
left to the reader.

Let s, be as in Lemma 9.4, and se(0, s). Then Lemma 9.4 gives that
g:=(—iI+K*) fexists in B! (0Q) and | g] p (@@ <CIfls aa) If we
now set u := g, it follows that Lu =0 in Q and, by invoking Theorem 7.1
and (7.25), ue B;_ () and (9.5) holds. To see that u actually solves (9.2)
we shall prove that u satisfies (9.3). Indeed, this is a consequence of the
general identity

J<V<¢h,V1Z>dVol=<(—%I+K*)h,lp>, Vi eB2(0Q), (9.8)
Q
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which we claim is valid for arbitrary he B (9Q) (recall that the tilde
operator is as in Lemma 9.1). In turn, this is easily checked on B! (9Q)-
atoms and, hence, extends by density to the whole B' (0Q2) thanks to
(7.25). This completes the proof of the existence part.

Turning to uniqueness, assume that ue C, () solves the homogeneous
version of (9.2) so that, in particular,

j (Vu, V> dVol=0, Vi e B*(3Q). (9.9)

Let Q; 7Q be a sequence of C* subdomains approximating £ and, for
some fixed point x, € 2, consider the Neumann function N; for L in Q;
with pole at x,, i.e.,

N,(x) :=E(xq, x) = S((—3I+KF)~" (9, ,E(x0, ) log) for xeQ,.
(9.10)

Also, hereafter, &, K}, etc., will denote operators similar to &, K*, etc.,
but constructed m connection with 0Q; rather than 0Q. Take a smooth
function 0 <¢ <1 which vanishes identically near x, and is identically 1
near 0Q2. Green’s formula and an integration by parts then give

0
“(xo) J N %d J ¢ ]av
:J (V(PN,), Vury d Vol. (9.11)
2

The key step is to prove that, as j — oo,
j (V($N,), Vi dVol—»f (V($N), Vu> dVol =0,  (9.12)
.Qj Q

where N is the Neumann function for L in © with pole at x,. Then, passing
to the limit in (9.11) will give u=0 in Q as desired.

Turning our attention to (9.12), first we shall prove that the second
integral vanishes. Indeed, it has been proved in [MT2] that N;e
C(2,\{x,}) and N e C(2\{x,}) for some a =a(22)>0 independent of ;.
Consequently,

dist(-, 22,)' = |VN, |, dist(-, 9Q2)' ~* |VN| < C

away from x,, uniformly in j, (9.13)
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by the Holder theory in [ MT2]. In particular,

dist(-, 092))' == |[V(¢N;)|, dist(-, 02)' ~* |[V(¢N)| < C
in Q;, uniformly in j. (9.14)

With this in hand, the second integral in (9.12) vanishes on account of (9.9)
if 0 <s <o which we will assume for the remaining part of the proof.

At this point we are left with proving the convergence in (9.12) which we
tackle next. For j >k we write

f CV(9N;), Vu) dVolzf (V(¢N;), Vuy d Vol
2 Q\2,
+f (V(¢N,) = V(¢N), Vu) d Vol
2

+j (V(GN), Vud> d Vol

— Lo+ 1L, + 1T, (9.15)

Now, by (9.9), (9.14), and Lebesgue’s dominated convergence theorem,
limy _, ., 111, =0. Further,

11l < sup dist(x, 02,)" = [V(¢N,)(x)])

x e.Qj\.Qk

xj dist(-, 0Q, U 0R,)*~" |Vu| d Vol. (9.16)
27\,

The first factor in the right side of (9.16) is bounded uniformly in j, k, by
(9.14) and our assumption on s. Also, by Lemma 9.2, the second factor in
(9.16) is <C HuHB;ﬂ(Qj\Qk), i.e., small if j, k are large enough.

To conclude the proof, we only need to show that, for a fixed k, |11, ;|
is small if j is large enough. Thus, if we set f;:=(—3I+K}) ™'
(0,,E(xo, )| og) and f:=(—3I1+K*)7'(,E(x,, ") lag)), it suffices to prove
that

V(F ) e, ~> V(@S )g, — in L¥LQy) as j— . (9.17)

This, in turn, follows from Lebesgue’s dominated convergence theorem.
Somewhat more specifically, if 4;:0Q2 — 02, is a natural bi-Lipschitz
homeomorphism, it can be proved that f;o4; — f in L2(0Q). This gives
pointwise convergence. The domination is trivially given by |V(¢.% f))| < C
on 2, uniformly in j. The proof of uniqueness is therefore complete.
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Note that (9.5) and (9.6) follow from Lemma 7.2, Lemma 9.4 and the
integral representation of the solution. ||

10. AN ENDPOINT DIRICHLET PROBLEM

We continue to assume our standard hypotheses on M, Q, V, and the
metric tensor, including (1.27). The aim of this section is to study the
Dirichlet problem with boundary data in the Besov space B] _(0Q).
Besides establishing the well posedness of this problem for small s, our
approach also shows that the solution has a normal derivative in B® (9Q).
Moreover, this is accompanied by a natural estimate. Specifically, we have
the following extension of Theorem 5.8 of [JK2] and Theorem 7.1 of
[FMM].

THEOREM 10.1. There exists so=15¢(2)>0 so that for 0 <s<s, and
feBi_[(0Q), the Dirichlet problem

Lu=0 in Q,
Tru=f on 082, (10.1)
ueB; (Q),

has a unique solution. The solution satisfies

[[dist(-, 0€2)"~ 1|V“H|Ll(g)+”“”u(g) H“HBZ @~ ”fHB _(02) (10.2)

for constants that depend only on Q and s. Furthermore, 0,ue B' (0Q).

More specifically, there exists ge B' (0Q) such that u is also a solution
of the Neumann problem (9.2) with boundary datum g. In addition, there
holds

ou
N C2,5) 1 /15 _ o0)- (10.3)

B! (092)

As a corollary of this and Theorem 9.3 (cf. also the remark following its
statement), we see that under the hypotheses of the above theorem the
Dirichlet-to-Neumann operator for L is actually an isomorphism of
B} _(0Q) onto B} _(9Q) if >0 on a set of positive measure in Q (in fact
a similar result also holds when V=0 in Q).

Proof of Theorem 10.1. We start with the existence part. As in [FMM ],
we develop an approach which will eventually give us information about
the normal derivative of the solution.
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Choose s, as in Theorem 9.3 and fix an arbitrary se (0, s,). First, we
shall prove a technical result to the effect that there exists C=C(2)>0
such that, if pe((n—1)/n, 1) is so that s=(n—1)(;— 1), then

IS~ al yra0) < C. VaB] _(0Q)-atom. (10.4)

In the above, B _(9Q)-atoms are regarded as elements in L3(0Q) so that
S ~!a belongs to L*(0Q2) = h?(0R). In order to prove (10.4), the key step is
to establish the estimate

1/ Ty2c00) < C IV anSS I yr02) + C 1S/ 1| 102y (10.5)

for 1 —e<p<1; here C=C(2)>0 is independent of feh?(0Q). Indeed,
choosing f:=S"!a in (10.5) yields (10.4) at once in view of (4.5). Note that
s small guarantees that |p— 1| <e.

As for (10.5), we note that, for p =1, this follows from [ MT2, Theorem
6.3] with Proposition 3.2 of [ MT2] via the usual jump-relations. Also,
VanS is a bounded mapping of the complex interpolation scale consisting
of h?(0Q2) for (n—1)n<p<1 and LP(0Q) for 1<p<oo into itself
(cf. [MT2, Proposition B.6]). Consequently, by [ KM], an estimate like
(10.5) is stable under small perturbations of the parameter p near 1. This
proves (10.5) and, hence, concludes the proof of (10.4).

Returning to the main line of reasoning, fix an arbitrary fe B} _(9Q). By
Proposition 4.3, there exists a sequence of scalars (4;);€/ !'and a sequence
(a;); of B} _(0RQ)-atoms such that

f= 250, and > |21 <2 HfHB:_S(a.Q)' (10.6)

j=0 j=0

If we now set uj::y(S_laj) in Q then, so we claim, u:=3% ;. ,4;u;in Q
solves (10.1). To justify this observe that Lu =0 and

lull 5! _ (@) + ldist(-, 0Q) " |\Vul| pgy + llull ey
<C z |)vj| <C Hf”BLS(aQ) =C|Tr u“BLJ(@Q}
j=0

<C |‘uHB;7A_(.Q); (10.7)

by Theorem 7.1, (7.25), and (10.4). Let us point out that the estimate (10.7)
takes care of Lemma 9.2, stated without proof in the previous section.
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It is also implicit in the calculation above that 37 ; A;u; » uin B} _|

as m — oo so that, by the continuity of the trace operator,

(2)

Tru=Y 4, Tru,=Y ia-=f, (10.8)

j=0 j=0

in B} _(0€Q), which concludes the proof of the existence part.

Turning to uniqueness, let us assume that u solves the homogeneous
version of (10.1). Adapting an idea from [JK2] consider Q;, 7Q an
approximating sequence of smooth subdomains of € and, since
ueB;_, ((Q), take w;eCZ (2;) approximating u in the norm of

B) (Q). Thus, with Tr; standing for the trace operator on 0£2;,

”Trj uHBLs(an) = HTrj (u— uj)HBLS(agj) <Clu— ”j”BLx(Q) -0,

(10.9)

as j— oo. Let us next assume for a moment that Q is a smooth domain
and denote by G;(x,y) is the Green function for L in €, Then
IV,G;(x, -)HLp((?Qj)g Cx, p)< +o§> uniformly in j, for each p>1. This,
(10.9) and the integral representation formula

ux)=[ 0, Glx. yNTru)y)doy(y). xe®

o s (10.10)
allow us to conclude, upon letting j — co, that u(x)=0. Thus, since x was
arbitrary, u vanishes in Q and this concludes the proof of the uniqueness
part when £ is smooth.

Returning now to the general case of an arbitrary Lipschitz domain, by
what we have proved so far (ie. existence and estimates in Lipschitz
domains plus uniqueness in smooth domains) we deduce that, in each ©,,
the estimate

HUHBLJ(QJ.)< C HTrj UHBLS(a.Q].) (10.11)

holds with a constant independent of j. Now the desired conclusion follows
from (10.11) by passing to the limit in j and invoking (10.9).

In order to show that u constructed above solves a Neumann problem
(in the sense of Section9) with an appropriate boundary datum in
B! (02)=07(dQ) it suffices to check that

ou, ou.
lvfebp(ag) and Y

F <C, uniformly inj. (10.12)
v

b7 (092)

0
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However, this easily follows from the integral representation of each u;, the
results in Section 6 and the boundedness of K* on h?(0Q) (cf. [MT2,
Proposition B.6]). Finally, (10.3) also follows in light of (10.12) and
(10.6). 1

11. INVERTIBILITY OF BOUNDARY INTEGRAL OPERATORS
ON BESOV SPACES

Again, we assume the standard hypotheses on M, 2, V and the metric
tensor, including (1.27). To state the main result of this section, recall that
% stands for the collection of all constant functions on 0Q and set

B? (0Q):={feB” (0Q):{f. x> =0,Yye b}, (11.1)

for I<p<oo, 0<s<].

THEOREM 11.1. There exists ¢ €(0, 1] with the following significance. Let
I1<p< oo and 0<s<1 be so that one of the conditions (1)—(111) below are
satisfied:

2 2
(D 174_8<p<1 . and O<s<l;
2
(IT) 1<p<1+ and ——l—-e<s<l1; (11.2)
e p
2 2
(IlI) ——<p< and O<s<—+e
1—¢ 4

Also, let ge[ 1, o] denote the conjugate exponent of p. Then the operators
listed below are invertible:

(1) LI+K: B?(3Q)— B2(0Q);
(2) LI+K* B7 (0Q)— B7 (0Q);
(3) S:B7 (0Q)— BI_(0Q).

If V=0 in Q, then

(4) +1iI+K: B?(0Q)/€ — B?(0Q))%;
(5) +iI+K* E‘I_s(aQ) - E‘I_s(ag);
(6) S:B7(0Q)— B{_(00Q)/%,
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are also invertible. Finally, when V >0 on a set of positive measure in Q, then
(7) —3iI+K: B?(0Q)— B?(0Q);
(8) —3I+K*: B (0Q)— B? (09Q),

are invertible.
These results are sharp in the class of Lipschitz domains. However, if
0Q e C! then we may take 1 <p<oo and 0 <s< 1.

For each 0<e<1 consider the region %, = R? which is the interior
of the hexagon OABCDE, where O=(0,0), 4=(s0), B=(1,159),
C=(1,1), D=(l1—¢, 1), E=(0,1F%). Then the “invertibility” region
described in (11.2) simply says that (s, 1/p) belongs to %, or, possibly, to
the (open) segments OA, CD. Note that the region encompassed by the
parallelogram with vertices at (0, 0), (1, 3), (1, 1), and (0, %) is common for
all Lipschitz domains, and that £, can be thought of as an enhancement
of it. Also, for e =1, %, simply becomes the standard (open) unit square in
the plane. The sense in which this result is optimal is that for each ¢>0
and for each point (s, 1%) € (0, 1) x (0, 1)\%,, there exists a Lipschitz domain
Q such that (1)—(8) in Theorem 11.1 fail.

The proof of Theorem 11.1 uses interpolation and several special cases of

interest are singled out below.

ProprosITION 11.2.  There exists sq=5o(£2) > 0 such that for 0 <s <s, the
operators

S: B! (0Q) > B!_ (09Q), (11.3)
S: B (0Q) > B*(0Q), (11.4)
I+ K B'_(0Q) > B'_(0Q), (11.5)

are isomorphisms.

Proof. Note that, by the results in Sections 7 and 8, they are well-
defined and bounded. Consider some fe B _(0€) which has an atomic
decomposition of the form f=3 A,a;, where (4,),e/' and the a,’s are
B} _(0Q)-atoms. By (10.4), we can find h;€eh?(02) so that |h; ||yree) < C
and Sh;=a;. Then > A;h; converges in h?(0L2) to an element g which S
should send into f. By Proposition 5.2, fe B! (9Q2). Thus, S in (11.3) is
onto.

To see that S is also one-to-one, take some f'e B! (9Q)= Bp(ag) so that
Sf =0. It follows from the uniqueness for the Dirichlet problem in £, with
data in B} _ (0Q) that %f must vanish identically both in 2, := and in
Q_ :=R™\Q. See Section 10. Now, since f is the jump of 0,Ff across 02,
we infer that /' =0. This proves that the operator in (11.3) is invertible.
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The invertibility of the operator (11.4) follows by duality from what we
have just proved. Finally, the isomorphism (11.3) and the fact that
SK* =KS (itself a simple consequence of Green’s integral representation
formula; cf. [MT, (7.41)]) imply that the operator (11.5) is also an
isomorphism, given that

11+ K*: B' (0Q)— B' (09) (11.6)

is an isomorphism. The proof of this is similar to, but simpler than, the
proof of (9.7). 1

Let us digress for a moment and point out that a proof of Proposition
11.2 can also be given based on the atomic theory from [MT2] plus a
recent functional analytic result from [ MM2]. In order to be more specific,
we need some notation.

Call f an atom for $?(0Q2), for (n—1)/n<p <1, if it is supported in a
surface ball of radius re (0, diam Q] and ||V, /| 200 <r® D210,
Then $H%(0Q) is defined as the /?-span of such atoms (and is equipped with
the natural quasi-norm). Also, for (n—1)/n<p <1, introduce the local
version h7(0Q) := LY(0Q2) + HP(0Q), some ¢ > 1. Then there exists ¢ =¢(Q)
>0 so that

S: H?(02) - h¥(092), S+ K: HP(0Q) - hP(0Q) (11.7)

are isomorphisms for 1 —¢<p<1. Indeed, when p=1 this follows as in
[DK1], granted the results of [ MT2]. It then further extends to a small
interval about p=1 by general stability results for complex interpolation
scales of quasi-Banach spaces from [ KM].

The second ingredient we need is a result from [ MM2] to the effect that

- Fa

FRAR™™) =Byl na—yp(R"7, (11.8)

Vpe(0,1), qe (0, o), xeR.

Here F29(R") is the class of Triebel-Lizorkin spaces in R” (cf, e.g., [ Tr]),
and hat denotes the Banach envelope (cf. Section 5). Our interest in the
Triebel-Lizorkin scale F2 ¢ stems from the identifications $?=F%?2 and
92=F~2 valid for 0<p<1 (cf. the discussion in [MM2]). When
(n—1)/n<p<1 and 0<a<1, the same results remain true with R"~!
replaced by the boundary of a (n-dimensional) Lipschitz domain Q. Thus,
applying the “hat” to (11.7) (in effect, invoking Lemma 5.1) yields (11.3)
and (11.5) at once.
We now return to the task of presenting the
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Proof of Theorem 11.1. For simplicity, assume that V">0 on a set of
positive measure in Q; the remaining cases require only minor alterations
and are left to the reader.

We deal first with the operator 37+ K. The segments (E, O) and (B, C)
corresponding to invertibility on L?P(0R2) for 0<1/p <(1+¢)/2, and on
L2(0Q) for (1 —¢)/2<1/p <1, respectively, have been treated in [MT2].
Also, the segment (O, 4), corresponding to invertibility on BX(0Q) for s
small, has been taken care of in [ MT2], while invertibility on the segment
(C, D) is covered by Proposition 11.2. Notice that the interior of the
convex hull of these segments is precisely the region #%,. Now, the desired
result follows by repeated applications of the real and complex methods of
interpolation together with a routine check that the inverses 7' , of II+K
coincide on the intersections of the various spaces just considered, so that
both 37+ K and T, , can simultaneously be interpolated.

By duality, we obtain results for 17+ K* on the corresponding dual scales.
Similar interpolation arguments apply to yield the statements made about
—3I1+ K and —37+ K* from what has been established before. Further-
more, a similar reasoning applies to the operator S, given Proposition 11.2
and the results in [ MT2, Sect. 7] on S, namely

S: LP(0Q) = L(09), l<p<2+e, (11.9)
plus, by duality,
S: L7 (092) 3 LY(02), 2—e<g< 0. (11.10)

The only novel point here is to check that B! (0Q) interpolates “well” with
the scale { B” (02)}, pe(1, ), s€ (0, 1). That is, we need

[B,(0Q), B” (0Q)],=B", (0Q), 0e(0,1), (11.11)

for sp:=(1—0)sy+06s; and 1/p,:=(1—0)—0/p, whenever 0 <s,, s, <1,
I <p < oo. Note that the space in the left side is reflexive, as the inter-
mediate space between two Banach spaces one of which is reflexive. Thus,
by the duality theorem for the complex interpolation method [ BL],

[BL,(09Q), B”(02)],= ([ B;2(0R), B(02)]y)* = (BZ°(02))*,
(11.12)

where 1/p+1/g=1. From this, the desired conclusion follows.

The fact that these results are sharp in the class of Lipschitz domains is
discussed in [FMM]. Finally, that 0Qe C! allows us to take 1<p< o
and 0 <s< 1 follows from the results in [ MT, MMT, MT2] via the same
interpolation patterns. |
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Remark. We mention that the result (1) in Theorem 11.1, on the inver-
tibility of 17+ K, was established in (7.16) of [MT2] for (s, 1/p) in the
smaller region Z, the interior of the parallelogram with vertices OBCE.
There, the metric tensor was assumed to be Lipschitz. In view of [ MT3,
Theorem 7.1] this result holds even when the metric tensor is Holder
continuous. Similarly the other results in Theorem 11.1 hold for (s, 1/p) €
2., when the metric tensor is Holder continuous.

12. THE GENERAL POISSON PROBLEM WITH NEUMANN
BOUNDARY CONDITIONS

Again, retain the standard hypotheses on M, Q, V" and the metric tensor,
including (1.27). The first order of business is to properly formulate the
Poisson problem for the operator L with Neumann boundary conditions in
the Lipschitz domain Q < M. We commence by defining the normal com-
ponent of any I-form F with components in L? _, (€) for 0<s<1 and
l<p,g<oo, i4+i=1

Concretely, for an (arbitrary) extension f'e (LY, ,,(2))*=L7 _, Q)

s+ 1/
of the distribution dF e (CZ,,,(€2))" (as usual, {JF, qf > =<F,dp>, for each
¢ e Comp(L2)), we denote by v,-F the (scalar) normal component of F,

with respect to the extension f. This is defined as the linear functional in
B? (092) = (B}(082))* given by

QvpFo ¢y =< f,d) +<F,dfy,  VpeB(0Q), (12.1)

where $GL§’ +1,,(£2) is an extension (in the trace sense) of ¢. The second

pairing in the right side of (12.1) is understood in the sense of (4.15) and
is well defined since dpe L?,,,, (). In turn, this membership is a conse-
quence of our assumptions and (4.16).

It is not difficult to check that the definition is correct and that

”Vf'FHB’f_s(ag)S C HFHL‘I_HW(Q)‘FC HfH(LI;H/p(Q))*- (12.2)
Note that for any function uel{ _ ,, (£2) and any extension f of

Lu=0 du— Vu, considered first as a distribution in £ to an element in
L7y t1/0.0(R), the “normal derivative” 0Ju can be defined (with respect
to the extension f), in the sense of (12.1), as v, y,, - du.

For further reference we also note the integral formulas

u=1II, f + D(Tru) — (07 u), (12.3)
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valid for arbitrary ue LY __,, (2) with Lu extendible to f'e (L?, ,, (2))*
Here, 1 <p<oo, 0<s<1 and I, is just the Newtonian potential on

scalar-valued functions. Also,

COJI(f), ¢>={f.Z¢>,  V$eBLOQ), (12.4)

is valid for any f'e (L%, ,,,(2))* for 1 <p< oo, 0<s<1. They can be easily
justified starting from (12.1), using a limiting argument and invoking the
mapping properties of I1,, &, & established in Sections 6-8.

The main focus of this section is the boundary problem

Lu=feLi, . Q)
0fu=ge B (0Q), (12.5)
ue L9 (Q).

1—s+1/q

When V=0 in £, this is subject to the (necessary) compatibility condition
L1 =g ). (12.6)

In this regard, our main result is the following.

THEOREM 12.1. Assume that the metric tensor satisfies (1.27). There
exists ¢ = &(Q) >0 having the following property.

Suppose that pe (1, o) and se€(0, 1) are such that one of the conditions
(I)—~(I1T) in (11.2) is satisfied. Also, let q be the conjugate exponent of p.
Then, if V>0 on a subset of positive measure in Q, the Poisson problem with
Neumann boundary condition (12.5) has a unique solution. In fact,

u=1Io(f)+ S (—31+K*)~" (g —0{(f)) (12.7)

and there exists a positive constant C which depends only on Q, p, s, such
that

Hqu_Hl/q(g) <C HfHL‘ll/q_S_I,O(Q) +C HgHBq_s((iQ)' (12.8)

A similar set of results is valid when V=0 in Q. In this case, the com-
patibility condition (12.6) is assumed and the solution is unique modulo
additive constants (also, (12.8) must be modified accordingly).

Finally, if 0Q2 e C" then we may take ¢ = 1. That is to say, the conclusions
hold for all pe(1, ), s€ (0, 1).

Remark. 1t should be noted that similar results are valid for the scales
of Besov spaces, ie., when fe(B?,,,(2))* In this case the solution u
belongs to B _,,,,(2) and the second pairing in the right side of (12.1)
remains meaningful because of [ Gr, Theorem 1.4.4.6 and Corollary 1.4.4.5].
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Proof of Theorem 12.1. Assume first that V" does not vanish in Q; the
other case is handled similarly. In view of Proposition 6.1 and (12.4),
subtracting I7,( /) reduces the problem to solving (12.5) with f =0 and
§:=g—0/I1,(f)e B? (0RQ). For this latter problem, a solution is given by
S[(—31+K*)~'g]; cf. Theorem 7.1 and Theorem 11.1. This finishes the
proof of the existence part. Note that (12.8) follows from the integral
representation formula (12.7) of the solution and mapping properties of
layer potentials.

It remains to establish uniqueness. To this end, if ue L{__,, ,(€2) solves
the homogeneous version of (12.5), then taking the boundary trace in
(12.3) readily gives that (—37+ K)(Tr u) =0. The important thing is that
the region 4, is invariant to the transformation (s, ’%) —(1—s1— 11;) and
that Tru e BY _ (0R2). Thus, on account of Theorem 11.1, Tr u = 0. Utilizing
this back in (12.6) yields u =0 in ©, as desired.

The argument for C! domains is similar and, hence, omitted. ||

1

An important particular case, corresponding to s= —, is singled out

below.

COROLLARY 12.2. There exists ¢=¢(2)>0 so that, if 3—e<p<3+e,
then for any fe L? | () and any g€ B | (02), satisfying the compatibility
condition (12.6) if V=0 in Q, the Neumann problem

Lu=f inQ,
Tu=g  ondQ, (12.9)
we L2(Q),

has a unique (modulo additive constants, if V=0 in Q) solution u. Moreover,
Vu satisfies the estimate

IVullroy < CC2, YU S N 2r | 2y + gl | (00)- (12.10)

If 0Q e C', this holds for all pe(1, ).

Proof. One only needs to observe that (,,1—;)e#, for p in a

neighborhood of the interval [3,3]. | !

In view of the counterexamples in [ FMM ], the results in this section are
sharp in the class of Lipschitz domains.

Proof. remark Since 07 u is defined for a class of functions u for which
the notion of the trace of 0,u is utterly ill defined, it is appropriate to
explain that &/ u is not an extension of the operation of taking the trace of
0, u; perhaps it is useful to regard it as a “renormalization” of this trace, in
a fashion that depends strongly on the choice of f. Recall that, for
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uel{ . ,,Q), Luis naturally defined as a linear functional on the space
LY, ), o(2), which for se(0, 1) coincides with the closure of C(L2) in
L7, ,,(2). The choice of f is the choice of an extension of this linear
functional to an element of (L7, ,,(2))*=L{, , , o(£).

As an example, consider ue L() and suppose that actually u e L3(Q),
s0 0,ueL7,(Q) is well defined. In this case, Lue L*() has a “natural”
extension f, € L2 1.0o(£2). Any other extension f; eL{l’O(Q) differs from f,,
by an element of L2 /(M) supported on Q2. We have

ohu=20,u, (12.11)

but if /; = fo + w and w # 0 is supported on 92, then d/1 u is not equal to
0,u; we leave its computation as an exercise.

13. THE GENERAL POISSON PROBLEM WITH DIRICHLET
BOUNDARY CONDITIONS

We once again retain the usual set of hypotheses on M, 2, V' and the
metric tensor, including (1.27). In this section we shall deal with the
Poisson problem for L with Dirichlet boundary conditions and data in
Sobolev—Besov spaces. As such, this extends previous work for constant
coefficient operators in [JK2, FMM]. Sharpness of the range of (s, p) for
which the following theorem holds was established, for the class of
Lipschitz domains in Euclidean space, in [JK2].

THEOREM 13.1.  Assume that the metric tensor satisfies (1.27). Then there
exists ¢ =&(Q) > 0 with the following property. If pe (1, c0) and s€ (0, 1) are
such that one of the conditions (1)—~(1I1) in (11.2) are satisfied, then for any
feLt, , Q) and any ge BE(0LQ2) the Dirichlet problem

Lu=f inQ,
Tru=g on 08, (13.1)
uel?, , (2),

has a unique solution. Also, there exists C >0 depending only on Q, p, s, such
that the solution satisfies the estimate

HUHU;H/F(Q) <C HfHLIf/prz(Q) +C HgHBf(ag)- (13.2)



70 MITREA AND TAYLOR

Moreover, if II denotes the Newtonian potential for L on M, we can write

=I(f)o+2((31+K)~" (g—Tr II(f)))
=I(f)lo+ (S g—Tr II(f)) inQ, (13.3)

where f is an extension of f to an element in LY, ), (M)
In particular, if felf, . ), then the solution has a normal
derivative in BY_(0Q) (in the sense discussed in Section 12) and

Ha{uHBg’_l(ag) < C( HfHL'f/pH_z o(2) + HgHBf(aQ))' (13.4)

Similar results are valid on the scale of Besov spaces, ie., when
feBy, o Q). In this case, the solution u belongs to Bs+1/p(Q)‘

Finally, if 0Q¢e C' then we can actually take e¢=1, ie., the conclusions
hold for all pe (1, o), s€ (0, 1).

Proof. Fix an arbitrary felLf, . ,(Q)=(L{,,, ,,€))* Since
LY, o(€2) can be identified (via extension by zero outside the support
and restriction to Q) with { e L{,,, (M) :supp y =Q}, we may invoke
the Hahn—Banach extension theorem to produce fe L? p+s—2(M) so that
f |e=f and the norm of f is controlled by that of /. Now, clearly, (13.3)
solves (13.1). Note that (13.2) and (13.4) also follow from (13.3) and the
mapping properties of the operators involved. Uniqueness can be estab-
lished by mimicking the argument already utilized in the proof of
Theorem 12.1.

Finally, invoking [ MT, MMT] and proceeding as before, it is clear that
we may take e=1if 0Qe C. |

COROLLARY 13.2. There exists ¢=¢(Q2)>0 so that if 3—e<p<3+e
then for any f e L” () and any ge BY_,,(082) the Dirichlet problem

Lu=f inQ,
Tru=g on 08, (13.5)
ue L?(Q),

has a unique solution. This satisfies
lull ey < C Ul Nz @)+ Cliglls | e (13.6)
and, if fe L | ((Q),
104l 0ay < CUS Nz | o+ 18l om) (13.7)

Similar results are valid on the scale of Besov spaces. Finally, if 02 € C! then
we can actually take 1 < p < o0.
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In the last part of this section, we elaborate on the connection between
Poisson problems and Helmholtz decompositions (for the latter topic see
also [FMM, MT2]). The observation we wish to make is contained in the
proposition below.

ProrosiTiON 13.3. Let 2 be an arbitrary (connected) Lipschitz
subdomain of M and fix 1 <p, g < oo with 1/p+1/q=1. Then the following
are equivalent:

(1) The LP-Helmholtz decomposition

LP(Q, /'TM) =dLY(Q)® {we L?(Q, A'TM); 5 =0,v v & =0}
(13.8)

holds (where the direct sum is topological).

(1) The L? -Poisson problem for the Laplace—Beltrami operator with
homogeneous Neumann boundary conditions

Au= fel? | (Q), (A1) =0,
ofu=0  onoQ, (13.9)
ue LP(Q)/R,

is well posed.
(1) The Li-Helmholtz decomposition (analogous to (13.8)) holds.

(iv) The LY -Poisson problem for the Laplace—Beltrami operator with
homogeneous Neumann boundary conditions (analogous to (13.9)) holds.

In particular, the range of p’s for which the L?-Helmholtz decomposition
(13.8) as well as the LY -Poisson problem (13.9) are valid is always an interval
which is invariant under taking conjugate exponents.

Proof. We proceed to show (ii) assuming that (i) is valid. To this end,
let ¢ denote the conjugate exponent of p and let f'e L? | ((£2) be such that
{f, 1> =0, otherwise arbitrary; thus, fe(L{(2)/R)*. Note that, by
Poincaré’s inequality, d maps L%(2)/R isomorphically onto a closed
subspace of LY(Q, A'TM). From the Riesz and Hahn-Banach theorems we
may then conclude that there exists we L?(Q, A'TM) so that

Cfovd =jg (w,dvy dVol,  YveLYRQ). (13.10)
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Next, decompose w = du + w, according to (1). Then, based on (13.10), it
is easy to check that the just constructed function u solves (13.9). Unique-
ness and estimates for (13.9) follow from the corresponding uniqueness and
estimates for (13.10).

Conversely, assume now that (ii) is well posed; our goal is to show that
(i) holds. Indeed, if welL?(Q, A'TM) is arbitrary and fixed then
v o (w, dv) d Vol defines a linear functional on L¢(Q)/R. Denoting by
fe(L{(L2)/R)* this functional it follows that (13.10) holds. Let now
ue LY(Q) solve the Poisson problem (13.9) for this datum f and set w :=
w—due LP(Q, A'TM). Then it follows that [, {w, dv) d Vol =0 for each
ve L{(Q). In turn, this readily implies that, first, doo =0 in Q and, second,
that vv w=0 on 0Q. Thus, w=du+w is the desired decomposition.
Everything else is as before.

Going further, let

T: (LY (Q))*= L{l’ o(Q) > LAQ) (13.11)

be the (well defined, linear and bounded) solution operator for the problem
(13.10) with p =2, i.e., T(f) =u. Since, by Green’s formula, 7 is self-adjoint
it follows that T extends as a bounded mapping of L? | ((£2) into L{(Q) if
and only if T extends to a bounded mapping of LZ, ((£2) into L{(£), for
1/p+ 1/q=1. This proves that (ii) and (iv) are equivalent.

The fact that (iv) is, in turn, equivalent to (iii) is already contained in
(1) <> (i1). Finally, the last part in the statement of the proposition follows
from what we have proved so far and interpolation. ||

In closing, let us point out that a similar result is valid for the Helmholtz
decomposition

LA(Q, A'TM) =dL? |(Q)® {we L7(Q, A'TM); 5o =0}  (13.12)

and the Poisson problem for the Laplace-Beltrami operator with
homogeneous Dirichlet boundary conditions

{Au=feL{AQL

ueL? |(Q). (13.13)

We omit the details.
Of course, counterexamples to the well posedness of the Poisson

problems (13.9) and (13.13) translate in the failure of the Helmholtz
decompositions (13.8) and (13.12), respectively.
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14. COMPLEX POWERS OF THE LAPLACE-BELTRAMI
OPERATOR

If Ag=3"_, 0%/0x} stands for the usual space-flat Laplacian in R” then

V(—4,)~"* corresponds, modulo a normalization constant, precisely to
(R))7_,, the system of Riesz transforms in R”. In particular, from the
classical Calderon-Zygmund theory, the (vector Riesz transform) operator

V(—A4,) "2 LP(R") - LP(R") (14.1)

is bounded for any 1 <p < oo. See [Stl].

In this section, our aim is to study the analogous problem when R” is
replaced by ©, a connected Lipschitz domain in a Riemannian manifold M.
In this context, we shall work with the associated Laplace-Beltrami
operator 4, although similar results hold for the Schrédinger operator
L:=A4—7V. The hypotheses that we make on M and 2 are those of
Section 1.

It is natural to impose boundary conditions and we shall consider 4,
and 4,, the Laplace—Beltrami operators equipped, respectively, with
homogeneous Dirichlet and Neumann conditions in €. Thus, the natural
question is whether

(—=dp)712: L2(Q) > LY ((Q) (14.2)

and

(—Ay) "2 {feLP(Q):I f’zO}ﬁL{’(Q) (14.3)

are bounded operators. For arbitrary domains, it has been recently shown
in [ CD, DMc] that this is indeed the case for any 1 <p <2. At the other
extreme, if 2 has a smooth boundary, then well known techniques based
on pseudo-differential operators and Calderon-Zygmund theory allow one
to take 1 <p < oo. For Lipschitz domains in the flat Euclidean space, the
optimal range of p’s turns out to be (1, 3 + ¢); see the discussion in [JK2,
JK3, MM ]. Here we present a variable coefficient extension of such results.
In fact, we shall deal with more general complex powers of

A:=(—4p)"* and  B:=(—dy)"~ (14.4)
In order to state our main results, let us introduce the region Z = R? given by

R={(r,t):max{r/3,r—1} <t<1,0<r<2}. (14.5)
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THEOREM 14.1. Assume that the metric tensor satisfies (1.27). There
exists a neighborhood # of # in {(r,1):0<r<2,0<t<1}, depending on
Q, such that for any (r, 1/q) € % and 6 € R, the operators

A0 LAQ) S LY (Q), (14.6)
B+ [U(Q) 5 LY(Q)/R (14.7)

are isomorphisms on the indicated spaces.

Here, for a space X of functions in Q, X:={feX: [of =0} and X/R is
the space X modulo constants.

Proof. The proof rests on three basic ingredients: the estimates for
(—4p)~Y, (—4y)~" from Sections 12-13, Stein’s complex interpolation
theorem (cf. [SW]) and L”-bounds for purely imaginary powers of the
operators (—A4 )2, (—A4x5)Y? (cf. [St2]). It parallels arguments in [JK2,
Sect. 7], supplemented by arguments in [ MM], where this program is
carried out in detail in the flat Euclidean setting. To give some of the
flavor, we sketch the opening arguments for (14.6). Basic Hilbert space
theory gives

AL} (@) LXQ), A LAQ)3 L2 (Q). (14.8)
We then have
AT LA(Q) L2 (Q), 0
A (14.9)
AP LAQ)S LS, 5 o(Q), 0<6<3,
the first by Stein interpolation, the next by applying 42 and using the
p =2 case of Theorem 13.1. A very general result of Stein gives

A" LP(Q)SLP(Q),  1<p<oo, (14.10)

with an exponential bound. Then another application of Stein interpolation
gives

A1+ LP(Q)Q)L{’O(Q)’ %<p<3. (14~11)

The argument proceeds with further interpolation arguments and applica-
tions of Theorem 13.1. In particular, (14.11) is extended to

A1+ LP(Q)3 L7 ((Q), l<p<3+e (14.12)

We refer to [JK2, MM ] for further details. ||
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The next corollary follows from Theorem 14.1 much as in [JK2, JK3,
MM], so we shall state it here without further proof. For the flat-space
Euclidean Laplacian, similar results have also been obtained (via a dif-
ferent approach which in the case of (14.15)—(14.16) yields smaller intervals
of p’s) in [AT].

COROLLARY 14.2. Assume that the metric tensor satisfies (1.27). There
exists ¢ =¢&(2)>0 so that

A7 LAQ) S LY Q) (14.13)
and
B~%: LUQ)~ LIQ)/R (14.14)

are isomorphisms for 1 <q <3 +e¢. In particular,

L|Vf|‘1dVol<CqL2|,/—ADf|‘1dVol, VfeLi (Q), qe(l,3+e),
(14.15)

and

L?|Vg|qu01<qug|mg|quol, VeeLYQ), qe(l,3+e).

(14.16)
Furthermore, the operators
A: LY o(Q) — LY(Q) (14.17)
and
B: LY(Q2) - LYQ) (14.18)

are bounded for 1 <q < oo. That is, there exists C=C(, q) >0 so that

JQ|1/—ADf|qu01<CqL2|Vf|quol, Ve L! Q). qe(l, »),
(14.19)
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and

Lz| —ANglquolngLleWdVol, VgeLYQ), qe(l, o).
(14.20)

Finally, this result is sharp in the class of Lipschitz domains. If, however,
0Q e C1, then (14.15)~(14.16) are also valid for 1 < g < 0.

The last corollary contains a variable coefficient extension of a result of
B. Dahlberg [ Da2] concerning estimates for Green potentials in Lipschitz
domains. In addition, we also treat the case of the Neumann potential.

COROLLARY 14.3. Assume that the metric tensor satisfies (1.27), and
consider G(x, y) and N(x, y), the Green and Neumann functions of the
Laplace—Beltrami operator in an arbitrary Lipschitz domain Q < M. Also,
denote by G and N the operators sending f, respectively, to jg G(-,»)f(y)

dVol(y) and [o N(-, p) f(y) d Vol(y).
Then, for some ¢ =¢(Q) >0,

<£2 IVGF(x)|? dVol(x)>l/q <C <L2 | £(x)]” dVol(x)>1/p, feLn(Q),

(14.21)
and
([, wngtaieavoln )< (] stz avoln ) s ge @)
(14.22)
provided 1 <p<q<3+¢ and =, — . This result is sharp in the class of

Lipschitz domains.

Proof. To prove (14.21), we note that G=(—4,) '=A472, and
AL LPQ) > LY o(Q) S LAQ),  A~MLYQ) - LUQ),  (1423)

under the given hypotheses on p and ¢, by Theorem 14.1, indeed by
(14.12). The proof of (14.22) is similar. ||

Remark. 1t is perhaps worth explaining why (14.21) is not an
immediate corollary of Theorem 13.1. That is, given fe LP(Q), write
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u=Ap'f as u=v+w, where ve LE(M)c= LY M) solves Av=f on a
neighborhood of Q (with f extended by 0 off Q) and w solves

AW=0 on Q, W|5Q=h=_v|ag.

We have he B{_,,(02), and hence Theorem 13.1 applies, but only for

3 &< q<3+e This argument fails to treat the case 1 <¢<3—e.
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