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ABSTRACT. These notes discuss results on layer potential methods for elliptic
boundary problems, with emphasis on the Dirichlet problem for the Laplace opera-
tor. They start by reviewing results for domains with moderately smooth boundary,
then for Lipschitz domains, and proceed to discuss results in [HMT], obtained with
S. Hofmann and M. Mitrea, for a class of domains we call regular Semmes-Kenig-
Toro (SKT) domains, often called chord-arc domains with vanishing constant, and
for e-regular SK'T domains, often called chord-arc domains with small constant.
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1. Introduction

We describe results on using layer potentials to solve elliptic boundary problems,
with emphasis on the Dirichlet problem

(1.1) Lu=0 on Q, u|6Q:f.

Here we take L = A—V. We assume (2 is an open subset of a compact, connected, n-
dimensional Riemannian manifold M, whose metric tensor has some moderate reg-
ularity. The Laplace-Beltrami operator on M is A. We assume V € L>*°(M), V >0
on M, and V > 0 on a set of positive measure on each connected component of
M \ Q (which we assume to be nonempty).

The double layer potential attack on (1.1) starts as follows. Under the hypotheses
above, L : HY(M) — H~Y(M) is an isomorphism, whose inverse has an integral
kernel:

(1.2) L Yw(z) = / Bz, y)uly) dV(y),

M

dV denoting the volume element of M. One seeks a function g on 02 such that
(1.1) is solved by

(1.3) u:Dg|Q,

where

Dg(z) = /auyE(x,y)g(y) do(y)
o0

(1.4)
_ /k(w, y)g(y) do(y),

oN

do denoting the area element of 0f), and v the outward pointing unit normal to
of.

In order to survey the structure of the boundary layer approach to (1.1) fairly
quickly, we will start with a situation where an analysis of Dg|sq, is fairly elementary,
due to some modest regularity of 9€2. Our main goal will then be to discuss the
analysis on somewhat rougher domains.

So, for now, we assume 052 is locally the graph of a C'! function whose gradient
has a modulus of continuity w; we say 9 is of class C**. The leading part of the
integral kernel in (1.4) behaves like

(1.5) k(z,y) = (v(y), > —y) e —y|™",



in local coordinates, and under this C1* hypothesis, we have

(1.6) (v(y),z —y)| < Cw(lz —y|)lz—y|, Vz,yec o,
hence
w(d(z,y))
. < (———=2z .
(1.7) |k(z,y)] < Cd(%y)n_l, V,ye oN

Of course, such an estimate does not hold for general z € €, y € 092.

Proposition 1.1. If k(x,y) satisfies (1.7) on 0Q x OS2, then

(1.8) Kg(x) = /k(fr, y)g(y) do(y)

o2

has the property
(1.9) K : LP(02) — LP(0Q)) is compact, for 1 < p < oo,

provided w satisfies the Dini condition
1
t
(1.10) / “0) g < oo,
0 t
Proof. The Schur condition for continuity on LP(952), for 1 < p < oo, is

(1.11) /|k(:c,y)|d0(y) <A, Va,
o

with the same sort of estimate with the roles of x and y reversed. (Then the
operator norm is < A.) Now, we dominate the left side of (1.11) by

wldey) wld(e.9))
Caé da. gy ) ;O{ ) sz} a1 2o W)

R~ Zw(Z*k)Zk(”*l)a({y 127 < d(z,y) <270
(1.12) k20

~ Z w(2—k)2k(n—1)2—k}(n—l)
k>0

= Z w(z_k)a

k>0
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and the finiteness of the last sum is equivalent to (1.10). Note that we pass from
the second line of (1.12) to the third via

(1.13) o({y € 00 : d(z,y) <r}) < Cr" 1,

an estimate that will play an important role in rougher situations.
The argument above gives continuity on LP(92). To get compactness, one uses
the following result.

(1.14) If |k(z,y)] < M < oo on 0N x 01, then (1.9) holds.

In fact, this hypothesis implies K is Hilbert-Schmidt, hence compact, on L?(95),
and compactness on LP for 1 < p < oo follows by interpolation with boundedness
on L' and L*°. To get compactness for K satisfying (1.7), one can write

(1.15) k(z,y) = k#(x,y) + £ (z,y),

with k% as in (1.14) and k® as in (1.11), with A small, and pass to the limit. This
concludes the proof of Proposition 1.1.

It is not hard to show that Dg|q extends continuously to €, if g is sufficiently
regular. For example,

(1.16) g € Lip(0Q) = Dy|g, € C(Q).
Here and below,
(1.17) 0, =Q, Q. =M\Q.

Also, for sufficiently regular g,

1
(1.18) Dyl = <i§I+K>g,

where K is as in Proposition 1.1, with k(z,y) = d,,E(z,y). See Proposition 3.4
for such a result in a rougher setting.

Now we want to use the boundary layer approach to solve (1.1), not for regular f
(which can be treated by variational methods, or by maximum principle and barrier
arguments), but for rough f, such as f € LP(09), a situation for which Proposition
1.1 is relevant. One desires to extend (1.18) to similarly rough g. What one gets is
nontangential convergence

1
(1.19) lim Dy(y) = (:I:—I + K)g(m), for o-a.e. x € 9.
y—z,yels(z) 2



Here, for x € 01,
(1.20) Ii(x) ={y € Qs :d(y,z) < 2dist(y, 9N)}.

The result (1.19) follows from the validity of (1.18) for g € Lip(9f2), which is dense
in LP(05?), together with an estimate on the nontangential maximal function

(1.21) NDg(a) = suwp [Dg(a),
yely (x)

namely, for 1 < p < oo,

(1.22) INDgll Ly 00) < CpllgllLean)-

Behind (1.22) are estimates of the following sort. Set

(1.23 K@= [ kewgl)doly)
{yeoQ:d(z,y)>c}

for e > 0, with k(z,y) as in (1.4), and

(1.24) K.g(z) = ili% |Keg()].

Then there exists C' < oo such that
(1.25) NDg(z) < K.g(x) + CMg(z),

where Mg is the Hardy-Littlewood maximal function

1

(1.26) My(a) = sup W@é 9(y)ldo(y), =€ o9.

It is classical that, for 1 < p < o0,

(1.27) Mgllzra0) < CllgllLr a9

and we also have

(1.28) | K.glle < Cllgllze o0

which, together with (1.27) and (1.25), gives (1.22). In the case of C1* boundary,
if (1.10) holds, Proposition 1.1 applies both to K and to

(1.29) Ry(x) = / k() lg(y) do(y).
oN
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Then, since
(1.30) K.g(z) < Klgl(x),

the result (1.28) readily follows. In more general situations, which we will discuss
below and in subsequent sections, this last part will not apply, but (1.25)—(1.28)
will hold, in substantial generality; cf. §3.

In addition to the double layer potential (1.4), the single layer potential, defined
by

(1.31) Sg(z) = /E(w, Y)g(y) do(y),

o

plays an important role in the study of (1.1). In such a case, one has, if 9§ is Ot
and (1.10) holds,

(1.32) g € Lip(0Q) = VSy[g, € C(Qu),
complementing (1.16). Furthermore, complementing (1.22), for 1 < p < oo,

(1.33) IN(VS9) Lraa) < CllgllLr o)

and, complementing (1.19),

(1.34) lim 9, Sg(y) = (;11 LR )gle), o-ae e o,
y—z,yel's (z) 2
where K* is the adjoint of K in (1.19). Hence, for 9Q of class C1%, given (1.10),
K> : LP(0Q) — LP(09) is compact for 1 < p < oc.
With this information in hand, we return to the issue of finding a solution to
(1.1) of the form (1.3). Clearly any such u = Dg satisfies Lu = 0 on M \ 0f2. By
(1.19),

1
(1.35) Uy, = <§I+K)g.
Thus (1.1) holds provided g solves the equation
1
(1.36) (§I+K)g — f.

Such solvability is guaranteed by the following.
Proposition 1.2. If 9Q is CY* and (1.10) holds, then, for all p € (1,00),

1
(1.37) 5[ + K : LP(0Q2) — LP(09Y) is an isomorphism.

In our current situation, thanks to the compactness of K, we know that (1/2)I+
K is Fredholm on LP(91), of index 0, for each such p. The following is key to
proving Proposition 1.2.



Proposition 1.3. In the setting of Proposition 1.2,
1
(1.38) 5[ + K* : LP(0Q2) — LP(092) is injective,

for p=2.

Once this is proven, we also have injectivity in (1.38) for p > 2. Hence Fredholm
theory implies we have an isomorphism in (1.38), for 2 < p < o0, so we have an
isomorphism in (1.37) for 1 < p < 2. Hence the map (1.37) is injective for all
p € (1,00), and Fredholm theory implies isomorphism.

The proof of Proposition 1.3 goes as follows. Take g € L?(02) and suppose

1
(1.39) (§I+K*>g:0.
Set
(1.40) u=8g.
By (1.34),
1 N
(1.41) 9,8g|,, = (51 +K*)g =0,

Now we take v = uVu, so
(1.42) dive = |Vul]? + uAu = |Vul* + Vu? on M\ 0.
We apply the Gauss-Green theorem

(1.43) / divedy = / (v, v} do,

Q oN

with € replaced by €2_, to get

1
(1.44) /(|Vu|2+Vu2)dV: / u<§I+K*>ng:O,
Q- o0

hence Vu =0 on Q_, hence u = 0 on Q_. (The estimate (1.33) helps justify this
use of the Gauss-Green theorem.) A result somewhat easier than (1.19) and (1.34)
is

(1.45) Sg|(9th () = Sg(x) = /E(m,y)g(y) do(y), o-a.e. x € 0N.
oN
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Hence

(1.46) = 0.

u‘am

A second application of the Gauss-Green theorem gives

(1.47) /(|VU|2 +Vu2)dy = / (D, u) do = 0,
Q. o0,

so Vu =0 in Q, and then (1.46) gives

(1.48) u=0 on €, hence on M.

Now, by (1.34), if u is given by (1.40), g is equal to the jump of d,u across 92, so
we have that (1.39) implies g = 0, proving Proposition 1.3.
Therefore, we have Proposition 1.2, hence the following.

Proposition 1.4. In the setting of Proposition 1.2, given 1 < p < oo and f €
LP(0R), there exists a solution to (1.1), of the form (1.3), with g € LP(0SY), satis-

Jying

(1.49) [NullLeo0) < CllfllLe@o0),
and
(1.50) lim u(y) = f(x), for o-a.e. x € 0N.

y—ax,yely (x)

There is a corresponding uniqueness result, not quite an immediate consequence
of the uniqueness of g € LP(9N) such that (1.36) holds. We omit details on this.
Such uniqueness, in a more general context, is established in various references,
including [HMT].

In outline, this is the story for the Dirichlet problem (1.1), on a C** domain
satisfying (1.10), given boundary data f € LP(0f2). There are further results, for
boundary data in various LP-Sobolev spaces and Besov spaces, and with Sobolev
space and Besov space estimates on the solution u, which we will not go into here.
The discussion above is a prelude to the treatment of domains {2 whose boundaries
have less regularity.

We turn now to results on (1.1), for f € LP(92), on rougher domains. B. Dahlberg
[Dah] demonstrated solvability for f € L2*(9Q) of solutions to (1.1), satisfying
(1.49)—(1.50), when € is a Lipschitz domain, i.e., 92 is locally the graph of a Lip-
schitz function. The methods used in [Dah] did not involve layer potentials, but
rather maximum principle and Harnack inequality arguments.

A breakthrough by A.P. Calderon [Cal] made it feasible to apply the method
of layer potentials to cases rougher than in Proposition 1.1. He demonstrated LP
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bounds on Cauchy integrals on Lipschitz curves in C, with small Lipschitz constant.
Via the method of rotations, E. Fabes, M. Jodeit, and N. Riviere [FJR] were able to
treat (1.1) on an arbitrary C! domain via layer potentials. These authors establish
the compactness result on K in this more general setting. In such a case (as well
as cases to come), it is useful to write

Kg(x) ZPV//f(%y)g(y) do(y)
(1.51) BIy)

— lim K
lim c9(),

with K. given by (1.23). The authors establish (1.28) in this setting (this time via
Calderon’s work). Then (1.25) and (1.22) extend, and so does (1.19). Similarly the
results (1.33)—(1.34) on single layers extend, and so do Propositions 1.2-1.4.

The next advance came with the paper [CMM)], establishing Calderon’s estimates
for the Cauchy integral on arbitrary Lipschitz curves, not just those with small
Lipschitz constant. Again, via the method of rotations, the results (1.19)—(1.28)
and (1.33)—(1.34) work for Lipschitz domains. However, compactness as in (1.9)
fails, so a different approach to Proposition 1.2 is required.

A successful attack on Proposition 1.2 appeared in [Ver|. The crucial new in-
gredient was a “Rellich identity,” which had been rediscovered and applied to (1.1)
(though not in a way that involved layer potentials) in [JK1]. Such an identity
applied to a Lipschitz domain implies that if u = Sf, then ||[Vrullr250) and
|0vul|£2(a0) are comparable, up to controllable terms. In concert with the jump
relations (1.34), this gives

(I
(1.52) I llz20) < C|(£57+ K*) + CIIS sz ),

I 0m
and using (1.33) one can show that
(1.53) S : L*(09) — H“?(M) is compact.

This implies semi-Fredholmness of +(1/2)I + K*. This was complemented in [Ver]
by a construction yielding dense range. An alternative, used in several subsequent
works, extends the Rellich identities to a 1-parameter family of identities, leading
to

1
R > Z I+ K*:L?*09 L0
(154) A E ,])\|_2:>)\+ (0Q)) = L°(09)

has closed range and finite dimensional kernel.

Thus each such A\ + K* is semi-Fredholm, with a well defined index. Such an index
is continuous in A, hence constant on (—oo, —1/2] and on [1/2,00). Invertibility is
clear for large |A|, so the index must be zero. Having this Fredholm property, [Ver]
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extended Proposition 1.3 to Lipschitz domains, thus showing that (1.37) holds,
for p = 2. From this, a general result of [Sn] implies (1.37) holds for |p — 2| <
£(2). Hence Proposition 1.4 is established for a Lipschitz domain Q, for |[p — 2| <
£(€2). One can interpolate with the endpoint L> result (obtained via the maximum
principle) to get Proposition 1.4 for

(1.55) 2—-¢(92) <p <.

Actually, [FJR] and [Ver| worked on bounded domains 2 C R”, with L = A,
the Euclidean Laplacian 07 + -+ - + 82. In this setting, for Proposition 1.3 to work
one needs 02 connected. (The reader is invited to check the proof, to see why.) To
avoid this limitation, one brings in V' > 0, positive on a set of positive measure, at
least on each bounded component of R™ \ . Of course, once this move is made,
it is only natural to let all the coefficients be variable and move to the manifold
setting, as we have done here. This approach was taken up in [MT1], and pursued
in [MT2]-[MT5], and also in [MMT].

These papers and others have results also on the Neumann boundary problem

(1.56) Lu=0 on €, 8yu‘80 = f.

In such a case, one seeks g on 0f2 such that (1.56) is solved by
(1.57) u = 8Sg.

This solves (1.56) provided

1

(1.58) (—51+K")g= 1.

which can be solved for g, given f € LP(0f2), provided
(1.59) —%I + K* : LP(0Q2) — LP(0N2) is an isomorphism.

Such a result holds for 1 < p < 2+ (), when 2 is a Lipschitz domain, if also
V > 0 on a set of positive measure in 2. There is a standard modification of
(1.59) in the absence of this extra positivity. We will not dwell on this, or other
natural boundary problems, but merely point to the bibliography for such results,
and further references.

Our main goal in subsequent sections is to discuss material leading to layer
potential attacks on (1.1) on classes of domains that are not Lipschitz. In §§2—4,
we deal with successively smaller classes of domains with the following properties:

(1.60)  The surface measure o is finite and the Gauss-Green theorem holds,

(1.61) The double layer potential Dg satisfies (1.19)—(1.28).
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with similar results for VSg, and
(1.62) The compactness result (1.9) holds,

or variants hold, of use in extensions of Proposition 1.2.

Section 2 deals with domains of finite perimeter, as initially developed by E. De-
Giorgi and H. Federer. This is essentially the maximal class of domains for which
surface integration over 02 is meaningful. We mention several versions of the
Gauss-Green formula (1.45) valid for such domains. However, these general results
require more regularity on the integrand than one has when u = Sg with g merely
in L?(99). We discuss special results that do work in such a case, for those finite
perimeter domains that are “Ahlfors regular,” a property that incorporates the
estimate (1.13).

Section 3 discusses the class of “uniformly rectifiable” (UR) domains, introduced
by G. David and S. Semmes, essentially the maximal class of domains for which
estimates like (1.28) hold; cf. [D]. For such domains, one also has (1.25), (1.22), and
(1.19). (These latter results were demonstrated in [HMT].) In addition, the injec-
tivity result (1.38) holds for this class of domains. (This is also a result of [HMT].)
We also discuss some special classes of UR domains, namely Ahlfors regular NTA
domains and Ahlfors regular domains that satisfy a 2-sided local John condition.

In §4 we introduce the classes of regular Semmes-Kenig-Toro (SKT) domains and
e-regular SKT domains. These classes arose in work of [Se2]-[Se4]| and [KT1]-[KT4],
where they were called, respectively, chord-arc domains with vanishing constant,
and chord-arc domains with small constant. Classically, a chord-arc domain is a
domain  C C such that the arclength of 02 from p € 92 to g € 9€) is bounded
by a constant times |p — ¢| (the length of the chord). For the higher dimensional
variants, the phrase “chord-arc” seems not to capture well the essence of their
defining features, so we have proposed this alternative terminology.

In §5 we discuss results of [HMT] on the behavior of a class of operators of
the form K and K* that includes those arising in (1.18) and (1.34), with D as
in (1.4) and S as in (1.31), when Q is a regular SKT domain, or more generally
an e-regular SKT domain. These include compactness results when (2 is a regular
SKT domain, and operator norm estimates, modulo compacts, when {2 is an e-
regular SKT domain. A key starting point is the proof of compactness in [H] when
Q is a VMO; domain with compact boundary. These compactness and almost
compactness results, for regular and e-regular SKT domains, in turn imply that
the operators £(1/2)1 + K, and certain more general double layers, are Fredholm
of index zero.

In §6 we discuss how the Fredholmness results of §5, together with results dis-
cussed in §§2—4, lead to solvability results for (1.1) on these classes of domains. In
86 we also discuss the Neumann boundary condition and briefly mention bound-
ary problems for several systems of equations, treated in [HMT] for regular and
e-regular SKT domains.
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2. Finite perimeter domains, Ahlfors regular domains, and the Gauss-
Green formula

We will work in the Euclidean space setting here. Translation of this material
to the manifold setting is routine. An open set 2 C R™ is said to have locally finite
perimeter provided its characteristic function xqo has the property that

(2.1) Vxa =

taken a priori as a distribution, is a locally finite R™-valued measure. In such a
case, the Radon-Nikodym theorem implies

(2.2) W= —vao,

where o is a locally finite, positive measure, supported on 02, and v is a vector-
valued function, defined o-a.e. on 02, satisfying |v(x)| = 1, o-a.e. The Besicovitch
differentiation theorem implies

i ! =v(x
(2.3) lim WB(/) vdo = v(z),

for o-a.e. x. Via distribution theory, for a vector field v € C§°(R™,R™), (div v, xq) =
—(v, Vxa), so (2.1)—(2.2) say

(2.4) /divvdaz = /(y,v> do, VoveCyP[R"R").
Q o

We describe some results of Federer and De Giorgi on the structure of 0. Good
references for this material include [EG] and [Zie]. First,

(2.5) o=H"10"Q,

where H" 1 is (n— 1)-dimensional Hausdorff measure and 9*Q C 9 is the reduced
boundary of €2, defined by

(2.6) 0*Q = {x : (2.3) holds, with |v(x)| = 1}.

(Remarks supporting (2.3) imply o is supported on 9*€2.) Second, 0*€2 is countably
rectifiable, i.e., it is a countable disjoint union

(2.7) 9 Q) = UMk U N,
k
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where each M)}, is a compact subset of an (n — 1)-dimensional C* surface, to which
v is normal in the usual sense, and H" 1(N) = 0. Given (2.5), then (2.4) yields
the Gauss-Green formula

(2.8) /divvd:z:: /<I/, v) dH" 1,
Q 8- Q

for v € C§°(R™,R™). It is useful to know that 9*Q C 0,Q C 09, where 0, is the
measure-theoretic boundary of §2:

(2.9) 0:Q = {x € 9Q : limsup r~"Vol(B,(x) N Q) > 0},

r—0

where Q, = Q, Q_ = R"\ Q. Furthermore, one has

(2.10) H 9.0\ 07Q) =0.

It is the case that

(2.11) Q has locally finite perimeter < H" (9,2 N K) < oo,
for all compact K.

Finite perimeter domains exist for which 0\ 0. is quite large. For example,
let Q C R? be a slit disk. Then 9*Q = 9,9 is the boundary of the disk, and the
slit makes up 092 \ 9.2. We will generally make the condition
(2.12) H 00\ 9.0) =0
an hypothesis for our results. We mention some conditions guaranteeing this below.

Here is a significant class of locally finite perimeter domains. For 4 : R*~! — R,
let

(2.13) Q={zeR":z, > A(z")},

where z = (2, x,,). We have:

Proposition 2.1. Given
(2.14) AcCR" 1Y), VAc L (R"1),

then Q, defined in (2.13), has locally finite perimeter.

For the proof, take a Friedrichs mollifier ¢ € C§°(R™ 1) and set Ay = 1y, * A.
Then

(2.15) A — A, locally uniformly,



14

SO
(2.16) X, — Xo in Li (R™).

Hence Vxq, — Vxq in D/(R™). Also, by the classical Gauss-Green formula for
smoothly bounded domains, Vxq, = —v,oy, where oy, is surface area on

(2.17) Yp = {z € R" 1z, = Ag(2')},

given in z’ coordinates by

(2.18) do(z') = /1 + [V AR (2)2 da’,

and vy, is the downward pointing unit normal to ¥;. The hypothesis (2.14) implies
that {vxok : k > 1} is a bounded set of R™-valued measures on each set Br = {z €
R™ : |x| < R}, so passing to the limit gives Vxq = p, a locally finite R™-valued
measure, hence of the form p = —vo as in (2.2).

Note that passing to the limit £ — oo from

(2.19) /divv dx = / ((VAg(z'),-1),v(a’, Ax(a"))) da’,
Qg Rn—1
valid for v € C§°(R™,R"), and invoking (2.4), gives
(2.20) / (v, v) do = / @), v, A@)) do(a),
o0 Rn-1

where

~0 1N (VA(I'/),—I) Ul‘/ _ 22 :L‘/
(2.21) v(z') = VA do(z') = /1 + |VA(z")|? dz’.

The formula (2.20) is valid for all v € C§°(R™, R™), hence for all v € CJ(R",R™).
Regarding the relation between €2 and 0,2, it is clear that 92 = 0,€) whenever
A is locally Lipschitz. We refer to §2.2 of [HMT] for a proof of the following.

Proposition 2.2. In the setting of Proposition 2.1, the condition (2.12) holds.

So far, we have discussed the Gauss-Green formula for v € Cg°(R™, R™). A simple
limiting argument extends (2.4), hence (2.8), to v € C}(R™,R™). As mentioned in
§1, for such purposes as extending Proposition 1.3 to rougher domains, we need
such an identity for much rougher vector fields v. Here is a preliminary extension.
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Proposition 2.3. If Q) C R"™ has locally finite perimeter, then (2.4) holds for v in

(2.22) D = {ve CYR",R") : dive € L'(R™)}.

Proof. Take a Friedrichs mollifier @5, € C§°(R") and set vy = @i * v. Then (2.4)
gives

(2.23) / div vy dz = / (v, vx) do.

Q o

Since divuv, = ¢ * divo, the left side of (2.23) converges to [, divvdz (given
dive € L'), and since vy, — v uniformly (given v continuous), the right side of
(2.23) converges to [, (v,v) do, giving the desired result.

It is desirable to have (2.4) for functions defined only on Q. Here is one such
result. Let open sets € satisfy Qr C Q, Qr 7 Q. We say {Q : k > 1} is a tame
approximation to € if in addition there exists C(R) < oo such that, for R € [1, c0),

(2.24) IVxa,lltvsr < C(R), Vk=>1,

where TV stands for the total variation of a vector measure. The domains treated
in Proposition 2.1 have this property. One can take

(2.25) Q= {(2',2n) s 2 > A(z) + k1)

The following is a partial extension of Proposition 2.3.
Proposition 2.4. If Q2 C R" has locally finite perimeter and a tame interior ap-

prozimation, then (2.4) holds for v in

(2.26) D = {veCYQ,R") :dive e L'(Q)}.
Proof. In this setting, one can use Proposition 2.3 to show that, for v € 2‘5,

(2.27) /divvdm = —(v, X, )-
Qp,

As k — oo, the left side of (2.27) converges to the left side of (2.4). Using (2.24),
one can deduce that the right side of (2.27) converges to —(v, Vxq), from the fact
that distribution theory yields such convergence if v € C§°(R™,R™).

Now vector fields v = uVu, with u = Sg, g € L*(99), arising in the proof of
Proposition 1.3, are much rougher than those treated in Proposition 2.4. We intro-
duce a class of domains for which a version of the Gauss-Green formula adequate
for an extension of Proposition 1.3 was established in [HMT].
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Let €2 C R™ be an open set, of locally finite perimeter. We say €2 is Ahlfors regular
if (2.12) holds and there exist Cy, C; € (0, 00) such that, for each r > 0, = € 01,

(2.28) Cor" ™t < o(B.(x)) < Cyr" L.

If Q is bounded, we require (2.28) only for 0 < r < diam 2. To state the next
Gauss-Green formula, set

(2.29) £ = {v e C%Q) : Nv € LP(09Q),and 3 nontangential limit vy, o-a.e.}.
Here, as in (1.21), Mv is the nontangential maximal function

(2.30) Nu(z) = sup |v(y),
yel(z)

where, as in (1.20),
(2.31) [(z) ={y € Q:d(y,z) < 2dist(y, 0N)}.
Nontangential convergence at = € 9€) means

(2.32) lim  o(y) = vp(x).
yel'(z),y—z

Here is the result.

Proposition 2.5. Let Q C R™ be bounded and Ahlfors reqular. Then

(2.33) / divode — / (v, v,) do

Q o

for each vector field v satisfying, for some p > 1,

(2.34) veLP and dive € L1(Q).

For this to be meaningful, one needs to know that

(2.35) x € I'(x), for o-a.e. x € ON.
A domain € satisfying (2.35) is said to be weakly accessible. In the course of proving
Proposition 2.5 in [HMT], the following is established.

Proposition 2.6. If Q@ C R" is Ahlfors reqular, then it is a weakly accessible
domain.

See §2.3 of [HMT] for a proof of Proposition 2.5. We mention one ingredient.
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Proposition 2.7. In the setting of Proposition 2.5, there exists C' = C() such
that, for all measurable u : Q) — R,

1
(2.36) g/|u|dm < O|Nullpoey, V6 € (0, diam),
Os
where
(2.37) Os = {z € Q : dist(z,00) < 6}.

Note that a special case of (2.36) is that
(2.38) Vol(Os) < C6.
Actually, a shorter direct proof of this is available, involving convolving ¢ with
XBs(0)- We omit details. Using (2.38), we can establish the following.

Proposition 2.8. If Q2 C R™ s bounded and Ahlfors reqular, then €0 has a tame
mterior approrimation.

Proof. With Qg = {z € Q : dist(z,00Q) > s}, set
Ys(x) =9, x € Qs,

(2-39) dist(z,0Q), =€ Q\ Q.

Then )5 is Lipschitz, Vs is supported on Og, and |Vis| =1 on Os. A version of
the co-area formula (Theorem 5.4.4 of [Zie]) gives

TV ds.

4
(2.40) /rvw5|dx=/ IVxe,
0
Os

Then, by (2.38), since the left side of (2.40) equals Vol(Os), we have

6
(2.41) / IV x0. oy ds < C3,
0
for all small 0. Thus, for each k > 1, there exists s € (0, 1/k) such that | Vxq, ||[Tv <
C, and Proposition 2.8 follows.

As a consequence, Proposition 2.4 applies to bounded Ahlfors regular domains,
but of course Proposition 2.5 is much stronger.

The boundary of an Ahlfors regular domain is a measured metric space of ho-
mogeneous type, as studied in [CW]. A lot of tools for harmonic analysis, such as
Hardy-Littlewood maximal function estimates, aspects of Calderon-Zygmund the-
ory, atomic Hardy spaces, and theories of BMO(92) and VMO(9f2), are available
for such spaces. See §§2.1 and 2.4 of [HMT] for a collection of such results.

In the compact case, the boundary of an Ahlfors regular domain is a natural
setting for the result that weakly singular integral operators are compact. We have
the following.
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Proposition 2.9. Let Q C R™ be Ahlfors reqular, and assume OS2 is compact. Let
k:0Q x 02 — C be measurable and satisfy

w(lz = yl)

2.42 k(x,y)| < C———=,  x,y € 0.
(2.42) ()l < €
Then
(2.43) Kg() = [ ka.w)g(y) doty)

oQ
has the property
(2.44) K : LP(02) — LP(0Q)) is compact, for 1 < p < oo,
provided w is a modulus of continuity that satisfies the Dini condition

1

t
(2.45) | i<
0

Proof. Same as that of Proposition 1.1.

An important class of Ahlfors regular domains is the class of BMO; domains.
The boundary of such a domain is locally the graph of a function A € BMO1, that
is,

(2.46) AeCR"™ 1), VAeBMOR"M).
We state the result.
Proposition 2.10. If Q C R" is a BMO; domain, it is Ahifors reqular.
Since BMO(R"™1) ¢ L? (R"!) for all p < oo, Propositions 2.1-2.2 apply, as

loc

do (2.20)—(2.21). Thus, what is to be proved is that, if A satisfies (2.46), then there
exist Cp, Cy € (0,00) such that, for all ' € R*~1 7 > 0,

(247) Cor™ 't < / V1I+|VA@)2dy < Ot
{y/:lz' —y'[P+|A(z) - A(y") [P <r?}
For details, see §2.5 of [HMT].

REMARK. For simplicity, we have defined N by (2.30). More generally, one can
take a € (0, 00), set

(2.48) Fo(z) ={yeQ:d(y,z) < (1+ a)dist(y,00)},
and define
(2.49) Nou(z) = Esl}uz | lu(y)]-

As shown in §2.1 of [HMT], if Q is Ahlfors regular, o, 5 € (0,00), and 1 < p < o0,
(2.50) [INaullze o) = [Nl e (00)-
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3. Uniformly rectifiable domains and layer potentials

We continue to take 2 C R™, as the generalization to the manifold setting is
routine. We say an open set 2 C R” is uniformly rectifiable provided it is Ahlfors
regular and the following property holds. There exist k, M € (0, 00), called the UR
constants of €2, such that for each x € 92, R > 0, there is a Lipschtz map

(3.1) ¢: Byt —R", Bil={yeR"':|y| <R}
such that
(3.2) IVl e < M, H* ! (09 A Br(z) N go(B;;—l)) > kR,

If 09 is compact, we require this only for R € (0,1]. For short, we call such Q2 a
UR domain.
The following result is established in [Dav], Proposition 4 bis.

Proposition 3.1. Let Q@ C R™ be a bounded UR domain, and take p € (1,00).
Then there exists N € Z* and C € (0,00), each depending only on p and the
Ahlfors regularity and UR constants of 2, with the following property. Assume
ke CN(R™\0) is odd and homogeneous of degree —(n — 1). Then, with

K.f(z) = / K(z — ) f(y) doly), =€ 0,

(3.3) O\ B ()
K. f(z) = sup |K.f(z)|,
0<e<1
we have
(3.4) 1K fllLro0) < Cpllk| gni |l on 111 2r (002 -

In the setting of Proposition 3.1, consider the layer potential
(35) THw) = [ ke - 0)f@) o), we.
oQ

In §3.2 of [HMT], the estimate (3.4) is supplemented by the nontangential maximal
function estimate

(3.6) INT fllro0) < Cllfllzron), 1 <p < oo
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where N is defined as in (2.30). Indeed, as shown there, one has
(3.7) NT f(z) < Ko f(x) + CMf(x), x €09,

where M f is the Hardy-Littlewood maximal function. Then (3.6) follows from (3.4)
and the standard Hardy-Littlewood maximal function estimate. In more detail, it
is shown that

redN,yel(x), [r—y|l=c¢
(3.8) — T f(y) - Koo f(2)] < CMf(z)
= T f(y)] < K.f(2) + CMf(2),

which leads to (3.7).
If © is a bounded UR domain, then

(3.9) T : LP(0Q) — LPY(=D(Q), 1< p < 0.

This is a consequence of (3.6) together with the following, proven in §3.2 of [HMT].

Proposition 3.2. If Q2 C R™ is a bounded Ahlfors regular domain, then, for 1 <
p < oo, ueC(f),

(3.10) HuHLpn/(nfl)(Q) < CHNUHLp(aQ).

As for operator convergence and pointwise convergence, we have the following.

Proposition 3.3. In the setting of Proposition 3.1, we have, for each f € LP(02),p €
(1,00),

man ‘/ r —y)f(y)do(y)

(3.11) o

for o-a.e. x € 002, and
(3.12) K : LP(092) — LP(09Q)
satisfies the bound (3.4). Furthermore,

(3.13) lim  T(y) = ~h(w(@)f (@) + Kf(),

y—az,y€l(x) 2

for o-a.e. x € O0N).
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The proof, given in §§3.3-3.5 of [HMT], proceeds in stages, starting with such a
result for the double layer potential (previewed in §1)

(3.14) Df(x) = / 0y, Bz — y) () do(y),
o0

where E(x — y) is the fundamental solution of the Laplace operator A. In the
Euclidean context, we have

(3.15) 0y, Bz — y) = 1 (v(y),y — o)

Wy |z =yl ’

where w,, is the area of the unit sphere S”~! C R™. The integral kernel Ou, E(z—y)
is a sum ) k;(x —y)v;(y), where each k; satisfies the conditions of Proposition 3.1.
With a slight abuse of notation, we set

316)  Kf@)= [ 8,B@-y)i@dow). K.f) =sp K1),
20\ B. («) :

As in (3.4) and (3.6), we have, for 1 < p < oo,

(3.17) | K. fllzeon) < CllfllLeon),  INDfllLeaa) < CllfllLea0)-

We claim that, for each f € LP(0%),

319)  lm Kef(o) =PV [ 8, E(@ - y)f(w) doty) = KS (o),
o0
and
. 1
(3.19) S dim " Df(y) = (51 + K )f (),

for o-a.e. x € 0. In view of (3.17), it suffices to prove (3.18)—(3.19) for f in a
dense subspace of LP(0f2), for example, the space Lip(0f2) of Lipschitz continuous
functions on the compact set 0€). In fact, we have the following.

Proposition 3.4. If Q is a bounded, Ahlfors regular domain, and f € Lip(0f),
then (3.18) holds for each x € 0*Q, and (3.19) holds for each x € 0*Q) such that
x € (z).

Proof. To establish that

(3.20) / O, E(z —y)f(y) do(y)
99\ B. (z)
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converges as € \, 0, add —f(x) + f(z) to f(y). We have

1 (v(y),y —x)
i / P )~ 1) do(y)
OO\ B:(z)

_L/M

Cwy lz —y|"
o0

(3.21)
[f(y) — f(x)] do(y),

by the Lebesgue dominated convergence theorem, given the upper bound in (2.28).
To prove (3.18), it remains to establish convergence of (3.20) with f(y) replaced by
1. To get this, pick R such that 2 C Br(x) and set

(3.22) O r = Br(z) \ (QU B.(z)).

Using the Gauss-Green formula (2.4), one can show that, for a.e. € > 0,0, g has
finite perimeter and

/&w@@: / (), v(y)) do(y) + / (w(y), v(y)) do(y)

Oc R OO\ Be () OB (z)NQ2e

s [ ),

OBr(z)

(3.23)

whenever v € C*° (O, g, R™). (Cf. [HMT], §2.2.) This applies to v(y) = V,E(z—y).
Now AyE(x —y) =0 on R™ \ {z}, hence on O; g, so (3.23) gives

/ Ov, E(x —y)do(y)

(3.24) 90\ B. (v)
' 1 v(y),y —x 1 v(y),y —x
_ 1 / ((y)yn>da(y)__ / <(y)yn>da(y)‘
wn, |z —y| wr, |z —y|
OBR(x) 9B (z)NQe

The first term on the right equals 1. The second term equals

1
(3.25) ——e "D 5(dB.(z) N Q°).
Wn,
Now if x € 9*(Q2, then the orthogonal complement to v(x), translated to pass through
x, is an approximate tangent plane, and the limit of (3.25) as ¢ \, 0 (at least on
a set of density 1 at 0) equals 1/2. Finally, elementary arguments eliminate the
restriction on €, and we get

1
(3.26) lim / Oy, E(x —y)do(y) ==, Vzed
e\.0 v 2
OO\ B:(z)
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This gives (3.18).
We turn to (3.19). Given x € 9*Q NI (z), we write

z—x,z€l(x)

with

I, = lim lim L / —<V(y),y —2)

eNO z—uz,z€l'(z) w_n
OO\ B (z)

(3.28) L=lm lm / WY =2 1) pa) doty),

eNO z—z,zel'(z) Wp
00N B, (x)

. : 1 (v(y),y — 2)
I3 = -1 1 — —=—d :
3 f(l‘) El\g(l) z—>m,1zI2F(m) Wn, / O'(y)
00N B, (x)
For each € > 0, the Lebesgue dominated convergence theorem applies to the limit
as I'(x) 2 z — x in I;. We get

: 1 <V(y)7 Yy— I‘>
L = lim — ———f(y) do(y)
(3.29) N0 wnm\B/s o |z =yl
= Kf(?/)?

by (3.18). To handle I3, note that
r,y€ed,zel(zx)= |z —y| <|z—y|+ |z — 2
(3.30) < |z — y| + 2dist(z,09Q)
<3|z —yl,
so, for Lipschitz continuous f, the absolute value of the integrand in I is

C

3.31 < —
(3.31) |z —y|"—2

and the Lebesgue dominated convergence theorem applies, to give
(3.31) I, =0.

Finally, for I3, use of harmonicity and the Gauss-Green formula, similar to (3.24),
gives, for z € I'(x) C ,

/ O, E(z — y) do(y)

(3 33) 00N B (x)
' _ 1 ((y),y—2)
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which tends to

(3.34) L / Wy =) 4o,

as z — x, and parallel to (3.24)—(3.26), this tends to 1/2 as ¢ \ 0, if z € 9*Q2. This
gives (3.19).
The next step in §3.3 of [HMT] is to apply a similar argument to

(3.35) Rjpf(z) = /[Vj(y)ﬁkE(x —y) —v(y)0;E(x —y)| f(y) do(y), =€,

o0
and
(3.36)
Ruf@ =l [ 0BG —9) - nw)d B - )] f) doty), €00,
80\ B. ()
We get

Rjkf|8Q: ikf, o-a.e. on 01,

if 2 is a UR domain. Then results are obtained on VS f, where S is the single layer
potential

(3.37) Sf(x) = / E(a — y)f(y) do(y),
o

using the identities
(3.38) 9;Sf=-DW;f) + Rjr(wef).
In particular, generalizing (1.34), we have

(3.38A) lim  0,S8f(y) = (—11 + K*)f(x), o-a.e. x € 0N.

y—x,y€l(x) 2

Section 3.4 of [HMT] establishes Proposition 3.3 in case

(3.39) k(z) = l;ﬁ%,

whenever P, is an odd harmonic polynomial on R™, homogeneous of (odd) degree
¢ > 3 (the case £ = 1 being covered by the treatment of VSf). We refer the reader
to that subsection for details, which involve Clifford analysis, and induction on .
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The proof of Proposition 3.3 is finished in §3.5 of [HMT], using the classical
device of expanding (the odd function) k|g»-1 in (odd) spherical harmonics. This
yields

(3.40) k)= a%];f%,
>1

with Py as above. If k|gn-1 is smooth enough, appropriate norms of ayPy|gn-1 decay
rather rapidly, giving a convergent operator expansion and finishing the proof of
Proposition 3.3.

In fact, §3.5 of [HMT] goes one step further, using such an expansion to treat
“variable coefficient” versions of (3.3), (3.5), and (3.11), with k(x — y) replaced by

(3.41) k(x,z —y).
Here, k(x, z) is continuous on R™ x (R™\ 0), along with z-derivatives of order < N,

and homogeneous of degree —(n — 1) in z, and satisfies k(x,—z) = —k(z,z). In
place of (3.40), we have

P _
(3.42) k(z,x —y) = ; adm)%.
>1
As a consequence, one has
(3.43) Kf(x) =PV / k(o.x —y)f(y) do(y)
o0

defining a bounded operator on LP(92) for 1 < p < oo, as in (3.12), obtained in
(3.11), with

(3.44) K.f(z) = / ke, x — ) (y) do(y),
OQ\B:(z)

and K, f(z) = sup |K. f(x)| satisfies, for 1 < p < oo,
e>0

(3.45) | K fllLro0) < Cp Sup k(@ )| gns |l o 1120 002)-

Also the double layer potential

(3.46) Tf(x) = / k(e x— ) f(y) do(y), e,
o0
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satisfies (3.6), and

(3.47 lim T f(y) = 5k, v(@)f (@) + K f(2),

y—x,yel(x) /)

for o-a.e. x € 0N, where l%(x,f’) is the partial Fourier transform of k(z,z) with
respect to z. In addition, variants of (3.43)—(3.47) hold with

(3.47A) k(y, z —y)

in place of k(z,x — y).

REMARK. In the setting of Lipschitz domains, passing to such results via the expan-
sion (3.42) formed the starting point for the work of [MT1], on variable coefficient
Laplacians on Lipschitz domains, which led to [MT2]-[MT5], [MMT], and other
works. As in these papers, it is such a device that allows for a treatment of elliptic
boundary problems in the Riemannian manifold setting. See §6 for more on this.

We next record some geometrical conditions on an Ahlfors regular domain {2
that are known to imply that €2 is a UR domain. The following is a result of [DJ].

Proposition 3.5. Let Q C R"™ be Ahlfors reqular. Assume 02 satisfies the follow-
ing “two disks” condition. There exists Cy € (0,00) such that for each x € 0Q and
r > 0, there are two (n — 1)-dimensional disks, with centers at a distance < r from
x, radius r/Cy, one contained in Q and the other in R™\ Q. (If OQ is compact,
one can pick Ry € (0,00) and restrict attention to r € (0, Rg].) Then Q is a UR
domain.

A similar result, but with balls in place of disks, had been established in [Se5].
One important class of UR domains is the class of Ahlfors regular domains that

are nontangentially accessible (NTA), a class introduced in [JK2]. An open set
Q C R™ is an NTA domain provided

(3.48) () satisfies a 2-sided corkscrew condition,
and
(3.49) 2 satisfies a Harnack chain condition.

The 1-sided corkscrew condition is that there exist M > 1 and R > 0 such that,
if x € 00 and r € (0, R), then there exists y = y(x,r) €  such that

(3.50) lz —y| <r and dist(y, 8Q) > %

The 2-sided corkscrew condition is that both © and R™\ © have this property. Note
that

(3.51) 2-sided corkscrew condition = 9 = 0,().
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A Harnack chain (of type (K,M)) from z; € Q to z2 € 2 consists of balls
B, ..., Bk such that

T € Bl, To € BK,
Bj has radius r; and TMJ < dist(Bj, 092) < Mr;.

The Harnack chain condition on €2 is that there exist M > 1, R > 0 such that
whenever r € (0, R), if

q €0, x1,19 € Br/4(q) N Q,

(3.53) and |2, — 22| < 2F . min dist(z;, 092)
j

(with & > 1) then there is a Harnack chain of type (K, M) from x; to zo, with

(3.54) K < Mk, and diam B, > M~" min dist(z;, 99).
J

It follows from Proposition 3.5 that if 2 C R™ is Ahlfors regular and satisfies the
2-sided corkscrew condition, then it is a UR domain.

A more general class of domains than NTA is the class satisfying a local John
condition. For an open set {2 C R™, this condition is that there exist § € (0,1), R >
0 (R = oo if 09 is not compact) with the following properties. For each p € 91,
r € (0, R), there is a point p, € B,(p) N2 such that

(355) BGr(pr) - Qy

and, for each x € 902N B,.(p), there is a path v, from x to p,., of length < /6, such
that

(3.56) dist (v, (£), 09) > Oy (t) — o, V.
If Q and R™ \ Q both satisfy a local John condition, we say ) satisfies a 2-sided
local John condition.
The condition on 7, above is stronger than the corkscrew condition, so if €2 is
Ahlfors regular and satisfies a 2-sided John condition, then €2 is a UR domain.
Despite what is stated in the last paragraph, it is shown in §3.1 of [HMT] that
(3.57) Every NTA domain satisfies a local John condition.

We have the following result on BMO; domains.
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Proposition 3.6. IfQ C R™ is a BMO; domain, then it is an NTA domain, hence
(since, by Proposition 2.10, BMO; domains are Ahlfors regular) it is a UR domain.

Proof. Tt is shown in [JK2] that if A € A,(R"™!), the Zygmund space, then =
{(z',x,) : x,, > A(2")} is an NTA domain. Proposition 3.6 then follows from the
fact that BMO{(R"~1) C A, (R™™1).

REMARK. By Proposition 3.6 and (3.51) we see that if 2 is a BMO; domain, then
(3.58) 8.0 = 99,

which is stronger than (2.10).

Another important result of [DJ] is that if a bounded domain €2 is Ahlfors regular
and NTA, then harmonic measure on 0f2 satisfies the A, weight condition. Hence
the Poisson integral

(3.59) PI: C(09) — C(Q),

for which u = PI f solves Au = 0, u|gpn = f (in this case, every boundary point is
regular) extends continuously to

(3.60) PI: L9(9Q) — {u € C®(Q) : Au =0},

for some g < co. Recent papers, including [KT4] and [MPT], have dubbed such
domains “chord-arc domains.”

Classically, a chord-arc domain is a planar domain © C R?, for which 9 is
a simple closed curve, which is rectifiable and has the property that there exists
B < oo such that, if p, g € 0Q and ~,, C 012 is the shorter of the two arcs joining p
to ¢, then its length £(,,) satisfies

(3.61) P —al < () < (1+B)lp—ql-

Clearly (3.61) implies Ahlfors regularity. It is classical that such a planar domain
is a quasidisk. It was proven in [Jo] that such © is NTA. Lavrientiev proved (3.60)
in this setting, in 1936.

Works of [Se2]-[Se4] and [KT1]-[KT4] have dealt with higher dimensional gen-
eralizations of “chord-arc domains with small constant,” and “chord-arc domains
with vanishing constant.” We turn to this topic in the next section.
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4. Regular SKT domains and variants

At the end of §3, we defined the notion of chord-arc domains Q C R2, by (3.61),
and noted that domains 2 C R"™ for n > 2 are called chord-arc domains in some
papers if they are Ahlfors regular and NTA. To proceed further, we recall that a
planar domain € C R? is said to be chord-arc with constant § > 0 provided there
exists A > 0 such that, for p,q € 09,

(4.1) Ip—ql < A= lvpg) < (1 +9)|p—ql

The domain 2 is said to be vanishing chord-arc if it is chord-arc with constant ¢
for all 6 > 0, so

1
(4.2) lim 020 _ 1y e 00,
p=a [p— g
It was shown in [Se2]-[Se3] that if @ C R? is chord-arc with sufficiently small
constant ¢ > 0, then the outward unit normal v has the property

(4.3) [V ]BMO(4,) < C6Y2,

whenever p,q € 09, |p—q| < A, with A as in (4.1). Conversely, as shown in these
papers, if € is bounded by a simple, closed, rectifiable curve and v € BMO(0f2),
with [|[v|[BMmO(y,,) < 7 sufficiently small, whenever |p —q| < A, then Q is chord-arc,
with constant § < C'n?. This work also showed that, for Q C R?,

(4.4) (2 vanishing chord-arc = v € VMO(092).

Higher dimensional analogues of these classes of domains were introduced and
studied in [Se4|-[Se5] and [KT1]-[KT4]. The definitions of these classes (which we
discuss below) involved both the notions of ¥ € BMO, or VMO, and the notion of
Reifenberg flatness. However, they did not involve the notion of “chord” or “arc,”
and there is motivation to give these classes more fitting names than chord-arc
domains with small constant (resp., with vanishing constant). On the other hand, a
label like “Ahlfors regular NTA domains with BMO bounds (resp., VMO condition)
on v and Reifenberg-flatness condition” won’t do. In [HMT] it was proposed to call
them e-regular (resp., regular) Semmes-Kenig-Toro (SKT) domains. We proceed
to define these classes of domains.

We start with the notion of Reifenberg flatness. If  C R™ is open, one says 02
is Reifenberg flat if on all scales, given ¢ € 0S2, B,-(q) NS is well approximated, in
a Hausdorff distance sense, by an (n —1)-plane through ¢ (NB,(q)). More precisely,
given q € 0f2, set

(4.5) 0(q,r) = iILlf %D[@Q N B, (q), LN B.(q)],
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where the inf is over all (n — 1)-planes through ¢, and D[, | is Hausdorff distance.
Then 012 is d-Reifenberg flat if and only if, for each compact K C 0f2, there exists
R > 0 such that

(4.6) sup sup 6(q,r) < 0.
0<r<R qeK

One requires 0 < 1/4v/2. One says 0 is Reifenberg flat with vanishing constant
provided it is d-Reifenberg flat for some § € (0,1/4+/2), and

4.7 lim sup 0(q,r) =0,
(4.7) Hany sup (g,7)

for each compact K C 0f).

These labels are assigned to the domain 2 if, in addition, there is the following
separation property: given K C 0€) compact, there exists R > 0 such that, for each
q € K, r € (0,R], there is an (n — 1)-plane L(g,r) through ¢, with normal n, ,,
such that

(4.8) A= {x +tng, € Br(q) : x € L(g,7), t > 2} C Q,
and
(4.9) B = {x—tnqyr € B,(q) :x € L(q,7), t> 2} CR"\ Q.

NOTE. The separation property implies 02 = 0,().

The following was established in [KT1].

Proposition 4.1. There exists §,, € (0,1/4v/2) such that, if § € (0,5,), Q@ C R®
has the separation property, and OS2 is 6-Reifenberg flat, then ) is an NTA domain.

In light of this, given § < J,,, one says €2 is a d-Reifenberg flat domain provided
it has the separation property and 0f2 is §-Reifenberg flat. If, in addition, (4.7)
holds, one says 2 is a Reifenberg flat domain with vanishing constant.

We now define three classes of SKT domains.

DEFINITION 4.1. Given 6 € (0,6,), a domain  C R" is a §-SKT domain provided

(4.10) 2 is Ahlfors regular,

(4.11) Q2 is a 6-Reifenberg flat domain,

and, given K C 0f) compact, there exists R > 0 such that

(4.12) sup [|[v[[Byo(Br(g)nog) < 0.
geK
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DEFINITION 4.2. In the setting of Definition 4.1, if, in addition,

(4.13) v € VMO(09),

we say (2 is a regular SK'T domain, while if

(4.14) dist(v, VMO(992)) < ¢,

the distance taken in BMO-norm, we say €2 is an e-regular SKT domain.

NoOTE. If § < 6, and 2 is a 6-SKT domain, then  is Ahlfors regular and NTA;
hence it is a UR domain.

Definition 4.1 and the first part of Definition 4.2 are from [KT2|, where the
domains were called, respectively, d-chord-arc domains and chord-arc domains with
vanishing constant. The following was proved in [KT2].

Proposition 4.2. Assume Q C R™ is Ahlfors reqular and 6-Reifenberg flat (with
d < d,). Then the following are equivalent.

(4.15) Q is a regular SK'T domain.
(4.16)
Q is Reifenberg flat with vanishing constant, and for each compact K C OS2,
1

(Br(g) N09) =1,

lim sup —— o0
\.0 qeK An,ﬂ“n_l

where A,,_1 = area of S" L.

For each compact K C 011,

1
lim inf ————a(B,(q) NN
(4.17) o g, e (Brl@non)
1
= lim sup (Br(q) N o) = 1.

e e———— O
™0 gek Ap_1rmt

In counterpoint to these results, we have the following two results, established
in §4.2 of [HMT].

Proposition 4.3. Let Q C R"™ be Ahlfors reqular and satisfy a two-sided local John
condition. There exist e and Cy, depending only on n and the John and Ahlfors
reqularity constants, with the following significance. If € € (0,e0) and (4.14) holds,
then Q is a 6-SKT domain, with 6 = Cye. In particular, ) is a d-Reifenberg flat
domain and hence a two-sided NTA domain.
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Proposition 4.4. If Q C R™ is Ahlfors reqular, the following are equivalent.

(4.18) Q satisfies a 2-sided local John condition and v € VMO(0R),
(4.19) Q is 2-sided NTA and v € VMO(012),
(4.20) Q is a reqular SKT domain.

In Propositions 4.3-4.4, §-Reifenberg flatness is part of the conclusion, rather
than part of the hypothesis. A key tool in the work of §4.2 of [HMT] is a variant of
the Semmes decomposition theorem. Such a decomposition was introduced in [Se3],
where it was stated for C? surfaces, with estimates independent of this degree of
smoothness. A more general result, with hypotheses involving Reifenberg flatness,
was given in [KT2]. The decomposition theorem in [HMT] was done in the setting
of an Ahlfors regular domain 2 C R"”, satisfying a 2-sided local John condition.
Roughly, if the unit normal has small local mean oscillation, then, at an appropriate
scale, 0€) agrees with the graph of a function with small Lipschitz constant, except
for a small bad set, while staying close to this graph even on the bad set. See
[HMT] for further details.

The following identifies a significant class of regular SK'T domains.

Proposition 4.5. IfQ C R" is a VMO; domain, then it is a regular SKT domain.

Recall from Propositions 2.10 and 3.6 that if 2 is a BMO; domain, then it is
Ahlfors regular and NTA. The final ingredient for Proposition 4.5 is that if € is
VMOy, then (4.13) holds. More generally, as shown in §2.5 of [HMT], if Q has the
form (2.13), with A € BMOy, then

(4.21) dist(v, VMO(9Q)) < C(1 + ||V A puo) dist(VA, VMO(R™)).

The proof uses the John-Nirenberg inequality.
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5. Fredholm properties of layer potentials on regular SKT domains

The following is the major result in §4.5 of [HMT].

Proposition 5.1. Let Q2 C R™ be a UR domain, and assume 0S) is compact. Let
kE:R"\ 0 — R be smooth, even, and homogeneous of degree —n. Consider the
operator T', defined by

(5.1) Tf(r) =PV / (& —y,v() ke — 9)f(y) do(y), =< o
o0

(which, by results of §3, is bounded on LP(0Q) for all p € (1,00)). Then
(5.2)  Q regular SKT domain = T : LP(0Q) — LP(92) compact, Vp € (1,00).

More generally, if Q) is Ahlfors regular and satisfies a 2-sided local John condition,
and 0) is compact, then, given p € (1,00), for each € > 0, there exists § > 0,
depending only on €, the Ahlfors and John constants of 2, n, p, and the norm of
k in (3.45), such that

(5.3) dist(v, VMO(99)) < § = dist(T, K(LP(99)) < e.

Here, K(LP(£2)) denotes the set of compact operators on LP(0f2), and the dist
on the right side of (5.3) is the distance in L(LP(012)).

REMARK. With p as in (2.1)—(2.2), we can write (5.1) as

Tf(x)= PV / k(e — )@ — ) f () du(y).

oN

An expansion of the form (3.42) allows us to replace k(x — y) in (5.1) by
(5.4) k(z,z —y),

with k(x,z) continuous on R™ x (R™\ 0), along with z-dervatives of order < N,
homogeneous of degree —n in z, and even in z.

In [H], this result was established in the case that Q is a VMO; domain, with
compact boundary. We recall some ingredients of the proof of this, since they
also figure in the proof of Proposition 5.1. Suppose €2 has the form (2.13), with
VA € VMO (R"1). Let f € LP(99Q) have compact support, and consider

(55) Liw = [ @-pr@)ke - i@ dow).

|z—y|>e
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Then, in R™!-coordinates, via (2.21), this operator takes the form
(5.6)

Tof(a) = / A)— A~ (VAW), 2~y ('~ )~ AW () dy
Yz’ y')>e

where 9(2’,y')? = |2/ — y'|? + (A(2’) — A(y’))?. Now the area element on 9 in
these coordinates is y/1 + |[VA(y')|?dy’. As shown in [H],

(5.7 A €BMO;(R"™) = w=+/1+|VAJ]? is an A,-weight, Vp € (1,00).

Thus the task is to show that, with

(5.8) T*f(w/) = sup |T5f(ac/)|,
e>0
we have
(5.9) | T f e (w) < Cp(w, A, E) | fllLrw), 1<p<oo,

given that w is an A,-weight. Using the homogeneity of k, let us write
(5.10)

= e A(x") — A(y') —(VAW'), 2" —y'), (B(2") — B(y') N o
R = /| = H(Z =) f)ay
where
(5.11) B(2') = (', A(z")),
B(z') — B(y) ' —y  Al) - AlY)
(512) k< |2 — /| >:k<\x’—y’!’ 2" — /| )

Here we changed the region of integration to |z — y| > €. See p. 502 of [H] for an
estimate of the difference. If we set

(5.13) F(x) = o(x)v(2)k(z),

with smooth, radial multipliers satisfying ¢(x) = 0 for |z| < 1/4, 1 for |z| > 1/2,
and ¢¥(2') =1 for |2'| <2, 0 for |2'| > 3, then F is even, F' and all its derivatives
of order < N belong to L!'(R"), and

(5.14) k<B(x’> - B(y’)) _ F<B<w’) - B(y’)>.

2" — /| 2" — /|
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With the substitution of (5.14) into (5.10), we are in the setting of Theorem 1.10
of [H], which yields

(5.15) TS llzr(w) < Cln,p, lwlla,, F)IVAlBmo (1 + [VBl[vo)” || f 1] 2e w)-

We mention that one ingredient in the proof of (5.15) in [H] is a T1 theorem for
rough singular integral operators.

The proof of compactness when €2 is a VMO; domain with compact boundary
given in [H] is then modeled after the compactness proof for C! domains given in
[FJR], with (5.15) replacing the Calderon estimate.

We say a little about the proof of Proposition 5.1. The first step is to cover 02
by open sets 92 N Bg, (z;), on each of which v has small oscillation, and pass to a
subcovering so as to have bounded overlap. Then pick a smooth partition of unity
{¢3} subordinate to this cover, pick v; € C§°(Br,(x;)), equal to 1 on supp ¢;,
and write

N N
(5.16) T=> M_y,TMy+ Y MyTM,.

Jj=1 Jj=1

The first sum in (5.16) is compact on LP(9f2), by Proposition 2.9. The bounded
overlap property allows one to show that the LP-operator norm of the second sum
is

(5.17) <C 1r<nax ||M¢J @jH[,(Lp(aQ)).

To estimate each of these operators, we use a Semmes decomposition (as described
after Proposition 4.4). The estimate (5.15) is applied to the “good” piece, and
the “bad” piece is estimated separately, using the fact that this piece has small
measure. See §4.5 of [HMT] for details.

In §4.6 of [HMT], the following converse of Proposition 5.1 is established. Let
K be the operator that arises in (5.1) when k(z — y) is (a constant multiple of)
|z — y|~™, so one has the classical double layer, as in (3.15). Also, define Ry by

(5.18) Ryf(x PV/ mk_y’“ y) do(y),

operators bounded on LP(9N2) for 1 < p < oo, whenever 2 is a UR domain, by
results of §3. Here is the result.

Proposition 5.2. Let Q C R"™ be Ahlfors reqular and satisfy a local two-sided John
condition. Assume 082 is compact. Then € is a reqular SKT domain if and only if

(5.19) K and each [M,,, Ry,] are compact on L*(0).
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We move to the associated layer potential

Tf(z) = / (& — g, () k(x — 1) f(y) do(y), =R\ 0

o2

_ / (w(y), 5z — y)) f(y) do(y).

o2

(5.20)

It follows from Proposition 3.3 (in the setting of bounded UR domains) that, given
f e LP(09),

) 1
(5.21) Jdm T) = (Ga@@) +T) f@)
for o-a.e. x € 0€), where
(5.22) al€) = € RE)),  K(2) = 2h(2).

The special class of kernels k(z) of the form
(5.23) zk(z) = V,E(z)

arises in the classical double layer, when F is radial, and hence, up to a constant
factor, the fundamental solution of the Laplace equation. In such a case, #(§) =

i€E(€), so (v(x), k(v(x))) = iE(v(z)), and (5.21) boils down to (3.19),

1

(5.24) L Jm Df(y) = (51 + K) (2).

In the more general case, note that a(£) is homogeneous of degree 0 in ¢ and
continuous on R™ \ 0. The following is a natural ellipticity condition on (5.21):

(5.25) a(é)~t € C(R™\ 0).

If (5.25) holds and T is compact, or if its norm modulo compacts (on LP(0f))
is sufficiently small, then the operator (1/2)a(v(x))I + T is Fredholm of index
0. With this knowledge in hand, we move on to the next section, to discuss the
Dirichlet problem and other elliptic boundary problems on regular (and e-regular)
SKT domains.
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6. Elliptic boundary problems on regular SKT domains

We started in §1 working on a compact n-dimensional manifold M, equipped with
a metric tensor, which in local coordinates takes the form of a positive definite n xn
matrix (gjx(x)). In §§2-5 we switched to the setting of n-dimensional Euclidean
space R™. Here, we return to the compact Riemannian manifold setting. We assume
M is connected and let 2 C M be a connected open set. We assume M \  is not
empty; it may have several connected components. We say € is finite perimeter,
Ahlfors regular, UR, NTA, local John, regular SKT, etc., provided it has such
properties in local coordinate systems. Results of §§2-5 extend to this manifold
setting in a fairly straightforward way. Local formulas for volumes and surface area
change; we have, in local coordinates,

(6.1) dV(x) = V/g(x) dz, g(x) = det(g;r(x)),

and

(6.2) do(z) = p(z)doe(z), plx) = /g(z)G(z,n(x))"/>,

where do, is Euclidean surface area, G(z,&) = Y ¢/*¢;&,, and n is the unit normal
to 092 relative to the Euclidean metric. Also,

(6.3) dive = 2971/26]‘ (9*%07), Au= Zgil/Qc‘?j (92 g7* Opu).

These changes are all coherent, and the Gauss-Green theorem retains the form
(1.43), i.e.,

(6.4) / divedy = / (v, v} do,

Q oN

where v is the outward unit normal and ( , ) the inner product, with respect to the
metric tensor (gjx). This identity holds for vector fields of the form (2.22) when
Q has finite perimeter, and it holds for vector fields of the form (2.34) when  is
Ahlfors regular. In smoother settings, this is classical and well known, and was
implicit in the discussion in §1. In these rougher settings, details can be found in
§5.3 of [HMT]. Further results in the manifold setting are given in [HMT2].

As in §1, we take V € L°°(M), such that V"> 0 on M and V > 0 on a set
of positive measure on each connected component of M \ Q, and set L = A — V.
In this setting, L : H*(M) — H~1(M) is an isomorphism, whose inverse has an
integral kernel

(6.5) L lw(z) = / Bz, y)uw(y) dV(y),

M
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We desire to solve
(6.6) Lu=0 on €, u|89 = f.

The layer potential attack seeks a function g on 92 such that (6.6) is solved by

(6.7) u= Dg|Q,

where

(6.8) Dy(x) = / By, E(z,y)g(y) do(y).
o0

To begin, we assume {2 is a UR domain.

To make use of results of §3, we need information on E(z,y). A parametrix
construction, detailed for progressively rougher metric tensors in [MT1]-[MT5],
gives

(69) \/g(w)E(x7y) :€O(x_y7w)+el(yax)a
where the leading term has the form (for n > 3)

(6.10) eo(z,z) =Cy (Z gjk(m)zjzk> S

)

and the remainder e;(y,x) satisfies the following estimates if the metric tensor is
Hoélder continuous, say g, € C* for some a € (0, 1):

(6.11) ey, 2)| < Clo =y~ "2, |Vyer(y,2)| < Cla —y| "1,

Cf. Proposition 2.4 of [MT5], which improves (2.70)—(2.71) of [MT?2]. Going further,
[MT5] and [HMT] treat Dini-type conditions, such as

1\ —2-b
. 0,w — —_
(6.12) gik € CT¥, w(h) <log h> )

for 0 < h < 1/2, where we take b > 0. In such a case, one has

Bz —yl)

(6.13) le1(y, )] <0M Vyei(y, )| SCW’

T ey
where, for 0 < h < 1/2, and with a € (0,b),

1

(6.14) o(h) = <log E>1b, B(h) = <log %)1(1.
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Under these conditions, the contribution of e;(y, x) to Dg in (6.8) can be handled
by elementary means, and the results of §3 apply to the contribution of eg(x —y, )
to (6.8). We obtain the following results:

(6.15) INDgllzra0) < Cpllgllzran), 1<p < oo,
(6.16) Dy| ()—<i11+K) () € 00

. 9loa, (@) = (3 g(x), o-ae. w ,
where
(6.17) Ko(x) = PV [ 8, Ele.)g(y) doy).

o0

and
(6.18) K : LP(0Q) — LP(09), 1<p< oo,

whenever ) is a UR domain. Furthermore, as shown in §5.2 of [HMT], we have
(6.19) K = K* + Ky,

where K has weakly singular integral kenel and (by Proposition 2.9) is compact
on LP(0Q) for p € (1,00), and

6200 K*9()=Cu PV [ [T EEU Gl n) () doto)
Q

where I'(z,x —y) = >_ gjr(x)(z; —yj)(zr — yr), (, ) denotes the Euclidean inner
product, and n(y) is the Euclidean unit normal. It follows from Proposition 5.1 (or
rather its variable coefficient extension, as in (5.4)) that K# is compact on LP(99),
and hence so is K, when ) is a regular SKT domain.

As in §1, in addition to the double layer potential D, the single layer potential

(6.21) Sf(x) = / E(a,y)f(y)doly). =€ M\,
oN

plays an important role. One wants to estimate VS f and establish the limiting
behavior of 9,8 f. To make this analysis for rough metric tensors, it is convenient
to replace (6.9) by

(6.22) 9(y) E(x,y) = eo(r — y,y) + e1(x,9),
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using the symmetry E(x,y) = E(y,x), and apply results of §3 (dealing with
(3.47A)) to ep(x — y,y), and elementary consequences of (6.11) or (6.13) to the
remainder. The result is that, when (2 is a UR domain,

(6.23) IN(VS)leraa) < CollfllLrany, 1 <p < oo,

and, for f € LP(0Q), p € (1,00),

(6.24) (0,Sf)x(z) = (IF%I + K*)f(ac), o-a.e. € 0N.

In addition, for f € LP(052),
(6.25) (Sf)4+(z) = (Sf)-(z) = Sf(z), o-a.e. x €I,

where Sf(x) is defined as in (6.21), for x € 9.
We have now assembled all the tools needed to prove the following.

Proposition 6.1. Assume the metric tensor on M satisfies (6.12), with b > 0. If
Q is a UR domain, then

(6.26) %I + K* : LP(02) — LP(09) is injective,

for p=2.

Proof. With the tools we have, the proof is formally identical to that of Propo-
sition 1.3. The Gauss-Green theorem of Proposition 2.5 (or rather its variant in
the Riemannian manifold setting) replaces the Gauss-Green theorem used in §1.
Regarding the applicability of such a result here, we have, for u = Sg,

g € L*(09) = N'Vu € L*(09)

6.27
( ) = Nv € LP(99), for some p > 1,

with v = uVu, whenever (2 is a UR domain (the first implication via (6.23)). Also

NVu € L*(09Q) = |Vul* € LY(Q)

6.28
(6.28) = divv € LI(Q),

with ¢ = n/(n — 1), whenever Q is Ahlfors regular, by Proposition 3.2 and (1.42).
Furthermore, local elliptic regularity results imply u is C' on the interior regions
Q2 and €)_, so v is continuous there.

From here, we have the following extension of Proposition 1.2.
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Proposition 6.2. In the setting of Proposition 6.1, if in addition ) is a reqular
SKT domain, then, for all p € (1,00),

1
(6.29) 5] + K : LP(0Q) — LP(0R2) s an isomorphism.

Proof. The hypotheses imply K and K* are compact on each LP(0f2), hence (1/2)1+
K and (1/2)I + K* are Fredholm, of index 0, on each LP(0S2). The rest of the
proof goes just like the proof of Proposition 1.2. Namely, Proposition 6.1 implies
(1/2)I + K* is injective on LP(02) for p > 2, hence we have an isomorphism in
(6.26) for 2 < p < 00, so we have an isomorphism in (6.29) for 1 < p < 2. Hence
the map (6.29) is injective for all p € (1,00), and Fredholmness of index 0 implies
isomorphism.

From here, to solve (6.6), given f € LP(9R), we set g = ((1/2)] + K)~'f and
then, by (6.16), u = Dg|sq is the desired solution. This gives the following extension
of Proposition 1.4.

Proposition 6.3. In the setting of Proposition 6.2, given 1 < p < oo and f €
LP(0QY), there exists a solution to (6.6), of the form (6.7) (with g € LP(0N)),
satisfying

(6.30) [NullLea0) < CllfllLeo0),

and

(6.31) lim  wu(y) = f(x), foro-a.e x €.
y—»m,yEF(m)

Uniqueness also holds. This takes an additional argument, given in §7.1 of
[HMT]. It is also shown there that, for p € (1, 00),

(6.32) f e H"P(0Q) = N(Vu) € LP(09).
In such a case, u is constructed in the form
(6.33) u=S(STf).

The theory of LP-Sobolev spaces HP(0) is less straightforward in this general
context than it is for Lipschitz domains. It is developed in the context of Ahlfors
regular domains in §3.6 of [HMT], and then further in §4.3, where comparison is
made with other works on LP-Sobolev spaces on metric measure spaces.

We turn to the Neumann problem

(6.34) Lu=0 on Q, dul,,="f
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We look for a solution of the form

(6.35) u=38g,
which, by (6.24), leads to seeking a solution to

1
(6.36) <—§I+K*>g -

For simplicity, we add to our hypotheses on V' the assumption that V' > 0 on a set
of positive measure on 2. (The well known modification for the case V=0 on 2
works.) In this case, we can interchange the roles of 2 and Q_, and the proof of
Proposition 6.1 gives

Proposition 6.4. In the setting of Proposition 6.1, if also V. > 0 on a set of
positive measure on §2, then

1
(6.37) —51 + K™ : LP(02) — LP(09Y) is injective,

forp=2.
This leads to

Proposition 6.5. In the setting of Proposition 6.4, if in addition ) is a reqular
SKT domain, then, for all p € (1,00),

1
(6.38) —§I + K* : LP(0Q2) — LP(0QY) is an isomorphism.

Proof. An argument parallel to that in Proposition 6.2 works, to give that —(1/2)1+
K is an isomorphism on LP(9f2) for each p € (1,00), which then gives (6.38).

Hence we can solve (6.34) via (6.35)—(6.36), and we have the following.

Proposition 6.6. In the setting of Proposition 6.5, given 1 < p < oo, f € LP(012),
there exists a solution to (6.34), of the form (6.35), satisfying

(6.39) INVull1r0) < CllfllLr@0),

and

(6.40) lim  u(y) = f(z), o-a.e. x €.
y—z,y€l()

To close, we mention that [HMT] has extensions of Propositions 6.3 and 6.6 to the
setting of e-regular SK'T domains, for small €, and for p running over an e-dependent
compact subset of (1,00). Also, Sections 6-7 of [HMT] treat boundary problems
for the following systems of equations on regular and e-regular SK'T domains:

Stokes system for fluids,
Lamé system for linear elasticity,

Maxwell system for electromagnetic fields.
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