The Dirichlet-to-Neumann Map
And Fractal Variants

MicHAEL TAYLOR
Mathematics Department
University of North Carolina
Chapel Hill NC 27599
met@ math.unc.edu

Abstract. These notes develop the study of the Dirichlet-to-Neumann map N
associated to a domain () in a compact Riemannian manifold M, as a positive,
self-adjoint operator on L2(0, i), in a variety of situations. We start with the
classical case of a smoothly bounded domain, with p given by surface measure on
012, then consider Lipschitz domains.

We move on to rougher finite perimeter domains. The study here includes special
results for uniformly rectifiable domains. We also examine finite perimeter domains
with rectifiable “inclusions” S, for which 9 = O U S, and see that it is useful
to construct N as a self adjoint operator on L?(9%, 1), where 9Q = 00 U Sy U Sy,
with S7 and Ss denoting two copies of S.

Finally we take up more exotic cases, in which 92 has a fractal character (it
might be totally disconnected), and p is completely different from surface area.

One enduring theme is the analysis of the semigroup {e*V : ¢t > 0}, as a
semigroup of positivity-preserving operators, shown in various settings to have the
property of “irreducibility.” These semigroups give rise to Markov processes on 0f2.
In the fractal cases arising in Chapters 5 and 7, these can be seen as providing new
Markov processes on fractals.
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Preface

Two of the most basic boundary problems in PDE are the Dirichlet problem,
(0.1) Au=0o0n ), u= fondf,
and the Neumann problem,
(0.2) Au=0onQ, J,u=gon .
Here A is the Laplace operator, which on Euclidean space R” is
(0.3) A=0{+---+02,

and solutions to Au = 0 on 2 are known as harmonic functions. More generally,
we take ) to be a relatively compact domain in a Riemannian manifold M, and
A to be the Laplace-Beltrami operator on M. In (0.2), d,u denotes the normal
derivative of u on Of).

The Dirichlet problem (0.1) is seen to have a unique solution for large classes of
domains €2, the solution denoted

(0.4) u=PIf.

The Neumann problem (0.2) has a solution u, unique up to an additive constant
(assuming (2 is connected), provided g satisfies the condition

(0.5) gdS = 0.
I

It has long been observed that a map connecting these two boundary problems is
of special significance. This is the Dirichlet-to-Neumann map N, defined by

(0.6) Nf=0,(PIf)=g.
One use of the Dirichlet-to-Neumann map is to enable one to analyze solutions to

the Neumann problem, given a knowledge of the solutions to the Dirichlet problem,
via the representation of a solution to (0.2) as

(0.7) u=PIf, f=N"lg,

where N~1 is defined initially on functions satisfying (0.5), and extended to an-
nihilate constants. Going further, a study of the behavior of N and N~! enables



one to relate other boundary problems to the Dirichlet problem, such as the Robin
problem,

(0.8) Au=0onQ, (d,+a)u=h on 09,
where a is a real valued function on 02, using the identity
(0.9) u=Plf= (0, +a)u=Nf+af,
and the oblique derivative problem,

(0.10) Au=0o0nQ, (9,+ X)u=hon 01,
where X is a real vector field on 0f2, via the identity

(0.11) u=Plf= (0, +X)u=(N+X)f.

The Dirichlet-to-Neumann map also arises in models of non-invasive imaging,
such as for electrical impedance tomography. One such model leads to a problem
posed by A.P. Calderén. Given a bounded region (), with an unknown metric
tensor, one has information on the behavior of the map IV on functions on 02, and
desires to obtain information on the metric tensor on 2. This inverse problem has
motivated much work, and for tools to tackle it one seeks information on the direct
problem of how the metric tensor affects the behavior of V.

The purpose of this text is to explore the structure of the Dirichlet-to-Neumann
map N in a variety of settings. We start with smoothly bounded domains, where
N can be analyzed as a first-order pseudodifferential operator. In such a setting
we see that the semigroup e *V is positivity preserving. In subsequent chapters
we analyze N on more general sorts of domains, tackling Lipschitz domains, then
more general classes of finite perimeter domains. In Chapter 7 we take a further
step, considering domains with fractal boundaries. At each step, eV is seen to
be positivity preserving, hence a symmetric Markov semigroup, which consequently
gives rise to a Markov process on 0€). In cases treated in Chapter 7, this introduces
a class of Markov processes on sets that might be Cantor sets.

Early parts of the text present results of many researchers, but each chapter in-
cludes original results, the ratio of such results increasing with the chapter number.
This monograph should prove useful to people doing research on the Dirichlet-to-
Neumann map. It could also be used in a topics course, following a basic graduate
course in PDE. Students can find sufficient background in several sources, including
Chapters 5 and 7 of [T1] and Chapter 4 of [T2], or, alternatively, Chapters 1 and
3 of [T4].



1. Introduction

Let € be an open, connected subset of a compact, connected Riemannian mani-
fold M, satisfying

(1.1) M\ Q# 0.

If 02 has some smoothness, the Dirichlet-to-Neumann map N is defined on an
appropriate class of functions on 02 by

(1.2) Nf=y,
where
(1.3) g=0,u, Au=0 on u‘aﬂ =f.

Here d,u = (v, Vu), and v is the outward pointing unit normal to 0. It has an
approximate inverse, the Neumann-to-Dirichlet map

defined also by (1.3) when faﬂ gdS = 0, and one normalizes f to satisfy fBQ fdS =
0. (We set K1=0.)

Our goal here is to analyze the operator N for a variety of classes of domains (2,
starting with domains € for which the characterization (1.2)—(1.3) has a straight-
forward realization, and proceeding to classes of domains for which significant ad-
ditional work is required to define N.

In Chapter 2 we deal with regions 2 with smooth boundary, and we also assume
M carries a smooth metric tensor. In this classical case, basic L?-Sobolev space
analysis of the Dirichlet and Neumann problems readily yields that N and K are
well defined by (1.2)—(1.4) and satisfy

(1.5) N : HPH(0Q) — H5(09Q), K :H*(0Q) — H*T1(0Q),

for s > 0. We see that K and N are symmetric, and then duality yields (1.5) for
all s € R. In this case, one can also analyze N as a pseudodifferential operator,

(1.6) N € OPS*(09).

This property allows one to extend (1.5) to mapping properties on LP-Sobolev
spaces, and a variety of other spaces. The operator N is elliptic, and we can
compare it with A = \/—Ax, where Ax is the Laplace operator on 0). We also



7
study the semigroup {e= ™ : ¢+ > 0}. In §2.3 we give an elementary proof of the
positivity property that, for f € L?(0Q),

(1.7) f>0=¢e"Nf>0, Vt>O0.

Such positivity has been established in rougher situations in [AM] and [AtE], using
more sophisticated techniques, involving the Beurling-Deny positivity criterion. We
will return to this issue in subsequent chapters, and seek further settings where (1.7)
holds. We also look at a stronger version of (1.7), which leads to the concept of
irreducibility of e V.

In Chapter 3 we treat Lipschitz domains. A number of results on N for this class
of domains have been derived in [AM] and [BtE]. Here, making use of results on
the Dirichlet and Neumann problems from [Dah], [DK], [Ver|, and [MT1]-[MT4],
we establish further results. These include allowing for fairly rough metric tensors
on M; cf. (3.0.1)—(3.0.2). We show that there exists ¢(€2) > 2 such that

(1.8) N :HY"P(OQ) — LP(0Q), K :LP(0Q)— H"P(0Q), 1<p<qQ).

We do not have (1.6) in this setting, but layer potentials do provide useful tools
for the analysis of N, as discussed in §3.2. We also discuss (1.7) in this setting,
and further operator estimates on e~*V. Using these estimates, we establish results
on the spectrum of NV, extending to the class of Lipschitz domains results that are
known for smooth domains as a consequence of (1.6).

In Chapter 4 we treat finite perimeter domains, defined in (4.0.2)—(4.0.4). This
class of domains contains the class studied in [AtE], and a number of analytical
techniques used in Chapter 4 are adapted from those in that paper. One such
technique involves an extension of the Friedrichs method of producing a self-adjoint
operator on a Hilbert space from a quadratic form. We give a version of this in
Appendix A. Here our Hilbert space is L?(9, i), where y is a finite Borel measure
on 0N satisfying u > o, with o as in (4.0.4), surface area on the measure theoretic
boundary 0,€. If 02 contains big pieces that are disjoint from 0,2, p might
be quite different from surface area on these pieces. The self-adjoint operator N
constructed by this process has the property that

(1.9) Lip(99) is dense in D(N1/?).

We verify (1.7) in this setting, as in [AM] and [AtE| by showing that the Beurling-
Deny criterion applies. Another topic treated in Chapter 4 is the Dirichlet problem,
from (1.3). We construct two “solution operators,”

(1.10) PI: D(N'/?) — HY(Q), Ply: C(ON) — L=(Q),

the first by a process closely related to the construction of N, the second by a
classical method. We examine conditions under which these two operators can be
shown to coincide on their common domain (which contains Lip(0f2)).



In most of Chapter 4 we assume M has a C°° metric tensor. In §4.6 we extend
the analysis to include rough metric tensors.

In Chapter 5 we continue the study of N on finite perimeter domains, concen-
trating on domains 2 for which 92 has “inclusions,” which are pieces that are
disjoint from 9,2, and typically lie in the interior of Q. An example is the slit in a
slit disk. More exotic examples include fractal inclusions, of Hausdorff dimension
s € (n—2,n) (where n = dim Q). In the former case, i.e., for inclusions K that are
(n — 1)-dimensional surfaces, we look at a variant of the operator N constructed in
Chapter 4, which pays attention to the varying behavior of a harmonic function on
() as one approaches the two separate sides of K. One approach to this, discussed
in §5.1, is to cut along K and produce a blow-up. Another, much more broadly
applicable approach, developed in §5.2, involves taking a finite perimeter domain
O C M, partitioning it into two finite perimeter domains §2; and {25, and taking
Q= O\ S, where the inclusion S is a subset of 91 N 9Qs. Section 5.3 deals with
fractal inclusions. There, a goal is to produce measures p that give rise to opera-
tors N whose behavior appropriately reflects the appearance of K. This study is
naturally done under the hypothesis that Cap(K) > 0.

In Chapter 6 we treat N on an important class of of finite perimeter domains
known as uniformly rectifiable domains. This is a maximal class of domains on
which there is a viable theory of singular integral operators that allows one to
apply layer potential methods to the study of N. Using these tools, we show in
§6.3 that the construction of N for Lipschitz domains in Chapter 3 is consistent with
the construction in Chapter 4. We also discuss results on N for another important
class of domains, which we call regular SKT domains.

In Chapter 7 we pass beyond the class of finite perimeter domains, to open sets
Q) C M with a much wilder boundary 0f2, assumed to carry a positive finite measure
o satisfying a certain estimate (cf. (7.0.1)) that allows us to push the methods of
Chapter 4 to construct N as a self adjoint operator on L?(9Q, 11), and analyze e~V
as a semigroup satisfying (1.7). In this setting, with p unrelated to “surface area,”
one might refer to NV, not as a Dirichlet-to-Neumann map in a straightforward way
involving (1.3), but as some “generalized” D-to-N map. We mention that here we
also drop the hypothesis (1.1), and consider cases where 9 = M \ €, including
cases where 0f1 is totally disconnected. In §7.3 we focus on a beautiful special case,
in which M = C is the Riemann sphere and 0f2 is the Julia set of a rational map
on @, typically a marvelously fractal object.

At the end are some appendices. As mentioned above, Appendix A describes
the construction of a self-adjoint operator on a Hilbert space via a quadratic form,
starting with the classical Friedrichs method and then bringing in a recent variant
of [AtE], of use in Chapter 4. Appendix B discusses a version of Green’s formula,
valid for the class of finite perimeter domains known as Ahlfors regular domains
(which in turn contains the class of UR domains), established in [HMT], and of use
here in Chapter 6.



2. Smoothly bounded domains

Let Q be a compact, connected, n-dimensional Riemannian manifold with smooth
boundary. For consistency with later sections, we take ) to be a smoothly bounded,
open subset of a compact, conected Riemannian manifold M, without boundary.
Our hypothesis on €2 entails

(2.0.1) M\ Q#0.

In this chapter we also assume the metric tensor on M is smooth.

The Dirichlet-to-Neumann map N is very well studied in this situation. Our
description of NV in this chapter will largely serve as a guide to what to look for in
subsequent chapters.

In §2.1 we introduce

(2.0.2) Nf=0,PIf|,,

and derive basic properties that follow from the L?-Sobolev space theory of the
Dirichlet and Neumann boundary problems. These include the mapping properties

(2.0.3) N : H5T1(0Q) — H5(09), scR,

with approximate inverse K : H*(9) — HT1(9Q) given by solving the Neumann
problem. Also, N is a positive semidefinite self-adjoint operator on L?(912), with

(2.0.4) D(N) = H'(09).

It follows that —N generates a contraction semigroup e~*V on L2(952).

In §2.2 we show that IV is a pseudodifferential operator on 02, and its principal
symbol is the same as that of A = /—Ax, where Ax is the Laplace operator on
X = 09). Hence

(2.0.5) N,A € OPS*(092), N —A=BcOPS’09Q).

One approach to (2.0.5) involves the identity

(2.0.6) SN = —%I + A,

where S and A are given by a single and a double layer potential; cf. (2.2.3). The
identity (2.0.6) will continue to play a role for Lipschitz domains, in Chapter 3,

though it will no longer lead to the representation of N as a pseudodifferential
operator.
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In §2.3 we show that e~V has the positivity property: given f € L2(99),
(2.0.7) f>0=c™f>0.

Hence {e~ "} is a symmetric Markov semigroup, and is therefore associated with
a stochastic process. Furthermore, for each y € 05,

(2.0.8) e N, () >0, Vt>0, z €.

One consequence of (2.0.8) is irreducibility of {e7*}: there are so proper invariant
subspaces of the form L?(X), with ¥ C 09, even when 95 is not connected. The
proofs of (2.0.7) and (2.0.8) are fairly easy consequences of the weak maximum
principle for (2.0.7) and of Zaremba’s principle for (2.0.8). Extensions of (2.0.7)
and the irreducibility of {e~*"} to rougher domains require more effort, and more
powerful tools, as will be seen in subsequent sections.

The results in (2.0.5) suggest comparing e~ *¥ and e~**. We do this in §2.4,
showing that, for each K € N, we can write

(2.0.9) e = (I+ Pit+ -+ PtF)e™ — Qg (t), t>0,
with P; € OPS%(09) and, for each j € {0,1,...,K},
(2.0.10) Qr(t) =0) in OPS ¥ (89), as t\,0.

We also produce results on the integral kernels of e ** and e~ *V.
2
In §2.5 we show by example that e“*¥" need not be positivity preserving.
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2.1. N and K on smoothly bounded domains

Here €2 is an open connected subset of a compact Riemannian manifold, and we
assume 0f) is smooth and nonempty. Recall that the Poisson integral PI f solves
the Dirichlet problem

(2.1.1) Au=0 on {2, u‘aﬂ =f, for u=PIf.

A classical L2-Sobolev space analysis, described, e.g., in §5.1 of [T1], gives

1
(2.1.2) PI1: H*(0Q) — H*TV2(Q), s> 5
Stronger results are available, but we will stick with (2.1.2) for now. Consequently,
if v is the unit outward-pointing normal to 02, we have

(2.1.3) Nf=0,PIf|,,
defining
(2.1.4) N : H*TH(0Q) — H*(09Q), s> 0.

Now if u = PI f,v = Plg, f,g € H*t1(0Q), s > 0, then Green’s formula gives

(2.1.5) (Vu, Vv) = /aqudS = (Nf,9),
Q

where (, ) denotes the inner product on L?*(2) and ( , ) the inner product on
L?(09). Tt follows that

(2.1.6) (Nf,g)=(f,Ng),
for f,g € H*T1(0€), s > 0. Thus, by duality
(2.1.7) N :H#(0Q) — H*"109), s>0.
Interpolation with (2.1.4) then yields
(2.1.8) N : H*T1(0Q) — H*(09Q), scR.
Next, we recall results from §5.7 of [T1] on the Neumann boundary problem

(2.1.9) Au=0 on £, 8l,u|aﬂ =g.
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It is shown in Proposition 7.7 in Chapter 5 of [T1] that if

(2.1.10) g e H*Y2(00), kezt, /gdS =0,
o

then there is a solution u € H**2(Q) to (2.1.9), unique up to an additive constant.
We set

(2.1.11) Kg= u|8Q, normalized so that /Kg s =0,
oN

if ¢ satisfies (2.1.10), and we set

(2.1.12) K1=0.

Then we have

(2.1.13) K : H*1/2(00) — H*3/2(0Q), ke {0,1,2,...},

and interpolation yields

(2.1.14) K : H5(0Q) — H*TH0Q), s>

DO |

To continue, it is useful to bring in the notation

(2.1.15) f=f*+f f°=const, /f# ds = 0.
o0
We have
(2.1.16) Kf=Kf* NKf=f% VfecH0Q), s> %
and also
(2.1.17) KNf=f#  feH09Q), s> ;

It follows that, if f,g € H*(92), s > 1/2,

(Kf,g)=(Kf.g")=(Kf NKg)
(2.1.18) = (NKf,Kg) = (f",Kg)
= (f, Kg).
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Thus, by duality, we proceed from (2.1.14) to

1
(2.1.19) K:H 510Q) — H*(09), s> 3
and then interpolation with (2.1.14) gives
(2.1.20) K : H*(0Q) — H*TY(09Q), scR.

The identities (2.1.16)—(2.1.17) then extend to all f € H*(9f?), s € R. An example
of (2.1.20) is

(2.1.21) K : H-Y2(0Q) — HY2(09).
Since K = K™, we have in particular that
(2.1.22) K : L*(09Q) — L*(09) is compact and self adjoint.
It follows that L?(92) has an orthonormal basis {¢; : j = 0,1,2,...}, satisfying
(2.1.23) Kej = pjej,  po =0, pj 0 forj>1.

The positivity follows from (2.1.5), which in turn implies (K f, f) = (NKf,Kf) >0
for f € H(99Q), hence for f € L*(99Q). From (2.1.20), we have

(2.1.24) p; € CF(00), Vj.

From (2.1.16)—(2.1.17) we have

1
(2.1.25) Nepj = XNjpj, =0, \j =— oo forj>1
14

We see that N is a positive semi-definite self adjoint operator on L?(9Q), with
domain

(2.1.26) D(N) = H'(09).
Furthermore, by our identities for KN and NK,

(2.1.27) D(N*) = H*(0Q), keN.
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2.2. N as a pseudodifferential operator

A classical attack on the representation of N and K uses single and double layer
potentials,

Sﬂ@=/E@wﬂwM@%

(2.2.1) o8

Dﬂ@z/@ﬂ@wﬂw%@,wEQ

oN

where E(x,vy) is a fundamental solution for A on a neighborhood O of Q. More
precisely, E(x,y) denotes the integral kernel of (A — V)1, where V € C°(M)
satisfies V' >0, V = 0 on a neighborhood of Q, and V' > 0 on a nonempty subset
of each connected component of M \ 2. One has limits

Sfi(z) = Sf(x),

(2.2.2) Dfi(z) = (i%[ + A)f(a:), x € 0,

where the limits are taken from within Q; = Q and from within Q_ = M \ Q,
respectively. Here,

Sﬂ@=/Emwﬂw%@%

o

Af@ﬂz:/awl%xﬂﬁf@)dsw)

o

(2.2.3)

When 0f) is smooth, the operators S and A are pseudodifferential operators of
negative order,

(2.2.4) S,Ac OPS™Ho9).

See §3 for a discussion of the behavior for rougher boundaries.
The following provides a neat connection to the Dirichlet-to-Neumann map N.
Namely, one can deduce from Green’s formula that

Df(x) —SNf(x) =PI f(z), x€Q,

2.2.5 _
( ) 0, xze€M\Q.
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Consequently, (2.2.2) gives
1
(2.2.6) SN = —51 + A.

Going further, an examination of the integral kernel of S in (2.4.3) allows one to
calculate the principal symbol of S. One obtains

1
(2.2.7) os(r, &) = —§|§|;1, x €09, £ €T,
where |£|2 is the square-norm on T} (9)) induced from the natural Riemann metric
tensor on 9. Hence S is an elliptic operator in OPS~(99), and (2.2.6) implies
(2.2.8) N € OPS*09), on(z,€) = |¢]s.

Another natural operator on 92 with the same principal symbol as (2.2.8) is
v —Ax, where A x denotes the Laplace-Beltrami operator on functions on X = 0f2.
We hence have

(2.2.9) N =+/—Ax, mod OPS°(09).
One can go further and show that
(2.2.10) N =+\/-Ax+B, BecOPS*09),

with B having principal symbol
1
(2.2.11) op(x, &) = —§Tr(ANP§O),

where Ay @ T, (002) — T,(09) is the Weingarten map, associated to the second
fundamental form of 9Q C M, and, for nonzero £ € T, (99), PgO is the orthogonal
projection of T, (0€2) onto the subspace annihilated by . See Chapter 12, Appendix
C of [T1] for a proof (and connection to the 9-Neumann problem).

EXAMPLE. If Q is the unit ball in R?, with boundary X = 0Q = S"~!, then it
follows from (4.5)—(4.6) in Chapter 8 of [T1] (which, however, used a different sign
convention) that

—9
(2.2.12) N=+v-Ax+ —cp, cn=n2 .

As for K, comparison of (2.2.6) and (2.1.16)—(2.1.17) shows that
(2.2.13) K ¢ OPS™Y09), and K = —-2S, mod OPS %(99).

The operator results (2.2.8) and (2.2.13) allow us to extend the mapping prop-
erties (2.1.8) and (2.1.20) considerably. For example, we have LP-Sobolev results
(2.2.14)

N : H5THP(0Q) — HSP(0Q), K :H®P — HTP(0Q), scR, pe(1,00),

and also Besov space results, and endpoint results, involving Hardy spaces and
bmo.
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2.3. ¢ N as a symmetric Markov semigroup

The operator —N generates a one-parameter contraction semigroup of self ad-
joint operators on L?(91), specified by

(2.3.1) e N chgpj = che_”jgoj, t>0,
Jj=0 J=20

with ¢; and A; as in (2.1.23)-(2.1.25). We note that

(2.3.2) e N1 =1.
Another useful formula for e ™ is
¢ —k
—tN ¢ __ 1: 2
(2.3.3) e " f= klglgo (I+ kN> fs

the limit existing in L?-norm, for each f € L?(99).
Our goal here is to establish some positivity results, starting with the following.

Proposition 2.3.1. For f € L?(09Q),

(2.3.4) f>0=¢eNf>0, Vt>O0.

Proof. By (2.3.3), it suffices to prove that, for f >0, A > 0,
(2.3.5) A+N)Lf>o0.

It also suffices to prove (2.3.5) for smooth f > 0. Then, denoting the left side of
by g, we have g € C*°(01) satisfying

(2.3.6) Ng+ g >0,

and if (2.3.5) fails, there exists such g that has a negative minimum, say at zy € 9€2.

Let u = Plg, so u € C*°(2). Clearly, d,u(xo) <0, so Ng(zg) < 0. But A > 0=
Ag(xg) < 0. This contradicts (2.3.6), so the proposition is proved.

It follows that etV is a strongly continuous, positivity preserving, contraction
semigroup on C(012). By duality, it also yields a weak® continuous contraction
semigroup on M (912), the space of finite (signed) measures on 9€2. The following
result strengthens Proposition 2.3.1. Recall that we assume (2 is connected, but we
do not assume 0f2 is connected.
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Proposition 2.3.2. If u is a positive measure on 02 and p # 0, then

(2.3.7) e Nu(z) >0, Yaeo, t>D0.

Proof. We know that f(t,z) = e *Np(z) is C°> and > 0 on (0,00) x 9Q. If (2.3.7)
fails, there exists tg > 0 and zy € 92 such that f(tg,x9) = 0. Then 0 f(to,z¢) = 0.

Let u(z) = PI f(tg,x), so u € C*>°(£) and
(2.3.8) Au=0 on Q, wu(x)= f(to,z) for z € ON.

We have v > 0 on Q and u(x) = 0, so Zaremba’s principle implies 9,u(zg) < 0,
hence N f(to, o) < 0, contradicting the equation 0;f = —N f.

Since 02 can have several connected components, the result (2.3.7) is quite
interesting. Here is an illustration, in the simplest possible case. Namely, take

(2.3.9) Q=(0,1).

Thus L?(09) =~ R?, via f — (f(0), f(1))t. In this case,

(2.3.10) PI G) =1, PI (g) =z,

SO

s (=0 00

hence N(1,0)" = (1,—1)*, so

(2.3.12) N = (_11 _11) :

and hence

_+N _ _—¢t [ cosht sinht
(2.3.13) e =¢ (sinht cosht)’

which clearly satisfies (2.3.7) for ¢ > 0. The associated Markov process is a special
case of Markov processes treated in Chapter 4 of [Str].

REMARK. As will be explained around Proposition 3.3.7, Proposition 2.3.2 implies
that {e=N : ¢ > 0} is irreducible.
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2.4. Comparison of e *V and e~ A

Here we compare the semigroups e *N and e~ **, where
(2.4.1) A=Ay, X =00
As stated in (2.2.10),
(2.4.2) N=A+B, BecOPS09Q),

and the principal symbol of B is given in (2.2.11). We will construct a smooth
family P(t) of elements of OPS°(9) with the property that

(2.4.3) e N ~ P(t)e A,

in the sense (to be made precise in (2.4.14) below) that the right side of (2.4.3) is
an accurate approximation to e 'V as t \, 0.
To get P(t), we apply d/dt to (2.4.3):

(2.4.4) —(A+ B)e ™ ~ [=P(t)A + P'(t)]e” ™,
suggesting that P(t) satisfy P’'(t) — P(t)A ~ —(A + B)P(t), hence
(2.4.5) P'(t) ~ [P(t),A] — BP(t), P(0)=1.

Thus we construct P(t) as follows. Pick K € N (large) and set
(2.4.6) P(t) =1+ Pit+---+ Pgt™, P; € OPS°(09Q),

with the coefficients to be determined. Plugging (2.4.6) into (2.4.5) uniquely spec-
ifies P;, for 1 < j < K, such that

P'(t) = [P(t),A] = BP(t) + R (),

2.4.7
(24.7) Ri(t) = Rgt™, Ry € OPS°(09Q).

For example,
1
(2.4.8) Pi=-B, P= 5([/\,3] v BQ).

With P(t) so specified, we compare e *V with P(t)e™*A, using

%P(t)e_m — (A4 B)P(t)e™ 4+ Ryc(t)e—,
d

EG

(2.4.9)
N — _(A+ B)e ™V,
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Thus

(2.4.10) Q(t) = P(t)e th — 7tV

satisfies

(2.4.11) Q' (t) = —(A+ B)Q(t) + Rx(t)e™™, Q(0) =0,

so DuHamel’s formula gives
t
(2.4.12) Qt) = / (=) AHE) R (5)65A s,
0

Now {e™* : ¢ > 0} and {e™™ : ¢ > 0} are both bounded subsets of OPSY ,(9%),
and furthermore, for 7,k > 0,

(2.4.13) t/the~t s O(#) in OPS{§(09Q), as t\,0.
See [T0], Chapter 12. It follows that, for each j € {0,1,..., K},
(2.4.14) P(t)e ™ — e~ is O(t) in OPS; §*7(09), as ¢ \,0.
One has parametrix constructions of both e™*V and e™**, via (a simplified ver-

sion of) complex geometrical optics; cf. [T0], Chapters 8 and 12. However, one
can obtain a parametrix for e ** by a more elementary construction, as follows.

Picking p € X = 012, set

(2.4.15) up(t, ) = (sgnt)e 1126, (z).
Then

(2.4.16) Dyup(t, ) = —Ae™ G () + 26(1)6, (),
and

O2uy(t, ) = (sgnt)A2e™ 1146, () + 26" ()5, (x)

(2.4.17) ,

= —Axup(t, z) + 20'(t)dp (),
hence
(2.4.18) (87 + Ax)up = 20160 p)-

Consequently, if we fix T' > 0, we can say that, for 0 <t < T,

(2.4.19) e~ 5, () = 20,G,(t, x),
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where G (t, x) is specified on [T, T] x X as the solution to
(2.4.20) (07 + Ax)Gp = 60,

with Neumann boundary data
1 _
(2.4.21) 0Gp(£T,7) =+ e TAS,(2).

These conditions specify GG}, uniquely, up to an additive constant, and hence specify
u, uniquely, on [-T,T] x 99Q. Of course, we do not have an explicit formula for
the boundary data in (2.4.21), so what we get out of this is that G, is a solution
to (2.4.20) that is even in ¢, and as such is uniquely determined up to a harmonic
function on [—T,T] x 0N that is even in ¢, hence u, is uniquely specified up to a
harmonic function on [—T,T] x 0N that is odd in ¢ (hence vanishes at t = 0).

A standard parametrix construction for L = 8? + Ax yields, in a coordinate
system about (0,p) in R x 99,

(2.4.22) Gp(2) ~ D (Bpe(2) + gpel2) log [21), = = (t.x = p),
>0

where E,, € C°°(R™\0) is homogeneous of degree 2—n+/¢, and ¢, is a polynomial,
homogeneous of degree 2 — n + ¢, which appears only for £ > n — 2. If one uses an

exponential coordinate system centered at p on a neighborhood O of p in 02, and
then product coordinates on R x O, we can identify the leading term and write

(2.4.23) Gp(t,z) ~ —co (B4 o —p2) "4 i >3,

where ¢, = (n — 2)Area S" "1, and

1

(2.4.24) Gy(t, ) ~ o log(# + o )P4 i n=2
m

Consequently,

(2.4.25) up(t, ) ~ Lt (t* + |z — p|2)_n/2 +-0y o >0.

Given the coordinate system we are using,
(2.4.26) |z — p| = dist(z, p),

the geodesic distance in 0€) from p to x.
We next look at the behavior of

(2.4.27) vyt z) = Qe 5,(z), Q€ OPS°(HQ).
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The principal term in (2.4.25) contributes to (2.4.27) a positive constant times

(2.4.28) / q(z, &)e elei®E de|

Rn—1
where g(x, &) is the principal symbol of @, which is homogeneous of degree 0 in &.
This is is an exponential coordinate system centered at p (and here we take p = 0).
This can be rewritten as

4(n=1) / oz, €)e—leile/t1¢ ge
(24.29) Rn—1

= t_(n_l)qu (.’E, %)7 QI('CC7£) = Q($7£)6_|£|7

where ¢; denotes the partial Fourier transform of ¢; (x, ) with respect to the second
argument, i.e.,

(2.4.30) ile) = [ oo

]R’n,fl
Since ¢ (z, &) is smooth and rapidly decreasing in & € R™\ 0, 1 («x,y) is smooth on
R"~! x R"~!. The singularity of ¢;(z, &) at £ = 0 controls the asymptotic behavior
of ¢1(x,y) as y — oo, yielding
(2.4.31) G (z,y) € S, R xR,

In particular, we can bound the absolute value of (2.4.29):

q1 (a:, %)‘ < Ct—(n—1)<1 n ’%D—(n—l)

—(n—=1)

t—(n=1)

(2.4.32)
= C(t+|al)

This leads to a bound

(2.4.33) [tPre™* 6, (@)| < Ct(8 + | —p?) """,

where we have resurrectd the label p, to exhibit the parallel with (2.4.25). As one
should expect, (2.4.33) exhibits a weaker blow-up very near z = p as ¢t N\, 0 than
(2.4.25) does. On the other hand, away from x = p, say for |z — p| > § > 0, both
quantities tend to 0 at the same rate. There is a simple explanation of why this
must be the case. In fact,

(2.4.34) %(e_ﬁvdp(x) e, (@)| = (8~ W) () = ~ By (a),

and Bi,(z) € C®(0Q\ p) is typically not 0, except in special cases in which
B € OPS°(09Q) is a local operator. In particular, this would require that the
Weingarten map Ay : T,(92) — T,(0N2) be scalar for all p. Of course, if the
principal symbol of B is independent of &, then the main singularity at £ = 0 of
the Fourier integral (2.4.30), with @ = P, = —B, is ameliorated, and arises from
the singularity of e~*¢l at ¢ = 0 rather than from that of op(z, &).

We refer to [EO] and [GG] for other approaches to the analysis of e=*Vd,(z),
and further results on related material.
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2.5. ¢~V need not be positivity preserving

Here we give an example of a Dirichlet-to-Neumann map N with the property

that e~*V" is not positivity preserving for all ¢ > 0. In this example, {2 = B" is the
unit ball in R”, with boundary X = dB™ = S"~!, and, as in (2.2.12),

—9
(2.5.1) N=+v-Ax+ —cp, cn=n2 .

A calculation gives

N? = Ay —I-QCZ —2cp\/ —Ax + 2

(2.5.2)
=—-Ax —2¢,N.
Hence, for ¢ > 0,
(2.5.3) e tN? et(Ax+2enN).
or, equivalently,
(2.5.4) plAX _ o—tN? j—2cntN

We will use this identity together with known behavior of the heat semigroup e*®x
to establish:

Proposition 2.5.1. Assume n > 3. Then, for N given by (2.5.1), there ezists
t> 0 such that e=N" is not positivity preserving.

To start the proof, we recall two formulas for the Poisson integral on B™, solving

(2.5.5) Au=0on B", u|aBn = f.
One is
(2.5.6) u(rw) = r¥ f(w), we s,

and the other is

(2.5.7) w(rw) = =" / |rj(_?J?y|n dS(y).
S’n—l

See [T1], Chapter 8, §4. Let us fix p € S"~! and take f = §,. We have

1— 2
(2.5.8) rN oy (w) = I : [rw —p|™",
n—1
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hence

1— 2

wg}ginn_l Vo, (w) = 1 ! wg}gigl_l lrw —p|™"

(2.5.9) "

1—r n

= - (T+7r)" ™

It follows that
(2.5.10) e 2N (W) > an(l—71), Ywe S
with a,, = 1/(2"1A4,_1) and
(2.5.11) r=e 2nt,

Consequently, if etV ® s positivity preserving, one has from (2.5.4) that
(2.5.12) A5 (W) > ap (1 —e 2t Ywe S

This, however, contradicts the readily established rapid decay of e!2x§,(w) as t \,
0, when w is bounded away from p. Thus the positivity preserving property for
e~ tN* must fail, at least for ¢ > 0 sufficiently small.

REMARK. For n = 2, we have ¢, = 0, hence N2 = —Ayx, so etV g positivity
preserving for all £ > 0 in that case. Furthermore, for n = 1, N is given by a 2 x 2
matrix, somewhat like (2.3.12) (up to a factor of 1/2), and again e *N" is positivity
preserving.
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3. Lipschitz domains

Let M be a compact, connected Riemannian manifold and 2 C M an open
subset. Assume M \ Q # (). We say Q is a Lipschitz domain if, for each p € 99,
there exists a coordinate neighborhoof U of p in M such that 02N U is the graph
of a Lipschitz function, and 2 N U lies on one side of this graph.

Here we analyze the Dirichlet-to-Neumann map on such domains, building on
work of [AM] and [BtE]. We make use of fundamental results on the Dirichlet and
Neumann boundary problems for the Laplace operator A on 2. Seminal work on
these boundary problems was done in [Dah], [JK]|, and [Ver]|, the latter making
use of the work of [CMM] on singular integral operators on Lipschitz surfaces.
These works were done in the setting of Lipschitz domains in Euclidean space. An
extension to domains in Riemannian manifolds, with non-flat metric tensors, was
accomplished in [MT1]-[MT4]. These papers covered progressively rougher metric
tensors, from those that are C'! in local coordinates in [MT1] to those in [MT4] that
have a modulus of continuity satisfying a Dini-type condition in local coordinates,
namely

(3.0.1) l9jk(7) — gk (y)] < Cw(lz —yl),

with
b y/w(t)
(3.0.2) /0 — dt < .

In §3.1 we use results on the Dirichlet and Neumann problems to construct the
Dirichlet-to-Neumann and Neumann-to-Dirichlet maps

(3.0.3) N : H'(09Q) — L*(09), K :L*(09) — H(0%),

inverses to each other on functions that integrate to 0. We show that K is compact
and self adjoint on L?(992), and deduce that N is a positive semidefinite self-adjoint
operator on L?(99), with

(3.0.4) D(N) = H'(99).

The mapping properties (3.0.3) extend to LP-Sobolev space mapping properties.
Namely, there exists ¢(£2) > 2 such that

(3.0.5) N :H"(0Q) — LP(0%), K :LP(02) — H"P(08), 1<p<q(Q),

and duality and interpolation yield further mapping properties.
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In §3.2 we produce formulas that relate N and K to singular integral operators
arising from certain single and double layer potentials.

In §3.3 we study the semigroup eV, which is a contraction semigroup of self-
adjoint operators in L?(99). Results from §3.1 yield mapping properties

(3.0.6) eV LP(90) — LPL(0Q), t>0, 1< py < p1 < oo,
and
(3.0.7) e N LPo(9Q) — HYPL(0Q), t>0, 1 <py<p1 <q().

We then bring in the positivity result, established in [AM], that, given f € L?*(99),
(3.0.8) f>0=eNf>0 Vt>O0.

Since e*N1 = 1, this makes {e7*V} a symmetric Markov semigroup. On general
principles, this implies {e *"} is a strongly continuous contraction semigroup on
LP(0Q) for 1 < p < oco. Also, results of [Var] and [EO] yield quantitative estimates
on the operator norms of e *" in (3.0.6), and we supplement these with operator
norm estimates on e~V in (3.0.7).

In §3.4 we consider the spectrum of N, which thanks to (3.0.4) must be discrete,
so N has eigenvalues \j,j > 0, satisfying 0 = A\g < Ay < -+ 7 400. Estimates on
eV from §3.3 imply

(3.0.8) Y e <oar) T,
Jj=0

where n = dim €2, which in turn yields estimates on >, (A; +1)7% for s >n — 1.
This series is seen to diverge when s = n — 1. These results agree with those for
the case when 0f2 is smooth, though pseudodifferential operator methods from §2
are not available to produce finer asymptotic expansions.

In §3.5 we discuss proofs of the positivity result (3.0.8), describing the approach
in [AM], via the Beurling-Deny positivity criterion, and also an alternative ap-
proach.

REMARK. The quantity ¢(€2) that appears in (3.0.5) and (3.0.7), and elsewhere
in this section, depends on the Lipschitz character of 992 (and also on M and its
metric tensor). It is the case that

(3.0.9) Q is a C! domain = ¢(Q) = .

In §6 we will obtain such results for a more general class of domains, namely regular
SKT domains.
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3.1. N and K on Lipschitz domains

Here  is a connected Lipschitz domain, with nonempty boundary 0f2, in a
compact Riemannian manifold M. The Poisson integral PI f solves the Dirichlet
problem

(3.1.1) Au=0 on £, “‘aQ:fa u=PIf.

It follows from material in §7 of [MT1] for C! metric tensors, and in §5 of [MT4]
for metric tensors satisfying (3.0.1)—(3.0.2), that

fe HY(99Q) = (Vu)* € L*(09), and

lim Vu(z) exists for a.e. z € 0.
Tr—z

(3.1.2)

Here (Vu)* denotes the nontangential maximal function of Vu, and the limit is
taken nontangentially. This is proven by representing u in (3.1.1) in terms of a
single layer potential (cf. (7.32) of [MT1]), together with basic properties of such
layer potentials (see (3.2.10)). Consequently, we have

(3.1.3) Nf=0,PIf|,,
defining
(3.1.4) N : H'(0Q) — L*(09).

Now if u =PI f,v =Plg, f,g € H'(09Q), one has, by Green’s formula,

(3.1.5) (Vu,Vv) = /OyuﬁdS = (Nf,g),
o9

where, as in §2, (, ) denotes the inner product on L?(Q) and (, ) that on L?(99).
See Appendix B for a discussion of Green’s formula in a setting broad enough to
apply here.

It follows from (3.1.5) that

(3.1.6) (Nf,g)=(f,Ng), for f,ge H (09).
Then, by duality

(3.1.7) N : L*(092) — H™1(09),
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and interpolation with (3.1.4) gives
(3.1.8) N : H¥TH(0Q) — H*(09), —1<s<0.
Next, we look at the Neumann boundary problem
(3.1.9) Au=0 on £, 0,,u|89 =g.

As shown in §6 of [MT1] for C'! metric tensors, and in §5 of [MT4] for Dini-type
metric tensors, if

(3.1.10) g € L*(09), /gdS =0,
oN

this has a solution u, satisfying

(3.1.11) (Vu)* € L*(09)), and lim Vu(zx) exists for a.e. z € 99,

Tr—=z

parallel to (3.1.2). The solution is unique up to an additive constant. We set

(3.1.12) Kg = u|89, normalized so that /Kg as =0,

o

parallel to (2.1.11), if g satisfies (3.1.10), and we also set
(3.1.13) K1=0.

Thus we have

(3.1.14) K : L*(09Q) — H(09).

Parallel to (2.1.16)—(2.1.17),

(3.1.15) Kf=Kf#* NKf=f" VfeL*Q),
and
(3.1.16) KNf=f#  fecHY09).

Then a calculation parallel to (2.1.18) gives

(3.1.17) (Kf,9)=(f.Kg),
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for f,g € L?(99). Thus, by duality, we have from (3.1.14) that
(3.1.18) K : H 1 09) — L*(09),
and then interpolation with (3.1.14) gives
(3.1.19) K : H5(0Q) — H*TH09), —1<s<0.
The identity (3.1.15) then extends to f € H® for —1 < s <0, and (3.1.16) extends
to f € H*t1(0Q) for —1 < s <0.
Since K = K*, we have from (3.1.14) that
(3.1.20) K : L?(09) — L*(09) is compact and self adjoint.
It follows that L?(9) has an orthonormal basis {¢; : j = 0,1,2,...} satisfying
(3.1.21) Koj = pjpj, po =0, p; 0 forj>1.
From (3.1.17) we have
(3.1.22) ©; € HY(09), Vj.

From (3.1.15)—(3.1.16), we have

1
(3.1.23) Npj=Xjpj, Ao=0, \j=— 7+ocoforj>1
1

We see that N is a positive semi-definite self adjoint operator on L?(9S2), and, by
(3.1.15)—(3.1.16),

(3.1.24) D(N) = H'(09).
Note that interpolation applied to (3.1.24) gives

(3.1.25) D(NY/?) = HY2(09).

As shown in §5 of [MT1] (for C! metrics),

(3.1.26) PI: H/2(0Q) — HY(Q),

complementing the trace result

(3.1.27) ue HY(Q) = ul,, € H'/?(09),
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valid for Lipschitz domains. In concert with (3.1.5), it follows that the quadratic
form

(3.1.28) Q(f,9) = (Vu,Vv), u=PIf v=Plg,

with form domain D(Q) = H'/2(09), gives rise, via the Friedrichs construction, to
the non-negative self-adjoint operator N, and that

(3.1.29) D(N) ={f € D(Q) : Q(f,9) < Cligllr2(90), Vg9 € D(Q)}.

This agrees with the characterization of NV as a self-adjoint operator given at the
end of §2.2 in [AM].

There are also LP-Sobolev space results for N and K, though not as general as
those given in (2.4.14) for the case of smooth boundary. As shown in [MT3] and
[MT4], following work on domains in Euclidean space in [Ver| and [DK], one has
the following results on the Dirichlet problem (3.1.1) and the Neumann problem
(3.1.9). Namely, there exists

(3.1.30) q(2) > 2, such that, if 1 <p < q(),

then, in (3.1.1), the solution u satisfies

(3.1.31) (Vu)* € LP(092), and liin Vu(x) exists for a.e. z € 952,
provided
(3.1.32) fe HYP(09),

and, in (3.1.9), with faQ gdS = 0, the solution u satisfies (3.1.31) provided
(3.1.33) g € LP(09).

In follows that

N : H'P(0Q) — LP(09),

(3.1.34) :
K :LP(0Q)) — HP(0Q)), for 1 <p<q(Q).
Then duality arguments, parallel to those used in (3.1.7) and (3.1.18), give

N : L (8Q) — H~ 5P (8Q),

(3.1.35) , ,
K :H P (0Q) — LP (09),

for such p, and one can interpolate to get other mapping properties.
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The identities (3.1.15)—(3.1.16) extend, to
(3.1.36) NK =I1—-Py on LP(0), KN =1I-Py on H"P(00),
for 1 < p < q(2), where
(3.1.37) Pof = alf,1)1, a=(Area 09)"'.
A useful variant is
(3.1.38) (N+Py)(K+Py)) =1 on LP(99), (K+Py)(N+Py) =1 on H"?(9Q),
for 1 < p < q(€2), hence

N + Py : H'?(5Q) =
(3.1.39) N
K+ Py : LP(09) =

LP(0R), with inverse
HYP(0Q), for 1<p<q(Q).
It follows that, for each A € R,

(3.1.40) N+ X: HYP(9Q) — LP(09Q) is Fredholm, of index 0,

for 1 < p < q(Q). A standard monotonicity argument implies that (for fixed \) the
kernel and cokernel of (N + A)|g1.0(90) are independent of p € (1,¢(12)). Clearly
Ker (N+A)=0ifp=2and A >0, so

(3.1.41) N+ X: HYP(00Q) =5 LP(9S), for 1 <p < q(Q), A >0,
hence
(3.1.42) (N + X)L LP(0Q) — HYP(09), 1<p<q(), A>0.

Parallel to (3.1.35), duality gives

(3.1.43) (N+A)"1: H VP (00) — LP (09), 1<p<q(Q), A>0.
Equivalently, the range of p’ in (3.1.43) is

(3.1.44) ¢ (Q) <p <oo, with ¢'(R2) < 2.

For later use, we record implications of iterating (3.1.42) and (3.1.43). Fix A > 0.
Take qo > ¢'(Q), f € H™1%(9). Then

(N+ X" feL®(0Q) c H 11 (09),
with ¢; > qo, given by the Sobolev embedding theorem. Consequently,
(N +\)72f € L(9Q) © H™1%(59),

with ¢o > ¢1, also given by the Sobolev embedding theorem. Continuing, we get
the following.
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Proposition 3.1.1. Given qo > ¢'(2), p1 < oo, there exists k = k(qo,p1,n) such
that

(3.1.45) (N + X% H b9 (00Q) — LP(09),
for A > 0. A fortiori,
(3.1.46) (N + X% L?(0Q) — LP*(09).

By duality, we have the following.

Proposition 3.1.2. Given gy > 1, p1 € [2,q(Q)), there exists k = k(qo,p1,n) such
that

(3.1.47) (N + )77 L°(0Q) — H"P*(05),
for A > 0. A fortiori,

(3.1.48) (N +X)7F: L®(0Q) — L*(09).
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3.2. Connections with singular integral operators

Let Q C M be a connected Lipschitz domain with nonempty boundary, as in
§3.1. If f € H'(09), the result (2.2.5), i.e.,

Df(x) —SNf(x) =Pl f(x), xe€f
(3:2.1) f(z) f(z) [J;( )x@;\g

extends to this setting, with D and S defined as in (2.2.1); cf. (7.37) of [MT1]. One
continues to have the limiting results (2.2.2), with S as in (2.2.3), but the formula
for A in (2.2.3) needs to be rewritten as

(3.2.2) Af@)szQ/a%E@awf@wﬂ%w.
oN

The necessary distinction arises as follows. The kernel V, E(x,y) has leading part
blowing up like d(z,y)~ ("1 as y — x, if n = dim M. Now taking Oy, E(z,y) =
(v(y), VyE(z,y)) cancels the leading part of this singularity on 02 x 0 if 02 is
C?, leading to an easy proof that A is bounded on LP(df2) in such a case. This
fails when 02 is C'! and fails even more severely when 052 is merely Lipschitz. The
fact that

(3.2.3) A:LP(0Q) — LP(09), 1<p< o0
when 2 is a Lipschitz domain, and the accompanying maximal function estimate

(3.2.4) (D) llLe o) < CpllfllLron), 1 <p < oo,

were established in [CMM] in the Euclidean space setting, with E(z,y) = E(z —y).
Variable coefficient extensions, valid in the manifold setting, were estabished in
[MT1] (with improvements for successively less regular metric tensors in [MT2]-
[MT4]). From these results, the boundary trace results (2.2.2) follow, the limits
being nontangential limits, existing a.e. on 0.

In the Lipschitz setting, (2.2.4) fails. We do, however, have

(3.2.5) S LP(0)) — HYP(09), 1< p < oo,
and the associated nontangential maximal function estimate

(3.2.6) [(VS£)* llzaom < Colflirony, 1 <p < oo.
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In connection with this, it is shown in §3 of [MT1] that

(3.2.7) 0,8 fo(x) = (%I FA)f(@), forac. w0,

given f € LP(09), 1 < p < oo, the limit taken nontangentially.
Another important property of S, established in Proposition 7.5 of [MT1] for C!
metric tensors, and in Theorem 3.5 of [MT4] for Dini-type metric tensors, is that

(3.2.8) S L*(09) — H'(9Q) is an isomorphism.

It follows that the solution to

(3.2.9) Au=0 on , u|8Q = fe H'(09),
is given by
(3.2.10) u=S(S7f).

The result (3.1.4) on the map N follows from this, together with (3.2.6)—(3.2.7).
That is, one has

(3.2.11) N : H'(0Q) — L*(09).

Then, applying results related to (3.2.3)—(3.2.4) to (3.2.1), we have (as in (2.4.6)),

(3.2.12) SNf = <—%I + A) £, fe HYO9).

One consequence of (3.2.12) and (3.2.11) is that we can complement (3.2.3) by
(3.2.13) A HY0Q) — H'(09).
Using (3.2.8), we can write

(3.2.14) N =51 (—%1 + A>, on H(9Q).

By comparison, (3.2.10) plus (3.2.7) give
1 * -1 1
(3.2.15) N = <—§I+A )5 , on HY0Q).

As seen in Proposition 4.6 of [MT1] for C! metric tensors, and in Theorem 3.5 of
[MT4] for Dini-type metric tensors,

1
(3.2.16) —51 + A* 1 L5(0) — LE(09) is an isomorphism,
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where L2(0Q) consists of elements of L?(9Q) with mean value 0 over €.

In fact, with g € L3(99), the solution to the Neumann problem (3.1.9), satisfying
(3.1.11), is given, up to an additive constant, by

1 AL
(3.2.17) u—S(—§I+A ) g
(cf. [MT1], Theorem 6.1, and [MT4], Theorem 4.2). Hence, consistent with (3.2.15),
1 * -1 2
(3.2.18) Kg=(I— PO)S(—EI +A ) 9. ge L2,

where Py is the orthogonal projection of L?(99) onto L3(99).

REMARK. Complementing (3.2.8) and (3.2.16), we have isomorphisms

S: LP(9Q) = H'P(8Q), and
(3.2.19) 1 N
—5 T+ AT Lf(09) = LE(09), for 1<p<q(Q),

with ¢(€2) asin §3.1, as shown in [MT3], Theorems 7.1 and 7.3, and [M'T4], Corollary
5.4, for metric tensors that are Lipschitz, or satisfy (3.0.1)—(3.0.2), respectively.
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3.3. The semigroup e

As we have seen, N is a positive self-adjoint operator on L?(99), with domain
D(N) = H*(09). Tt follows that

(3.3.1) eV L2(0Q) — L2(09)

is, for t > 0, a strongly continuous contraction semigroup of positive self-adjoint
operators. For t > 0, e”*N has additional mapping properties, not as extensive
for general Lipschitz domains as for those that are smoothly bounded, but worth
noting. First, if we write

(332) e_tN — (N + 1)—k [(N + 1)ke—tN ,

and note that the factor in brackets is bounded on L?(92) for each t > 0, we deduce
from (3.1.46) that

(3.3.3) e N L2(0Q) — LP(09Q), Vit>0, p< oo.
By duality,
(3.3.4) eV LP(0Q) — L2(09)), Vt>0, p>1,

and then, via etV = ¢~ (t/2N = (t/2)N

(3.3.5) eV LPo(0Q) — LP1(0Q), t>0, 1< py < p1 < oo.

We can also use (3.3.2) in conjunction with (3.1.47) to obtain

(3.3.6) e N L L2(00) — HYP1(09), Vit >0, p1 < q(Q),

and then use this plus (3.3.4) and e N = e~ #/2)N=(t/2)N 5 get

(3.3.7) e N L LPo(9Q) — HYPL(0Q), t>0, 1 <py<p1 <q().
If n = dim Q, we can deduce from (3.3.7) that

(3.3.8) Q) >n—1=e N LP(OQ) — C(0Q), Vt>0, po>1,

and then, by duality plus etV = e~ (/2N = (t/2)N

(3.3.9) Q) >n—-1=eN: MOQ) — COQ), t>0,

where M(0€2) denotes the space of finite signed measures on 0f2. Note that the
hypothesis in (3.3.8)—(3.3.9) holds for all Lipschitz domains of dimension n < 3.
The following positivity result was established in [AM].
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Proposition 3.3.1. Given f € L?(09Q),

(3.3.10) f>0=¢e™Nf>0 Vt>o0.

See §3.5 for a proof. Given this, and noting that
(3.3.11) e N1 =1,

we see that if f € L2(02) and a < b € R,

(3.3.12) a<f<b=a<e ™Nf<b,
hence

(3.3.13) eV L°(00) — L>®(09), t>0,
and

(3.3.14) le™™ fll Lo o) < 1f1l Lo (992)-

Note that interpolation with ||e™* f||z2 < || f||z> gives

(3.3.15) le™™ fllrron) < | fllron), for 2 <p < oo,
By duality,
(3.3.16) le™™ fll ooy < | fllro), for 1<p < oo,

We are now prepared to prove the following.

Proposition 3.3.2. The family {e=*N : t > 0} is a strongly continuous semigroup
on LP(0Q) for each p € (1,00).

Proof. We already have this for p = 2. For p € (1,2), the result follows from the
uniform bound (3.3.16) together with the denseness of L?(992) in LP(99) and the
strong continuity on L?(9€). For p € (2,00), it follows from the estimate (valid for
f € L>(09))
(3.3.17)

le™ N f— e ™ fllraq) < lle”¥ N f — e_thH%z(aQ)H@_thf - e_thHlLZOO(aQ)a

with 8 = 6(p) € (0,1), that strong continuity in LP-norm holds for f € L% (99),
and then strong continuity for all f € LP(0€) follows from denseness of L (9€2) in
LP(092), together with the uniform operator bounds in (3.3.16).

We next establish the left endpoint case of Proposition 3.3.2.
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Proposition 3.3.3. The family {e=*N : ¢t > 0} is a strongly continuous semigroup
on L'(09).

Proof. Given f € L?(99), t > 0, we have

le™™ Il a0y = sup {[{e™" f,9)] : lgllL=(o0) < 1}
= sup {|(f, eV g)| : [lgll = o0) <1}
< sup {|[ ]l 1 a0 le™
< fllzr o0,

the last inequality by the contraction property of e *" on L (9€). Since L?(09)

is dense in L'(09), it follows that e~*" has a unique continuous extension

(3.3.19) eV LN 0Q) — LY(09),

for each t > 0, and each e~*" has L!'-operator norm < 1. The semigroup property
follows from the denseness of L?(9Q) in L*(99), together with the uniform operator
norm bounds, as does the strong continuity of the semigroup on L!(99).

(3.3.18)
gllze=@0) : l9llze @) < 1}

The arguments proving Propositions 3.3.2-3.3.3 apply quite generally when (3.3.10)—
(3.3.11) hold, as long as (92,dS) is a finite measure space. The following results
make use of properties special to Lipschitz domains, starting with the following
consequence of an application of (3.1.41) to Proposition 3.3.2.

Proposition 3.3.4. The family {e='N : t > 0} is a strongly continuous semigroup
on

(3.3.20) HY?(0Q), for each p € (1,q()).

A Sobolev embedding argument plus (3.3.14) leads to the following.

Corollary 3.3.5. The family {e ' :t > 0} is a strongly continuous contraction
semigroup on C(0R2), provided dimQ = n and q(Q2) > n — 1. In particular, this
holds when dim Q) < 3.

From here, a duality argument gives the following.
Corollary 3.3.6. If q(2) >n — 1, then
(3.3.21) e N M(0Q) — M(09), t >0,
1s a weak® continuous contraction semigroup.

We next discuss irreducibility of the semigroup {e~*V}, defined as follows. Given
measurable Ty C 9Q and I'y = 9Q \ Ty, set L3(T;) = {f € L?(0Q) : supp f C [';}.
We say {e~ N} is reducible if such T'; exist, both with positive measure, and

(3.3.22) eV L2(Dy) — L*(Ty), Vt>0.

Note that if (3.3.22) holds, then, by self adjointness, e "*V also preserves the orthog-
onal complement of L?(T), which is L2(I'1). If no such T'; exist, we say {e"*V} is

irreducible. The next result is contained in Theorem 4.2 of [AM]. See also Propo-
sition 2.2 of [AtE].
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Proposition 3.3.7. Assume that Q is connected. Then {e=*N :t > 0} is irre-
ducible.

Proof. Take measurable I'y C 92 and I'y = 9Q\ Ty, and assume (3.3.22) holds. Set
X; = Xr;- Using the facts

(3.3.23) supp e_tNXj cly, 0< e_tNXj <1, eWNyo+e ™y =eM1=1,
we deduce that

(3.3.24) e Ny =x5, Vt>0.

It follows that

(3.3.25) x; € D(N) = H'(9Q), and Nyx; =0.

Then, thanks to (3.1.2), u = PIyq satisfies (3.1.9)—(3.1.11) with ¢ = 0. Conse-
quently uniqueness for the Neumann problem implies v is a constant, say u = c.
Meanwhile, u|sn = xo. Hence either ¢ = 0 and yg = 0 or ¢ = 1 and x; = 0, i.e.,
either I'y or I'; has measure 0. This proves irreducibility.

REMARK. In case 0f) is smooth, Proposition 2.3.2 implies irreducibility. It is
tempting to ask if Proposition 2.3.2 continues to work for Lipschitz domains, at
least in the setting of Corollary 3.3.6 (where we also have (3.3.9)).

We return to mapping properties of e=*¥, such as (3.3.3)—(3.3.7), and seek quan-
titative estimates, particularly on the rate of blow-up as t \ 0. To start, we have

le™™ fller o) < Ce'|(N + 1)e™ @D £l 12 50
(3.3.26) ot
< C?||f||L2(aQ),

since (N + 1)e”*(N+1) has uniformly bounded L?-operator norm. More generally,
we have

(3.3.27) D((N +1)%) = [L*(09), H'(0Q)], = H*(99), 0<s<1,
hence

tN e!
(3.3.28) le™ fllm:a0) < Ct—SHfHL?(aQ), 0<s<1.

It is an exercise to improve this for ¢ > 1, and replace e't~* by (t A 1)7%. Next, we
can use Sobolev embedding results,

n—1

(3.3.29) H3(0Q) c L2n=D/(n=1=25) (50 0 < s < 5 <L
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For example,
HY(89) c L2=1D/(=3)(5Q),  n > 3,

(3.3.30) HY2(00) c L2 D/=2(5Q),  n>2,
HY4(0Q) c L2=D/(=3/2(5Q), n > 1.

From (3.3.28) (with e't~* replaced by (t A 1)™%) and (3.3.29), one has estimates of
the form

(3.3.31) le™ fllzr o) < CEAD) T fllr2(00).
with
2(n—1) ) n—1
(3.3.32) p=———", provided 0 <s< and s <1,
n—1-—2s

or equivalently

11
(3.3.33) s=(n— 1)(5 - —), provided 0 < s <
P

n—1

and s < 1.

Since e~V satisfies the Markovian conditions (3.3.10)—(3.3.11), results of [Var]
and [EO] allow us to extend the scope of (3.3.31) as follows.

Proposition 3.3.8. For each p € [2, 0],

(3.3.34) le™™ fll e o) < Cp(t A1)~ =D £l 1250,

Proof. First we treat the case n > 2. As shown in §2 of [Var|, with complements
in §7, the following are equivalent:

(3.3.35) £ 1122001 90y < Ca [<Nf, f)+ ||f||%z<am], Vf € D(N),
and
(3.3.36) le™™ fll a0y < Cot™"?|| fll 1200y, 0<t<1,

as long as 0 > 1. The estimate (3.3.35) is equivalent to

20
c—1’

(3.3.37) 1A IZs 00y < W1 r200) P =
which, by (3.3.30), holds with o = n — 1. Consequently, the results of [Var| yield

(3:3.38) le™™ Fllmqom) < CE P fll oy, 0<t<1,
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provided n > 2. This plus interpolation gives (3.3.34), since estimates for t > 1 are
elementary.
When n = 2, these results of [Var] do not apply. Note that in this case (3.3.31)—
(3.3.33) hold for 0 < s < 1/2, and hence we already have (3.3.34) for 2 < p < 0.
To get the endpoint case p = oo when n = 2, we can follow [EO] and use the
fact that (again thanks to the Markov property), estimates of the form (3.3.34)
extrapolate, from a given p = py € (2,00) to all p € (2, o¢], via a result of [Coul].

Here is another approach to the endpoint case p = 0o of (3.3.34) when n = 2. In
that case, we can use the estimate

(3.3.39) 19117 00y < Cllgllrz@a)llglla o), dimdQ = 1.

We get

le™™ fl17< 00y < Clle™™ fllzzolle™™ flla o)

(3.3.40) :
< CEAD)THf1IZ2 00,

the last inequality by (3.3.21) (with et ~! replaced by (tA1)~1). This gives (3.3.34)
forn =2, p=oo.

Let us linger on the case n = 3 of Proposition 3.3.8. In that case, the range of
s in (3.3.33) is 0 < s < 1, so the range of p in (3.3.32) is 2 < p < co. Again, the
results of (3.3.31)—(3.3.33) cover all of (3.3.34) except the endpoint case, p = 0.
We will provide an alternative treatment of this case shortly, after looking into
HYP(9Q)-estimates on e N f, for p € (2,q(Q)).

We resume study of the general case dim 2 = n. We have, for 2 < p < ¢(2),

le™ fllmrra0) < CIN +1)e™™ fllLra0)
=Clle”"™(N + 1) f|l e (09
< CtA1)~mDARTYR (N + 1) fl| 12 (a0
< Ct A1)~ DARZYRY £l 0y,

(3.3.41)

the third line by (3.3.34). Replacing f by e *" f and rescaling ¢, we have

le™™ fllana) < Ot A1)~ DOEZYD e RN f| s o

3.3.42
( ) <Ot A1) mDOEEYR £ 1 o0,
for 2 < p < q(Q).

Returning to the case n = dim{) = 3, we bring in the following Gagliardo-
Nirenberg type inequality:

1-2 2 .
(3.3.43) lgll 00y < Cllglliaioin Iz ooy, dimdQ =2, p>2.



Taking p € (2,q(2)) and g = eV f, we have

le™ £l o< a0
— 1-2 _ 2
(3.3.44) < Cle th”Lp(eég)He N o0
< C(t A1)~ DA/2=1/D)A=1/p) (¢ A 1)~ @/P)A+ (=1 A/2=1/P)) || £ 1

=C{tAL) T fllz260),

thereby yielding another proof of (3.3.34) for p = oo, n = 3.

41

(092)
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3.4. On the spectrum of N

Since D(N) = H(99Q), we know that N has compact resolvent and discrete
spectrum. As in §3.1, we have an orthonormal basis {¢;} of L?(9Q) consisting of
eigenfunctions of NV with

(3.4.1) Npj=Xjpj, 0<X; 7 oo

In case 02 is smooth, the fact that N is an elliptic pseudodifferential operator in
OPS(99) yields strong results on the behavior of \; as j  +oo. Namely, we
have

(3.4.2) A~ ajt/ D as 5 oo,

where, recall n = dim 2. One way to get this is to construct a parametrix for e=*V

and show that

(3.4.3) Tre ™V ~ A=Y £\, 0,
with
(3.4.4) A = (Area S"?) (Area 09).

Alternatively, one can use wave equation techniques to get finer results.

When € is a general Lipschitz domain, such an analysis is not available. Our
goal here is to derive results on how \;  +oo that, while weaker than (3.4.2),
have common features.

We start with results on Tre~*" that are derivable from (3.3.34), with p = oo,
which allows us to write

(3.4.5) @) = [ Kilo) £ ds(y),
o2
with
(3.4.6) / Ky (z,y))?dS(y) < C(t A1)~
o0

It follows that the Hilbert-Schmidt norm of e 'V has the estimate

(3.4.7) le V)%, <Ot~ D <1,
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and hence

(3.4.8) Tre NV = |le=W2DN|2 <ot~ <1

Y

which is a good estimate, in light of the result (3.4.3) for the smooth case. In terms
of the eigenvalues {\;}, this becomes

(3.4.9) Y e < oA,

J=20

If we multiply both sides of (3.4.9) by e~t*~1 and integrate over t € (0, 00), we
get

C
4.1 4+ 1) < _ — 1.
(3.4.10) j5>0()\j+ ) _C+s—(n—1)’ s>n

S

Furthermore, one can readily show that Tr(N + 1)~ is holomorphic in the half
plane Res > n — 1. When 9f2 is smooth, (3.4.3), supplemented by the next term
in the asymptotic expansion, implies a stronger result, namely Tr(N + 1)~* is
meromorphic in the half space Res > n — 2, with one pole, at s = n — 1. For
general Lipschitz domains, we do not establish such a result, but we will prove the
following.

Proposition 3.4.1. When Q is an n-dimensional Lipschitz domain,

(3.4.11) >+ = 4o,

>0

To show this, we bring in the space Z,(02) of bounded linear operators B on
L?(09) satisfying

(3.4.12) Tr(B*B)P/? < .

The content of (3.4.11) is that

(3.4.13) (N+1)"' ¢ 7, 1(09).

By comparison, (3.4.10) implies

(3.4.14) (N+1)"teZ,(09), Vp>n-—1.

Thus, Proposition 3.4.1 is a consequence of the following.
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Proposition 3.4.2. Let Q) be an n-dimensional Lipschitz domain. If B € L(L?(9))

and

(3.4.15) B: L?(09) = H(09),
then

(3.4.16) BeZ,(00) <=p>n—1

Proof. There exists a smooth compact (n — 1)-dimensional manifold X that is bi-
Lipschitz equivalent to 2. Under this equivalence, operators in L£(L?(99)) are
taken to operators in £(L?(X)). This correspondence takes Z,(9€2) isomorphically
to Z,(X), and since the bi-Lipschitz map takes H!(9) isomorphically to H'(X),

it takes operators B satisfying (3.4.15) to B : L2(X) — H(X). Note that
(3.4.17) B € T,(89) <= B € I,(X).
Now take a positive, self-adjoint A € OPS*(X). By the discussion above,
A+1D) e, (X)«=p>n—1.
Also (A+1)"1: L?(X) =5 HY(X). It follows that, if B satisfies (3.4.15),
(3.4.18) (A+1)"' =BV, V e L(L*(X)), invertible.

Now Z,(X) is a two-sided ideal in £(L?(X)) (cf. [Si]), so (3.4.18) implies (A+1)"! €
Z,(X) if and only if B € Z,,(X). This proves (3.4.16).
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3.5. Approaches to the proof of Proposition 3.3.1

Proposition 3.3.1, from [AM], asserts that if Q@ C M is a Lipschitz domain, then,
for f € L2(99),

(3.5.1) f>20=¢e"Nf>0, Vt>O0.

If 092 is smooth, this result has a simple proof, as seen in §2.3, but the proof given
there does not work on general Lipschitz domains. Here we discuss the more subtle
argument used in [AM], and some variants.

A key tool used in the proof is the following Beurling-Deny positivity criterion.
Let H be a positive semidefinite self-adjoint operator on L?(X, u), and set

(352) Q(f.g) = (H'2f,H'?q), f,g€D(Q)=D(H?).
Here (, ) denotes the inner product in L?(X, ). Assume

f€D(@Q) = [f] € D(Q), and

(3.5.3) QUL < QU ).
Then
(3.5.4) fel?(Xu), f>0=ceHf>o0.

See [Dav], Theorem 1.3.2.

In the current setting, where X = 00 is the boundary of a Lipschitz domain and
H = N, we have D(Q) = HY?(09), by (3.1.25), and the first condition in (3.5.3)
is

(3.5.5) fe HY?(00) = |f| € HY*(6Q).

This is a special case of the result of [CW] that if ® : R — R is Lipschitz, with
Lipschitz constant K, and ®(0) = 0, then, for s € (0,1), p € (1,0),

(3.5.6) @0 fllzswon) < CopK|| fllmera0)-

See also [T2], Chapter 2, §4.

It is useful to know that one can replace the hypothesis (3.5.3) by the following,
which can be easier to check. Namely, let V' C D(H'/?) be a dense linear subspace,
and assume that

(3.5.7) fev=|fle D(HY?) and Q(f|.|f]) < Q1)
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Then (3.5.4) holds. See Lemma 1.3.4 of [Dav].
In light of this result, we see that, to establish (3.5.1), it suffices to show that

(3.5.8) f € Lip(99) = (NIf[,|f]) < (Nf, f).

To restate this condition, let us set

(3.5.9) f=r"=f" fl=r"+f", f7=max(f,0).
Then
QULIM =QU T+ f.f +f7)
(3.5.10) = QU ) +QU ™, ) +20(", )
= Q(f, /) +4Q(f*, ),
SO
(3.5.11) QUL <Q(f, f) <= Q(f*, f7) <.

Hence, to establish (3.5.1), it suffices to show that
(3.5.12) f €Lip(dQ) = (NfT,f7) <0.

Here is one further simplifying construction. Define ®; : R — R by

1
Pi(s)= 0 for |s| < -,

J

1 1
(3.5.13) s—— for s>-—,
J J

1 1

s+—- for —s>-—.

J J

Given f € Lip(09), f; = ®; o f is a bounded family of Lipschitz functions, and
we have both f; — f and |f;| — |f| in H*(0Q)-norm. (See [T2], Chapter 2,
Proposition 6.5.) Therefore, (3.5.8) follows from (N|f;|,|f;]) < (Nf;, f;), and
hence from (N f;r, f;) < 0. We have demonstrated the following.

Lemma 3.5.1. Let Q C M be a Lipschitz domain. Assume you know that (N f*, f~) <
0 whenever f*, f~ € Lip(9f) satisfy

(3.5.14)  f*,f~ >0, and are supported on disjoint compact subsets of ON.

Then the positivity result (3.5.1) holds.

To proceed, assume

(3.5.15) fteLlip(0Q), ftr>0, fF=0 onO,
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where O C 02 is open. Set
(3.5.16) ut =PIf+,
so (3.1.2) applies to ut. We also have

(3.5.17) ut(z) >0, VzeQ, u" - 0,

the latter in the sense of a nontangential trace, a.e. on O. These results lead to
(3.5.18) d,ut R 0, ae.,

which implies (N f*, f~) <0 in the setting of Lemma 3.5.1.

The proof of (3.5.1) in [AM] did not make use of reductions such as (3.5.8).
Rather, it took f € D(Q) and verified (3.5.3), in the form (3.5.11), as follows. To
fix notation, we set

(3.5.19) uw="PIf, u*=PIf*,
and we also write
(3.5.20) u=uP —u™, uP =max(u,0).

Thus w?,u™ € HY(Q) and uP|pq = fT, u™|oq = f~. As noted in [AM], this
directly gives f* € D(Q). We also set

(3.5.21) uw =ut —uP, so u’ € Hy(Q), Au’=-Au’ € H1(Q).
Note that ™ — v~ has the same properties, so
(3.5.22) u™ —u” =P,
We now compute:
QU f7) = (Vu",Vu")
(3.5.23) = (Vu? + Vi, Vu™ — VuP°)
= (VuP, Vu™) + (Vu, Vu) — ||Vu0||%2(9).

Now

(3.5.24) (VuP,Vu™) =0 and (Vu,Vu') =0,
SO

(3.5.25) QU f7) = =IIVd’| g <0,

as desired.

One advantage of this argument of [AM] over the reduction argument, via Lemma
3.5.1, is its extendability to rougher settings, as pursued in [AtE]. We discuss this
further in §4.3.
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4. Finite perimeter domains

Let M be a compact, connected, n-dimensional Riemannian manifold and 2 C M
a nonempty open subset. We will assume

(4.0.1) M\ Q#0.

We say € is a finite perimeter domain if and only if its characteristic function xq
has the property that Vyxq, defined a priori as a distribution on M, is a finite
(vector valued) measure. In such a case, we can write

(4.0.2) Vxa = —vo,

where o is a positive measure on 92 and v(z) € T, M satisfies |v(z)| = 1 for o-

a.e. . A useful characterization is that €2 is a finite perimeter domain if and only
if

(4.0.3) H"10.9) < oo,

where H"~! denotes (n—1)-dimensional Hausdorff measure and 9,2 is the measure-
theoretic boundary of €2, consisting by definition of all points p € 02 at which both
Q and M \ Q have positive density. It is an important structural result that if
has finite perimeter, then 0,2 is countably rectifiable and

(4.0.4) o=H""10.0.

Proofs of these results can be found in Chapter 5 of [EG], in the case of domains in
Euclidean space, with complements in [HMT] for domains in Riemannian manifolds.
One consequence of these results is that ) is a finite perimeter domain whenever
H"1(0Q) < oo. On the other hand, there are finite perimeter domains for which
HL(O0\ 0.Q) = oo.

An important property of finite perimeter domains is the divergence formula,
derived as follows. Let X be a smooth vector field on M. Taking the inner product
(in the distributional sense) of both sides of (4.0.2) with X and passing from V,
acting on yq, to its adjoint, — div, acting on X, yields

(4.0.5) / div X dV = / (v, X) do.
Q 0.0

A straightforward approximation argument (cf. [HMT], §2.2 and §5.3) extends the
scope of this identity from vector fields X € C*°(M) to

(4.0.6) X € C(M) such that divX € L'(M).
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In particular, (4.0.5) holds for vector fields X € Lip(Q).
In this chapter we pick a measure p on 9€2 such that y > ¢ and construct the

Dirichlet-to-Neumann map N as a positive semidefinite self-adjoint operator on
L?(09, 1), following [AtE], which considered

(4.0.7) QCR", H"Y0Q) < oo, p=H""09.

The approach of [AtE] involved a generalization of the Friedrichs method of pro-
ducing a positive self-adjoint operator from a quadratic form. We give an abstract
version of such a result in Appendix A of this work. Another important ingredient
in [AtE] is an estimate of the L?-norm of a function v on Q in terms of the L2-
norm of Vu on € and the L?-norm of u on 99, due to [Maz], in case Q C R™ and
H1(09) < co. We give an extension of this result in §4.1, and proceed in §4.2 to
use this to implement the general method described in Appendix A to define N. A
key object in the construction is the space W#, the closure in H*(2) & L?(0%, i)
of {(u,ulsq) : u € Lip(Q)}. The restriction map 7 : Lip(Q2) — Lip(9Q) given by
Tu = u|pq gives rise to a continuous map 7 : W# — L2(98, i1), and we have

(4.0.8) D(NY/2) = 7#(W#) c L2(09, ).

Also D(N'/?) is the isomorphic image under 7# of the space V C W#, the orthog-
onal complement of Ker 7% in W#, with respect to the inner product

(4.0.9) B((u, f), (v, 9)) :/<Vu,Vv> dVJr/fgdu.
Q o0

In §4.3 we consider e "V and show that this is a symmetric Markov semigroup.

As in [AtE], the crux is to show that the Beurling-Deny criterion is applicable.
In §4.4 we consider the Poisson integral. We define

(4.0.10) PI: D(NY?) — HY(Q)
by
(4.0.11) PIf=wu, where (u,f)eV.

We note that C°°(09) is dense in D(N'/2), and compare PI|ce(50) as defined
above with a common alternative, described in various places, including [GT] and

[T1]. We see that the two maps coincide provided H'(Q) = H}(Q), where H}(Q)
is the closure in H'(Q) of C§°(£2), and

o

(4.0.12) HY(Q) = {uc HY(Q) : (u,0) € W#}.

Issues such as whether H'(Q2) = H}(£2), whether Lip(f) is dense in H'(£2), and
others, which can be regarded as regularity conditions on (), are examined in §4.5.
In §§4.1-4.5, we assume M carries a C'>° metric tensor. In §4.6 we extend our
analysis of finite perimeter 2 C M to cases where the metric tensor on M is rough.
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4.1. A Sobolev space estimate

As in the introduction to this section, we assume €2 C M is a finite perimeter
domain satisfying (4.0.1). Our goal is to prove the following.
Proposition 4.1.1. There exists C = C(Q) < co such that, for all u € Lip(Q),

(4.1.1) /|u|2dV§C’/|Vu|2dV+C'/ lu|? do.
Q Q 8.9

A result of this nature, taken from [Maz], was used in [AtE], for a more restricted
class of domains €. There it was assumed that Q C R” and H"~1(9Q) < oo, and
the boundary integral was taken to be [y, [ul? dH™ .

Proof of Proposition 4.1.1. We use the divergence formula (4.0.5), valid for vector

fields X € Lip(Q?), taking
(4.1.2) X =uf?Y, YeC®WM), divY=1onQ,

which can be arranged, given (4.0.1). For example, take Y = Vv with Av =1 on
a neighborhood of Q. From (4.1.2) we have

(4.1.3) divX = |ul?divY + 2u(Vu,Y),

and (4.0.5) yields

(4.1.4) /de = / lul? (v, Y) da—2/u<vu,Y> dv.
Q 02 Q

Now

(4.1.5) 2‘/u(Vu,Y) dV‘ < %/\u!2dv+2/<Vu,Y>2dV,
Q Q Q

so (4.1.4) yields

1
(4.1.6) 5/|u|2dv§2/<vu,y>2dv+ / lul?(v,Y) do,
Q Q 0.Q

and this implies (4.1.1).



51

4.2. Construction of N

Let Q C M be a finite perimeter domain, as in §4.1. We continue to as-
sume (4.0.1). Adapting arguments from [AtE|, we will construct the Dirichlet-
to-Neumann map N as a positive semidefinite, self-adjoint operator on a Hilbert
space H of the form

(4.2.1) H = L*(09, ),
where p is a finite measure on 0f) satisfying
(4.2.2) w> o,

with o as in (4.0.2) and (4.0.4). In case 92 = 0.£2, we are happy to take pu = o,
but if 00 \ 0. has big pieces, we might want to add a measure supported on
this complement. For example, if H"*~1(9Q) < oo but H"1(9Q \ 8.0) > 0, we
could take p = H" 1|99, as is done in [AtE]. Note that (4.2.2) combined with
Proposition 4.1.1 yields

(4.2.3) /\u|2dV§ C’/|Vu|2dV+C/|u]2du,
Q Q o0

for all u € Lip(Q2).
We will construct N via the general program described in Appendix A. Ingre-

dients include, in addition to H in (4.2.1), a space Wy and maps 7 and «, as in
(A.14)-(A.15). We take

(4.2.4) Wy = Lip(Q2), 7u= u|8Q.

Clearly the range of 7 is dense in C'(9€2), which in turn is dense in L?*(9, i), so
(A.14) holds. Next, we take
(4.2.5) a:Woyx Wy —R, a(u,v) = /(Vu, Vu)dV.

Q

Elements of Ker « are constant on each connected component of €2, so clearly Ker an
Kert = 0, giving (A.16). Now, as in (A.17), we set

Bu,v) = a(u,v) + (Tu, 70) g

(4.2.6) :/(Vu, ) dV+/uvdu.
Q o0
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Thanks to (4.2.3), this is a positive-definite inner product on Wy, and as in (A.18),
we denote by W# its Hilbert space completion, to which 7 extends continuously:

(4.2.7) ™ W# — H.

Note that, by (4.2.3), a sequence (u) in Lip(2) that is Cauchy in the norm
defiuned by f§ is also Cauchy in L2(Q), hence in H'(Q2), while simultaneously

(Tur) = (uk|sq) is Cauchy in L?(99, u). Thus we have a natural map
(4.2.8) o W# — HY(Q),

such that if (ug) is such a Cauchy sequence, up — U in W#, uj, — u in H'(Q),
and Tuy — f in L?(0%, p), then

(4.2.9) U =u, 77U =,
and
(4.2.10) T ® T W — HY(Q) @ L?(09, )

is a topological isomorphism of W# onto a closed linear subspace of H'(Q) @
L2(09, ).

If © is a Lipschitz domain and p = o, then mq in (4.2.8)—(4.2.9) is an isomor-
phism, there is a trace map Tr : H'(Q) — HY?(99), and 7# = Tromg. However,
for rougher domains these properties can fail, as has been noted in [AtE].

It is natural to identify W# with the closure of

(4.2.11) G = {(u,u|oq) : u € Lip(Q)} in HY(Q) D L*(09, 1),

and note that inherited from (4.2.3) is

(u,f) €G=W7
(4.2.12) — [ 2av<c [ |vuPav +c [ |2 du.
[rerse o]
Thus
(4.2.13) B((u, f),(v,9)) = /(VU,VU> av —I—/fg dpu
Q oN

is a Hilbert space inner product on W#.
To continue, as in (A.19) we form

(4.2.14) V =W#/Kerr?#,
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which inherits from 77 a continuous injection
(4.2.15) J:V — L*(09, 1),

whose image contains Lip(9€2) and hence is dense. The space V has a Hilbert space
structure, naturally isomorphic to the orthogonal complement of Ker7# in W#,
with respect to the inner product (4.2.13):

(4.2.16) V ={(u,f) e W# : B((u, f), (v,9)) =0, ¥ (v,g) € Ker 7}
Of course,

(v,9) € Ker7# = g =0

(4.2.17) — B((u, ), / (Vu,Vv)d
Q
Consequently, we can rewrite (4.2.16) as
(4.2.18) V= {(u,f) e W . /(vu,vw dV =0, Vv e f}l(Q)},
Q

where (cf. (4.2.11))

(4.2.18A) HY(Q) = {ve H(Q) : (v,0) € W#).
Note that
(4.2.18B) HL(Q) c HY(Q),

where H}(€2) denotes the closure of C§°(£2) in H'(£2). Consequently,

(u, f) eV = /(vu,w> dV =0, Vv € Hy(Q)
(4.2.19)

= Au=0 on (.
We also mention that
(4.2.19A) H(Q) = HYQ) = V = {(u, f) € W# : Au=0 on Q).

From the injection (4.2.15), the Friedrichs method yields a positive self-adjoint
operator B on H = L?(99Q, ), as described in Appendix A. To recap, the adjoint
J': H — V' is also injective, with dense range, yielding

(4.2.20) Ve Ho V.
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The inner product 3, given by (4.2.13), restricted to V = (Ker7#)*, yields an
isomorphism By : V' 5 V/, with inverse Tj : V' — V. We restrict T3 to H, to get a
bounded linear operator T': H — H, which is seen to be self-adjoint and injective,
hence with dense range R(7') C H. Then the inverse B of T is densely defined,

(4.2.21) B:H —H, D(B)=R(T)={feJV):Bsf c HY,
and B is self-adjoint. We have
(u, ), (v,9) €V, [, g €D(B)
(4.2.22) — (Bf,q) = / (Vu, Vo) dV + / fgdu,
o

Q

where (Bf,g) is the inner product of Bf and ¢g in H = L?(99, ). In particular,
Spec B C [1,00). We set

(4.2.23) N=B-1,
so N is self-adjoint and Spec N C [0, 00). In the setting of (4.2.22),

(4.2.24) (NF,g) = / (Vu, Vo) dV.
Q

Also, as noted in (A.24),
(4.2.25) D(NY/?) = 7#(W#).

We restate this last part.

Proposition 4.2.1. Given f € L?(09Q, 1), we have f € D(NY/2) if and only if
there exist uy, € Lip(Q) and u € H*(Q) such that

(4.2.26) |, — [ in L*(09, p)
and
(4.2.27) up — u in H' ().

In such a case, we can pick (uy) such that

(4.2.28) Au=0 on Q.
By construction, for f € D(B'/?) = D(N1/2),

(4.2.29) (B'/2f BY/2§) 1nf /Vu]2dv+/\f|2du (u, f)ew#}
Q
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Also
(4.2.30) (NYEFNVRF) = (BY21, B2 1) = ([, f).
In fact, for f € D(N), the left side is (N f, f), and (4.2.23) yields the right side.

Denseness of D(N) in D(N'/?) then gives (4.2.30) for general f € D(N'/?). Hence,
for f € D(N'/?),

(4.2.31) (NV2f NV2f) = mf{/ Vul2dV : (u, f) € W#}.
Q

Clearly (1,1) € W#, so we have
(4.2.32) 1 € Ker N*/2 = Ker N.

Keeping in mind that the inf on the right side of (4.2.29) is achieved, we see that,
for f € L?(0Q, p),

(4.2.33) feKerN & (u, f) € W# for some u € H'(Q) satisfying Vu = 0.

If © is connected, such wu is constant on {2, and we have the following.

Proposition 4.2.2. If Q) is connected,

(4.2.34) Ker N = Span(1) + 3(92, n),
where
(4.2.35) 3(Q, ) = {f € L*(0Q, p) : (0, f) € W#}.

If © is a Lipschitz domain (and p = o), 3(2, ) = 0. In fact, this holds whenever
there is an estimate

(4.2.36) / lu|? dp < C’/(|Vu|2 + |[ul?)dV, Vu € Lip(Q).
o0 Q
See Proposition 4.5.1 for more general conditions that guarantee 3(£2,0) = 0. How-

ever, there exist domains for which 3(Q2,u) # 0, as seen in §4 of [AtE], and in
(4.5.19) below.
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4.3. The semigroup e~V

The positive semidefinite, self-adjoint operator N constructed on H = L?(9Q, p)
in §4.2 yields a contraction semigroup e~ ¥ on H. Our first goal here is to prove
the following.

Proposition 4.3.1. Given f € L?(0Q, ),
(4.3.1) f>0=¢e™Nf>0 Vt>O0.

The proof, adapted from that of Proposition 3.7 in [AtE], centers around an
application of the Beurling-Deny positivity criterion. That is, we need to show
that f € D(NY?) = |f| € D(N'/?) and

(4.3.2) (NY2IfI, N2 fl) < (NY2F NS,
As seen in (4.2.31),

(4.3.3) (NY2f NY2f) = mf{/ IVul>dV : (u, f) € W#}.
Q
Furthermore, we have (cf. [T2], Chapter 2, Proposition 6.4)

up — u in HY(Q) = |ug| — |u| in H(Q).
It follows that

(4.3.4) (u, f) € W# = (lul,|f]) € W#.

Thus it suffices to show that

(4.3.5) /\V|uy 2dV < /\vqudv,
0 0

for each u in the closure of Lip(Q) in H!(Q). In fact, (4.3.5) holds for all u € H*(2),
by Lemma 7.6 of [GT].

Since 1 € Ker N, we have
(4.3.6) e N1 =1,

so e N is a symmetric Markov semigroup. The argument involving (3.3.23)—

(3.3.24), used to prove Proposition 3.3.7, adapts readily to prove the following
(cf. [AtE], Proposition 2.2).

Proposition 4.3.2. Assume ) is connected. If 3(2,u) = 0, then {e=N : ¢t > 0}
15 1rreducible.

For an extension to a class of sets () that are not connected, see §7.2.
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4.4. The Poisson integral

We take (0 C M as in §4.1. Let us set
1

(4.4.1) H (Q) = closure of Lip(Q) in H'(Q),

and recall that

D(NY2) = {f € L2(0, 1) : (w, f) € W# for some w € H (Q)}
={f € L*(0pn) : (u, f) € V for some u € EI(Q)}

We define the continuous linear map

(4.4.2)

(4.4.3) PL: D(NY2) — T (Q)
by
(4.4.4) PIf =wu, where (u,f)eV.

Recall that V' was constructed so that such u is unique. We have
(u, f) €V <= (u, f) € W# and

(4.4.5) /<w, Vu)dV =0, Vv e 131(9),
Q

with H1(Q) defined as in (4.2.18A). Also recall that (u, f) € W# if and only if

there exist uy, € Lip(§2) such that

(4.4.6) up — uwin H(Q) and ug|,, — f in L?(99Q, p).
Also, reiterating the second identity in (4.4.2), we emphasize that
(4.4.7) V(w, f) € W#, 31 ue T (Q) such that (u, f) € V.

Furthermore, the construction of V as the orthogonal complement of Ker 7# in W#
yields, for (u, f) € V,

(4.4.7A) IVull320) = mf{uwniz(m L (w, f) € W#}.
Clearly w € Lip(Q) = (w,w|pq) € W, so we have

(4.4.8) Lip(9Q) C D(N'/?).

Actually, to call this natural map an inclusion, we want to require that

(4.4.9) Lip(09) — L*(09Q, i) is injective,

which holds if and only if

(4.4.10) supp p = 052

From here on, we make this a requirement.

Since {(u,ulpq) : u € Lip(Q)} is dense in W# it is clear that Lip(9S2) is dense
in D(N'/2). The following stronger result is useful. Let C°°(9f) denote {u|aq :
ue C®(M)}.
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Proposition 4.4.1. The space C>®(99) is dense in D(N'/?).

Proof. 1t suffices to show that {(u|g,uloq : u € C*(M)} is dense in {(u,ulsq) :
u € Lip(Q)}, in the W# norm, given by

(4.4.11) 1 DIy = Nullzrn @) + 11172 06,)-

To get this, take v € Lip(Q) and extend it to v € Lip(M). Apply a standard
mollifier to obtain vy — C'°°(M) such that
v — v in HY?(M), Vp < oo,

(4.4.12)

vk‘aQ — U|BQ’ uniformly.

This proves the denseness.

It follows that PI in (4.4.3) is uniquely determined by its restriction to C'*°(91):
(4.4.13) PI: C>(0Q) — H (Q).
It is natural to compare (4.4.13) with a variant,
(4.4.14) Pl : C(8Q) — H (),

defined as follows. Given f € C*°(9%), pick F' € C*°(M) such that f = F|sq, and
set

(4.4.15) Plp f = F + v,
where v is defined by
(4.4.16) Av=—AF c L*(Q), ve H} Q).

This operator is analyzed in §5.5 of [T'1]. (For this, {2 can be any open subset of M
satisfying (4.0.1).) It is shown that PIj f is independent of the choice of extension
F and that, given constants a,b € R,

(4.4.17) a<f<b=a<Plf<bh

Thus PIy has a unique extension from (4.4.14) to

(4.4.18) Ply : C(89Q) —s L¥(Q), APIy f =0 on Q.
To compare (4.4.13) and (4.4.14), we note that

(4.4.19) w=PLf, wuy=Plf

have the following characterizations:

w—Fe HY(Q), /(Vu Vw)dV =0, Ywe H'\(SQ),

o)

(4.4.20)
ug — F € H} (D /Vuo,Vw YdV =0, Yw e Hi(Q).
Q

Consequently we have the following.
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Proposition 4.4.2. Take Q0 C M as in §4.1 and assume u is a measure on OS)
satisfying (4.2.2). Then

(e}

(4.4.21) HY Q)= H)(Q) = PIf=Plyf, VfecC®(9Q).

We prepare to give an example of a domain €2 for which the hypothesis and the
conclusion in (4.4.21) fail. Before doing so, we introduce notation that records how

the objects W#, H'(Q2), V, and PI all depend on the choice of measure x on 5.
In detail, we use the (temporary) notation

o

(4422) W# (:u)a Hl (Qa M)? V(M)v and PI(u)u

respectively. Here W# (i) is the completion of Wy = Lip(Q) with respect to the
norm arising from (4.2.6), H'(Q, u) is defined as in (4.2.18A), with W# (u) for

W#, V() is as in (4.2.18), with H'(Q, p) for H'(Q), and PI,) is as in (4.4.8),
with V' (u) for V. (In concert with this, we might also use the notation N, given
as in (4.2.20)—(4.2.23), with V(u) for V.)

Now, consider the following example. Take

(4.4.23) D={zcR?:|z|<1}, Q=D\vy, ~={(t0):-1<t<0}
Then

(4.4.24) 0N=0DU~, 0.2=0D.

We use the measures

(4.4.25) o=H'0D, u=H"09.

In these cases,

(4.4.26) H(Q,0) = {u € H(Q) : ulpo = 0},

H'(Q,p) = Hy (),
so (4.4.21) holds for 131(9) = I(-D_Tl(Q,u), and we have

(4.4.27) Pl f =P f.

However, the hypothesis of (4.4.21) fails for H'(Q, o), and so does the conclusion.
In fact, given f € C*°(01),

(4.4.28) Pl f =PIp(flop),
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where PIp is the Poisson integral on D. Also, the hypothesis (4.4.10) fails for o,
so we bring in another measure, for which (4.4.10) holds. Namely, let {p;} be a
countable dense subset of 7, and set

(4.4.29) A=oc+) 2795,

jz1
Then supp A = 9€2, and we again have
(4.4.30) PI,) = Plp.

We also mention that (4.4.1) fails for Q in (4.4.23). The example (4.4.23) will
arise again in §5.1.



61

4.5. Domains satisfying mild regularity conditions

Take 2 C M to be a finite perimeter domain satisfying (4.0.1). Here are some
properties that hold if €2 is a Lipschitz domain, and y = o.

(4.5.1) HYQ) =H' (Q),
(4.5.2) HL Q) = H(Q),
3(Q,0) =0.

We want to identify broader classes of domains for which these properties hold.
First, it is well known and elementary that (4.5.1) holds whenever 02 is locally

the graph of a continuous function, with the property that, for each p € 092, there

is a neighborhood U of p in M and coordinates on U such that Q2 N U is given by

(4.5.4) r, < g(a'),
where ' = (x1,...,2,-1) and g is continuous. For this, 2 need not have finite
perimeter. On the other hand, as shown in §§2.2 and 5.3 of [HMT], 2 has finite

perimeter provided one can cover 92 with such open sets and take g in (4.5.4) to
satisfy

(4.5.5) g continuous and Vg € L'.
In these coordinates,
(4.5.6) v(z) = (14 |Vg()|>)"V?(=Vg(a'),1), o-ae. on UNQ,

up to a smooth positive factor if M has a non-flat metric. Furthermore, for this
class of domains,

(4.5.7) H"HOQ )\ 9.9) = 0.

Using (4.5.6) and a partition of unity, we can construct a smooth vector field Y
on M such that

(4.5.8) (1,Y) >0, o-ae. on 0,0,

when () is a domain whose behavior near its boundary is locally described by
(4.5.4)—(4.5.5). Consequently the following result applies.
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Proposition 4.5.1. Let Q C M be a finite perimeter domain satisfying (4.0.1).
Assume there is a smooth vector field Y on M such that (4.5.8) holds. Then
3(Q,0)=0.

Proof. From (4.0.5) with X = |u|?Y, we have the following variant of (4.1.4):

(4.5.9) / lul? (v, Y') da:/|u|2(divY) dV+2/u(Vu,Y) dv,
0.2 Q Q

for each u € Lip(Q). Now suppose f € 3(2,0), so there exist u, € Lip(Q) such
that

(4.5.10) up = 0in H'(Q), ug|y, — fin L?(09,0).

By (4.5.9),

(4.5.11) / [url2 (v, Y) dor < CllunllZps ) — 0.
0.2

But the left side of (4.5.11) tends to the limit

(4.5.12) / (v, Y)|f|? do.

0,2

If (4.5.8) holds, this forces f = 0.

REMARK. Extending the scope of Proposition 4.5.1, we note that, for Y, it suffices
to have Y € C(M), divY € L>®(M), and (4.5.8).

Here is a more general class of domains to which Proposition 4.5.1 applies.

Proposition 4.5.2. Let Q C M be a finite perimeter domain satisfying (4.0.1).
Assume that, for o-a.e. p € 0,82, there is a neighborhood U of p in M and coordi-
nates on U such that QNU is given by (4.5.4)—(4.5.5). Then there exists a smooth
vector field Y on M such that (4.5.8) holds. Hence 3(2,0) = 0.

Proof. Let I' C 082 denote the set of p € 92 for which such a neighborhood U
exists. Note that I' is a relatively open subset of 0€2. Our hypothesis is that
o(0Q\T') =0. Let I'y, C I' be an increasing sequence of compact subsets of I" such
that o(I'\T'x) \( 0. Each I';, has a finite cover by such open sets U, and a partition
of unity argument yields smooth vector fields Y3 on M such that

(4.5.13) (,Yi) >0o0n 09, (v,Yy) >0, o-a.e. on I'.
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Then one can choose ay, N\ 0 sufficiently fast that ¥ =) p Ok Y% does the trick.

EXAMPLE. Let S = {pi} be a sequence of points in the unit square @ = (0,1)x(0, 1)
such that

(4.5.14) S=SUy, ~v={(1,y):0<y<1}.

Pick e, > 0 such that ), e < oo and the open disks Dy = D, (pi) are disjoint,
and set

(4.5.15) Q=] Ds.
k
Then 2 is a finite perimeter domain. We have
(4.5.16) 0.Q=|JoD,, 00=0.,9U%.
k
Clearly Proposition 4.5.2 applies to 2, so
(4.5.17) 3(Q,0) =0.
On the other hand, if we take
(4.5.18) p=H100=0c+H "y,

it is readily verified that
(4.5.19) 3(Q, ) = L?(v, ).

NoOTE. The set €2 described above is not connected. One can form a connected 3D
domain with similar properties by taking the Cartesian product with the interval
(0,1) and putting this product on a slab. This yields a domain similar to that
depicted in Fig. 1 of [AtE].

For some further results, suppose O C M is another open set, and that

(4.5.20) :0-—0, :0—0

is a bi-Lipschitz map. We have the action on functions, ®*u(z) = u(F(x)), and the
following isomorphisms:

o*: HY(O) — H'Y(Q), ®* : Lip(O) — Lip(Q),
(4.5.21) ®*: H (0) — H (Q), d* : H(O) — HY(Q),
O . HY(O) —s HY(Q), @ :3(0,8.p) —s 3(Q, ).

Regarding the action on H!(O), recall that the space H!(£2) depends on the choice
of measure p on 0f), so we use the push-forward measure ®,p on 0O to define

H(O). In light of these isomorphisms, we have the following.
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Proposition 4.5.3. Assume there is a smoothly bounded O C M and a bi-Lipschitz
map © satisfying (4.5.20). Use u = o. Then the conditions (4.5.1)-(4.5.3) hold.

There are domains €2 that are bi-Lipschitz equivalent to the unit ball but are not
Lipschitz domains, as 92 is not everywhere locally given as the graph of a Lipschitz
function. One famous example is the “two brick” domain in R3:

(4.5.22) Q=1[-2,2] x [-1,1] x [0,1] U [-1,1] x [-2,2] x [~1,0].
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4.6. Rough metric tensors

So far in this chapter we have assumed M carries a smooth metric tensor. This
contrasts with Chapter 3, where we dealt with Lipschitz domains contained in
compact manifolds endowed with metric tensors which, in local coordinate systems,
satisfied a Dini-type modulus of continuity, described by (3.0.1)—(3.0.2). Here we
want to deal with finite perimeter domains in a compact manifold M with a rough
metric tensor, for example,

(4.6.1) g € C(U).

One motivating example for considering rough metric tensors here will be de-
scribed in §5.1. It arises from “blowing up” an inclusion in a finite perimeter domain
), assumed to lie in a manifold with a smooth metric tensor. The blow-up will be
seen to produce a metric tensor which, in local coordinates, satisfies

(4.6.2) gjx € HYP(U), Vp < .

As stated above, we are also interested in more singular metrics.

We will assume €2 C M where M is a compact manifold, and (4.0.1) holds. We
will assume that M is endowed with a C'° structure as a differential manifold, but
that its metric tensor is not smooth. This is for simplicity. One could work with
the fact that metrics with a certain limited smoothness are naturally associated
with differential structures with a related degree of smoothness (cf. [T3]), but we
will not do this here.

We begin with a preliminary discussion of some of the analytical tools that carry
over from the case of smooth metric tensors to more general situations.

For one, the validity of the divergence theorem

(4.6.3) /dideV = /(1/, X) do,
Q 8.0
for a vector field X on M satisfying
(4.6.4) X e CM), divX e LY (M),
was established in §5.3 of [HMT] in the setting of continuous metric tensors.
In connection with this, we note that, in a local coordinate patch U,
(4.6.5) div X = ¢~ /2 divy(¢'/?X),

where divy denotes the divergence operator on flat Euclidean space, and we assume
divo(g'/2X) € L'. If (4.6.2) holds, then ¢g'/2 € H'P(U), for all p < 0o, and

(4.6.6) div X = diveg X + g~ V/2vg/? . X,
SO
(4.6.7) given X € C(U), divX € L'(U) < divo X € L' (V).

Next, we have the following extension of Proposition 4.1.1.
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Proposition 4.6.1. Let Q& C M have finite perimeter and assume (4.0.1) holds.

Then the estimate (4.1.1) holds, for all u € Lip(?), provided that the metric tensor
is continuous, or even more generally,

(4.6.8) gir, 9°F € L.

Proof. Given that M has a C°° structure, you can put a smooth metric tensor on
M. Now, note that the validity of the estimate (4.1.1) is invariant under passing
from a metric tensor satisfying (4.6.8) to such a smooth metric tensor. Hence the
conclusion follows from Proposition 4.1.1

To proceed, let M have a metric tensor g satisfying (4.6.8) and also a C'*° metric
tensor h. The inner product on tangent vectors associated to g will be denoted
(, ), and that associated to h, (, ). Similarly we have dV and dV},, Vu and V,u,
etc. We also modify u to pp, but note that

d
(4.6.9) 0<co< H <o < oo
dpin

The following observation will be key in our analysis.

Proposition 4.6.2. Let Q C M be a finite perimeter domain satisfying (4.0.1).
The following spaces are the same for M endowed with the metric tensors g and h:

@), HY(Q), HL(Q), W,

(4.6.10) Lip(Q?), H'(Q), H
The various Hilbert spaces have different inner products, but they yield equivalent
norms. Also the spaces L*(0, ) and L?(0S, uy) coincide, with equivalent inner
products, and the two metric tensors lead to the same map

(4.6.11) T WH# — L2(09Q, u) = L* (09, un).
Furthermore,
(4.6.12) 3(Q, 1) = 3(Q, pp).

On W# we have the two inner products,

B((us ). (v,9)) = / (Y, Vo) dV + / fgdp.
onN

(4.6.13) °

Bh((u, f),(v,g)) = /(th, Vpo)p dVy, +/fgduh.
a0

Q
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These lead to two (typically different) spaces

V= {(u, f)e w#. /(Vu, Vu)dV =0, Vv € ﬁ[l(Q)},

(4.6.14) i

Vi, = {(u, f) S W# : /<th, th>h dVy, =0, Vv € fofl(ﬂ)},
Q

though there is a natural isomorphism between the two, produced by the isomor-
phism of each with W# /Ker7#. In particular, they have the same isomorphic
image in L2(0Q, u) = L%(0Q, up), namely 77 (W#),

We now have all the ingredients to apply the general construction of Appendix A,
as done in §4.2. We obtain two operators, N and Ny, on L?(9Q, u) = L*(0Q, pr,),
positive semidefinite and self-adjoint for the respective Hilbert space inner products.
Note that

(4.6.15) D(N'/?) = D(N/?) = 7#(W#).
The operator N}, is of the sort constructed in §4.2, and N represents an extension

of that construction, to the broader setting of metric tensors satisfying (4.6.8). We
have

(4.6.16) /(N1/2f)(N1/2g) dy = /(W,V@ dv, (u,f),(v.g) €V,
oN Q
and
(4.6.17) /(N;/Qf)( N}2g) /vhuh,vhvh hdVi,  (un, f), (Un,g) € Vi
o0 Q
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5. Finite perimeter domains with inclusions

In (4.5.14)—(4.5.19) we have an example of a finite perimeter domain €2 for which
00\ 0,4 is sizable but lies “outside” 2. Here we consider finite perimeter domains
for which 9Q\ 9. is sizable but lies “inside” €2, in the sense of lying in the interior
of Q. We call the domains considered “domains with inclusions.” One point we
make is that, while the considerations of Chapter 4 apply to these domains, one
can obtain a richer theory by modifying our notion of the Dirichlet and Neumann
boundary problems on these domains, to take into account the two-sided nature of
these inclusions.

We begin in §5.1 with some examples, involving planar domains. We show how
cutting these along the inclusions produces modified domains on which this richer
analysis can be performed. In the first case, cutting along the inclusion produces a
Lipschitz domain, to which the results of §3 apply. In the second case, cutting along
the inclusion and “blowing up” along this cut produces a domain with a cusp, in
a Riemannian manifold with a non-smooth metric tensor, to which results of §4.6
apply. We proceed to some more exotic examples. The first is S? with a segment -
of an arc removed, a setting that violates (4.0.1). When the inclusion ~ is cut and
blown up, one obtains a domain with cusps in a manifold with non-smooth metric
tensor, to which §4.6 again applies. Another example is the “jelly roll” of [Si2], a
two-dimensional domain with an inclusion whose H!-measure is infinite.

In §5.2 we treat a general class of inclusions that arise from partitioning one finite
perimeter domain into finite perimeter subdomains. In more detail, let O C M be
a finite perimeter domain in a compact Riemannian manifold M, and let €2, and
5 be nonempty disjoint open subsets of O that are finite perimeter domains and
that “partition” O (cf. (5.2.2)—(5.2.3)). Then let S be a subset of 92 N 9Ny N O
that is closed in O, and has positive o-measure, and let Q@ = O\ S. The set S is
the inclusion. Under the hypothesis that S is “thick,” as defined below (5.2.17), we
extend the construction of §4.2 to produce a positive, self-adjoint operator N on
H = L*(00US;1USy,0), where S; and Sy are two copies of S (as seen, respectively,
from Q; and from Q). We also show that {e7*V : ¢ > 0} is a symmetric Markov
semigroup on H, and examine conditions for it to be irreducible.

In §5.3 we tackle another class of inclusions, namely those of positive capacity,
but generally not of finite, positive (n — 1)-dimensional measure. Examples include
inclusions K of Hausdorff dimension s € (n — 2,n). These cases include many
fractals, and are in a number of respects more exotic than the examples considered
in §85.1-5.2. One issue is to determine what sort of measures p yield interesting
results regarding the effect of K on N,. Sometimes Hausdorff measure H* on K
works, sometimes not. Another class that works is the class of harmonic measures.
The inclusions treated in §5.3 are as singular as the boundaries treated in Chapter 7.
One difference is that here we also require 9§2 to have a “regular” (finite perimeter)
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5.1. Some key examples

Here we look at several planar domains with inclusions.
The first two will be subdomains of a disk and an annulus:

(5.1.1) D={z2€C:|z|<1}, A={z€C:i<z]<1}.

For convenience we vaccilate between the use of real coordinates (z,y) and complex
coordinates z = x + 1y. We take

(5.1.2) v1=DN{x+i0:x2 <0}, y=ANn{zx+i0:z <0},
and set

(5.1.3) Y =D\, Q2=A\7.

Then

8*91 = (9D, 891 \6*01 =71,

1.4
(5 ) 8*92 == 8A, 892 \ 8*92 = 2.

The measure o arising as in (4.0.2) is arc-length measure on 0D and 0A, in these
two cases. For the measure y, as in (4.2.1)—(4.2.2), we take

(5.1.5) p="H"09;,

so p is o plus linear measure on 7.

Now define f; on 0€); by

(5.1.6) Fi=loq,-
We have
(5.1.7) u; =PIf; =y on Q.

One can show that

(5.1.8) ij|% =0.

On the other hand, if we approach ~; from above, we get

(5.1.9) LT R

R, —8—y($7y) = -1,
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and if we approach v; from below, we get

ou; ou.;
1.1 — — lim —2Z = +1.
(5.1.10) gy = lm 5 @) =+

Clearly (5.1.9)—(5.1.10) contain information on the boundary behavior of Vu; that
is lost in (5.1.8).

It is desirable to have modified Dirichlet and Neumann boundary problems,
defined on domains O;, whose interiors coincide with €2;, but whose boundaries
ramify over ;. Here is a construction that works well for {15, but not as well for
2. Let us take

(5.1.11) 00—y, B(z) =27
where

O;={z€C:|z| <1, Rez> 0},

5.1.12
( ) Oy ={2€C: 1<z <1, Rez >0}

We put on O; not the Euclidean metric, but the metric tensor pulled back via ®;
from the Euclidean metric tensor on 2;, that is to say, |dz|? on Q; pulled back to
the metric tensor

2 2 _ 41,2 2
(5.1.13) % (2)]° - |dz|* = 4]2|* - |dz]*,

This is a smooth, nondegenerate metric tensor on a neighborhood of O, but not
on O, due to the degeneracy at z = 0.

It is an exercise to cast Oy as a Lipschitz domain in a compact 2D Riemannian
manifold, and then all the material in §3 is applicable.

As for 1, we still want to cut along =1, but we need to pull the domain apart
in a different fashion. We set

B(z) = el/m, x <0,

(5.1.14) 0. z>0
and define

(5.1.15) p: U —

by

(5.1.16) e(z,y) = (z,y — B(z)(sgny)).

We specify U; such that (5.1.15) is a diffeomorphism. In particular,

(5.1.17) (x,y) €Uy, © < 0= |y| > B(x).
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Note that

(5.1.18) Dy(z,y) = (6’(m)(18gny) (1)> , for (z,y) € U.

The metric tensor ¢*(dx? + dy?) induced on U; via ¢ has components

G(z,y) = Do(z,y) Dp(z,y)

(5.1.19) B 1 +6/(33)2 /Bl(x)(sgny)
B <5’($)(Sgny) 1 ) ., (z,y) € Uh.

Calculation of the limit

(5.1.20) G, +8(z)) = (115’((5))2 iﬂ;(fﬂ))

reveals that the components of G(z,y), while extending continuously to U, are
not quite Lipschitz continuous, since the off-diagonal elements of (5.1.20) differ by
an amount 25’(x) across a gap of width 23(z), for z < 0, but

Bx) _ ilogﬂ(m) = _1 for = <0.

(5.1.21) OIEE —

With this in mind, we can extend G(z,y) by setting

Computing 0,G and 9,G, we have the following.

Lemma 5.1.1. If U is a bounded open neighborhood of U1 in R?, then G belongs
to the LP-Sobolev space

(5.1.23) G e H'P(U), Vp< .

Our next example is
(5.1.24) Q=5%\~,

where 7 is a geodesic arc from one point of S to another. In this case, Q = S2,
so (4.0.1) fails, and results of §§4.1-4.2 do not apply. However, we can “blow up”
~ in a fashion parallel to the way done for example 2 in §5.1. We obtain O C M,
where O is isometric to (2 above, M carries a metric tensor with components

(5.1.25) gjx € H'P, Vp < oo,
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in local coordinates, and M \ O # (). Then material in §4.6 applies to this blow-up.
Our fourth example is B. Simon’s “jelly roll” (cf. [Si2]):

(5.1.26) Q=A\y, A={zeC:}<|zl<1}

where v : R — A is given by
(5.1.27) v(t) =r(t)e, r(t) = 1 + —tan"! t.
Note that |y(t)] = 1/2 as t — —oo and |y(¢)| — 1 at t — +o0o. We have
(5.1.28) 0,Q=0A, 00=0.QU~, HY(y)=o0.
We place on 9 a finite measure of the form
(5.1.29) w=0o+v.(pdt),
where, as usual, 0 = H'[9,Q, and ¢ is a positive, continuous, integrable function
on R, e.g., p(t) = (1 +t2)~1. Then results of §§4.1-4.5 are applicable.
This time, if we blow up the inclusion 7y, we get a domain O such that H!(9,0) =
00, so results of Chapter 4 are not applicable to this blow-up. On the other hand,
O is a complete Riemannian manifold with smooth boundary, a setting in which

the Dirichlet-to-Neumann map has been studied; cf. [LTU].
For our fifth example, take Dy and v as in (4.5.15)—(4.5.16), and set

(5.1.30) o=JDr, 2=Q\0,
k

where Q = (—1,2) x (—1,2), so
(5.1.31) 0.Q=0Qu| JoDy, 00=0.QU7.
k
In this case, v is not contained in the interior of Q. It is an “inclusion” in the

weaker sense that 2 has density 1 at each point of 7. One can still cut along v and
blow it up, obtaining a domain €2 C M to which §4.6 applies.
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5.2. Inclusions via finite perimeter partitions

Let M be a conpact, connected, n-dimensional Riemannian manifold, O C M
an open subset. Assume that O is a finite perimeter domain, satisfying (4.0.1), i.e.,

(5.2.1) M\ O # 0.

Let 1 and 5 be nonempty open subsets of O such that
(5.2.2) LN =0, QuUQ=0.
Assume that, for each j,

(2, is a finite perimeter domain, and

(5.2.3) 100, = 0.

In particular, xo, + Xa, = Xo in L'(M). Then let

(5.2.4) S C (021 NIN) N O be closed in O,
and set
(5.2.5) Q=0\S8.

The set S is the inclusion. Note that
(5.2.6) SN =5N .

Let us introduce some notation. We denote by 7 the “partition” of O described
above:

(5.2.7) = {Q1,0},
and say

u € Lip () provided
(5.2.8) ue C(Q), Vwuel>™(Q), and

uj = u’Q extends to an element of Lip(Q;).
An element u € Lip,(©2) could have a jump across S.

We next provide a useful version of the divergence theorem. Before stating it,
let us denote by v; the measure theoretic unit outer normal to 0€2;, and note that

(5.2.9) v = —vo, o-a.e. on 0 NIy,

with o as in (4.0.2)—(4.0.3), adjusted to the current setting, involving both €, Qq,
and Qs.
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Lemma 5.2.1. Given a vector field X € Lip,.(Q2), we have

(5.2.10) /dideV = / (v, X)do + /(ul,Xl — X,) do.
Q 0.0 S

Proof. Here, X; denotes the restriction of X to ), extended to a Lipschitz vector
field on ;. For each j, (4.0.5) gives

(5211) /leXJ dV: / <I/j,Xj> do.
Qj B*Q]

The sum over j = 1,2 of the left side of (5.2.11) is the left side of (5.2.10). The
corresponding sum over j of the right side of (5.2.11) is equal to

(5.2.12) / (v, X)do + / {(v1, X1) + (12, Xo) } do.
0.0 0+021N0x 2

Thanks to (5.2.9), the last integral on the right side of (5.2.12) is equal to the last
integral on the right side of (5.2.10).

With this result in hand, we can establish the following extension of Proposition
4.1.1.

Proposition 5.2.2. In the setting of Lemma 5.2.1, assume also that (5.2.1) holds.
Then there exists C = C(2) < 0o such that, for all u € Lip,(Q2),

(5.2.13) /|u|2dV§C/|VU|2dV+C / |u|2d0+0/|u1—u2|(|u1|—|—|u2|)da.
Q Q 0.0 S

Proof. As in the proof of Proposition 4.1.1, we take a vector field Y € C*° (M) such
that divY =1 on O, and set

(5.2.14) X = [u?Y, so divX = |ul*divY +2u(Vu,Y),

and (5.2.10) yields

/|uy2(divy) dV = —2/u<Vu,Y> dv
Q Q
00

+ /<V17 (Ju1)? = |ua?)Y') do.

S
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Arguing as in (4.1.5)—(4.1.6), we obtain (5.2.13).
To proceed, parallel to (4.2.4) we take

(5.2.16) Wy = Lip,. (), 7u= (u|80,u1|s,uQ‘S).
We have

7:Lip_(Q) — H = L*(00,0) ® L*(S,0) ® L*(S,0)

(5.2.17) ,
=L (6OU51 USQ,O'),

where S; denotes a copy of S, regarded as a part of 9€2;.
Definition. We say the inclusion S is thick if 7 in (5.2.17) has dense range.

The inclusions 7 and 7 in (5.1.2) are thick. On the other hand, if we replace ;
here by a subset 7; that is a Cantor set of positive one-dimensional measure, then
41 and 75 are not thick.

If S is thick, then (A.14) holds. We proceed to define N as a self adjoint operator
on the Hilbert space H (defined in (5.2.17)), via the general program described in
Appendix A, in a fashion parallel to the method used in §4.2. For the next step,
parallel to (4.2.5), we take

(5.2.18) a:Woyx Wy —R, a(u,v)= /(Vu, V) dV.
)

Again, elements of Ker « are constant on each connected component of €2, so Ker an
Ker7 = 0, and (A.16) holds. Now, as in (A.17) (and parallel to (4.2.6)), we set

B(u,v) = a(u,v) + (Tu, 70) g

= /(Vu,Vv)dV+/uvda
(5.2.19) Q 8.0

—i—/uwl da+/ugvg do.

S S

Thanks to (5.2.13), this is a positive-definite inner product on Wy, and as in (A.18),
we denote by W# its Hilbert space completion, to which 7 extends continuously:

(5.2.20) ™ W¥ — H.
Parallel to (4.2.11), we identify W# with the closure of

(5.2.21) G = {(u,7u) : u € Lip,(Q)} in H'(Q)® H,
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and note that (5.2.13) yields

(u7 f) € ? = W#
(5.2.22) — / W2 dV < C||VulZag) + ClIFI%
Q
Thus
(5.2.23) B((u ). (0,9)) = (Y, Vo) oy + (f+ 9)

is a Hilbert space inner product on W#.
To continue, as in (A.19) (and (4.2.14)) we form

(5.2.24) V = W#/Kerr#,
which inherits from 77 a continuous injection
(5.2.28) J:V—H,

whose image contains the image of 7 in (5.2.17), and hence is dense (assuming S
is thick). The space V has a Hilbert space structure, naturally isomorphic to the
orthogonal complement of Ker7# in W#, with respect to the inner product in
(5.2.23). Parallel to (4.2.16)—(4.2.18), we can write

(5.2.29) V:{@Jﬁew#:/ﬁwhvmmfzuvUeﬁ%Q&,
Q

where

(5.2.30) HY(Q) = {ve H'(Q) : (v,0) € WH},

Parallel to (4.2.18B), we have

(5.2.31) HL(Q) c H'(),

where H{ () denotes the closure of C$°(Q2) in H(Q). As in (4.2.19),

(5.2.32) (u,f) e V= Au=0 on Q.

Also, as in (4.2.19A),

(5.2.33) H3(Q)=H Q) =V ={(u, f) € W# : Au =0 on Q}.
From the injection (5.2.28), the Friedrichs method yields a positive self adjoint

operator B on H, as described in Appendix A. We have Spec B C [1,00), and we
set

(5.2.34) N=B-1,
as in (4.2.23), so N is self adjoint and Spec N C [0,00). As in (4.2.22)—(4.2.24),

(5.2.35) (u, f),(v,9) € V= (Nf,g) = /(Vu,Vv) dv.

Q
Also, parallel to (4.2.25),

(5.2.36) D(NY/2) = 7#(W#).
We have the following parallel to Proposition 4.2.1.
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Proposition 5.2.3. Given f € H, we have f € D(N'?) if and only if there exist
uy, € Lip,.(Q) and u € HY(Q) such that

(5.2.37) Tur, — f in H = L*(00,0) ® L*(S,0) ® L*(S,0),
and
(5.2.38) up — u in H'(Q).

In such a case, we can pick (uy) such that

(5.2.39) Au=0 on Q.
Next, parallel to (4.2.31), we have, for f € D(N'/?),

(5.2.40) (NV2f NV2f) = inf{/]Vu|2dV S (u, f) € W#},
Q
where ( , ) denotes the inner product in H. Furthermore, as in §4.2, this inf is
achieved, so, for f € D(N'/?),
(5.2.41)  f € Ker N <= (u, f) € W# for some v € H'(Q) satisfying Vu = 0.

This gives the following, parallel to Proposition 4.2.2.
Proposition 5.2.4. If S is thick and ) is connected, then

(5.2.42) Ker N = Span(1) + 3(22,0),
where
(5.2.43) 3(Q,0)={f € L>(00US1USs,0): (0, f) € W#}.

Now the results of §4.3 extend readily to the current setting. The operator N
yields a contraction semigroup e~*V on H = L?(00US,;US,, o), and the arguments
proving Propositions 4.3.1-4.3.2 extend, to give:

Proposition 5.2.5. Take ) as in Proposition 5.2.2, and assume S is thick. Then,
given f € H=L*(00U S U Sy, 0),
(5.2.44) f>0=¢eNf>0, Vt>O0.

Furthermore, e "™N1 =1, so e is a symmetric Markov semigroup. In addition,

if Q is connected and 3(Q,0) =0, then {e= N : t > 0} is irreducible.

Regarding the condition 3(£2, o) = 0, we have the following variant of Proposition
4.5.1.
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Proposition 5.2.6. In the setting of Proposition 5.2.5, assume there is a vector
field Y € Lip,(Q2) such that

(1,Y)>0, o-a.e. on 00,

5.2.45
( ) (v;,Y)y>0, o-ae on 5.

Here, the limit Y|s, is taken from inside Q;. Then 3(Q,0) = 0.
Proof. From (5.2.10), with X = |u|*Y’, we have the following variant of (5.2.15):

/|u|2<y,Y> d0+/|u|2(V1,Y>da+/|u|2(y2,Y do
o0 S1 S

:/yu|2(divY) dV+2/u<Vu,Y> dv,
Q

(5.2.46)

for each u € Lip,(£2). Now suppose f € 3(€,0). Then there exist uy € Lip, ()
such that

(5.2.47) up, — 0in HY(Q), 7up — fin L2(00O U S, U Sy, 0).

By (5.2.46),

/ (v, Y) do + / g2, V) do
o0 S1

+ / lug|? (12, Y) do < C’Hukﬂip(m — 0.
Sa

(5.2.48)

But the left side of (5.2.48) tends to the limit

(5.2.49) /|f] ,Y) da+/\f| v, Y da+/\f| va,Y

If (5.2.45) holds, this forces f = 0.
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5.3. Fractal inclusions with positive capacity

Let O C M be an open subset of the compact, connected, n-dimensional Rie-
mannian manifold M. Assume O is a finite perimeter domain and M \ O # 0.
Take

(5.3.1) K c O, K compact, H"(K)=0,
and set
(5.3.2) Q=0)\K.

Then 2 is a finite perimeter domain,
(5.3.3) 0+, =0.0, 0Q=00UK,

and K C Q is an inclusion.
We define the capacity

(5.3.4) Cap(K) = inf{HuH%p(M) :u € Lip(M), u > 1 on a neighborhood of K},
and, following [AW] and [AtE], the relative capacity

(5.3.5) Capg(K) = inf{HuH%Il(Q) :u € Lip(Q), v > 1 on a neighborhood of K}.
Clearly

(5.3.6) Capg(K) < Cap(K).

Also, in the setting (5.3.1)—(5.3.2), it is straightforward that

(5.3.7) Cap(K) = 0 <= Capg(K) =0,

by considering u +— Yu, with ¢ € C5°(0O), ¥ = 1 on a neighborhood of K. We
remark that, for n > 2,

H"?(K) < oo => Cap(K) =0,

5.3.8
( ) Cap(K)=0= H*(K)=0, Vs>n—2.

Cf. [EG], §4.7. In particular,

(5.3.9) H*(K) > 0 for some s € (n —2,n) = Cap(K) > 0.
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Now let p be a measure on 0f) satisfying p > o, and assume
(5.3.10) suppp D K.

Construct the self adjoint operator N, = N on L?(9€, 1) by the methods of §4.2.
It is clear that

Capg(K) =0 = fxx € 3(Q, 1)

(5.3.11) _— Nu(fXK) =0, VfeLip(K).

Thus we want to confine our attention to sets K as in (5.3.1) that satisfy Cap(K) >
0, and look for measures p > o such that N, (fxx) # 0.

To proceed, given {2 and K as in (5.3.1)—(5.3.2) and a positive, finite Borel
measure y on 0f), we say

1 is Cap-regular on K provided that, if K is compact,

5.3.12
( ) Ky CK, Cap(Ko) =0= ,u(Ko) =0.

If the hypothesis in (5.3.12) holds for all compact Ky C K, then it holds for all
Borel Ky C K, since p is regular. The following result is essentially a consequence
of Theorem 3.3 of [AW], but due to our hypotheses on K, the proof simplifies.

Proposition 5.3.1. If K and Q are as in (5.3.1)-(5.5.2), and p is Cap-regular
on K, then

(5.3.13) L*(K, 1) N 3(Q,p) = 0.

Proof. Assume f € L?(K, pu) N 3(Q, n). Take

(5.3.14) ur € Lip(Q), wp = 0in H'(Q), wug|, — fin L*(K, ).
Since H"(K) = 0, |lux|| g0y = ||ukl a1 (o), so

(5.3.15) up — 0 in H'(O).

Passing to a subsequence, we can assume

(5.3.16) ur, — 0, q.e. on O

(cf. [EG], §4.8), and passing to a further subsequence, we can assume
(5.3.17) ur — f, p-a.e. on K.

Consequently, there exists a Borel set £ C K such that

(5.3.18) Cap(F) =0 and ug(z) >0, YVze K\E.

Our hypotheses imply u(FE) =0, so f =0, p-a.e. on K. This proves (5.3.13).

We have the following result on the degree to which the action of IV, is affected
by the presence of K. (Recall from (4.2.25) that Lip(K) C D(Nﬁ/z).)
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Proposition 5.3.2. Tuke the setting of Proposition 5.5.1, and assume that ) is
connected. Then

(5.3.19) dim Ker N, N L*(K, p) < 1.

Proof. Take two linearly independent f; € L?(K,u). If f; € Ker N, then, by
Proposition 4.2.2,

(5.3.20) fi=ci+gi ¢ eR, g; €3(Qp)

If ¢; = 0, then g; € 3(Q, u) N L*(K, i), so also g; = 0. If ¢; and ¢y are not both 0,

consider

(5321) Cgfl — leg = C201 —C192 € S(Q, ,u) N LQ(K, ,u)
Again, by Proposition 5.3.1, this forces co f1 — ¢1 fo = 0, a contradiction.

We now look at some examples to which Proposition 5.3.2 applies. Assume
(5.3.1)—(5.3.2). Suppose

(5.3.22) 0 < H*(K) < oo, forsome se€(n—2,n),
and take p > o such that
(5.3.23) ul K =H?| K.

If necessary, shrink K so that (5.3.10) holds. The result (5.3.9), applied to compact
subsets of K, implies that p is Cap-regular on such K.

There are many examples of compact sets K satisfying (5.3.22), from various
Cantor sets to arcs of Koch snowflakes (cf. [AW], Example 4.4). However, many
compact sets with positive capacity, even those with Hausdorff dimension s € (n —
2,n), do not satisfy (5.3.22). It is therefore of interest to know that, whenever K is
compact and Cap(K) > 0, there is a nontrivial measure that is Cap-regular on K.

A simple family of examples is provided by harmonic measure on 0f2. Given
p € €1, the harmonic measure w = w), is defined by

(5.3.24) /fdwp =PIy f(p), f € C(090),
o9

with Ply as in (4.4.14)—(4.4.18). As is well known (see §7.1 for cases where more
precise results are available),

(5.3.25) Cap(K) > 0 = w,(K) > 0,

and one has the following.

Proposition 5.3.3. In the setting of Proposition 5.3.1, with Cap(K) > 0, it fol-
lows that w, is Cap-reqular on K. Hence Proposition 5.3.1 applies for p > o
satisfying p| K = wy| K.
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6. Uniformly rectifiable domains

As before we assume {2 is an open subset of a compact, n-dimensional Riemann-
ian manifold M, satisfying M \ Q # 0. Here we work with uniformly rectifiable
domains (UR domains, for short), defined as follows. First, we assume (2 is a finite
perimeter domain, and that

(6.0.1) H 00\ 0,9) = 0.

In this case, (4.0.4) becomes 0 = H" 1| 9. Next, we assume there exist ¢; € (0, 00)
such that

(6.0.2) cor” ' < o(Br(z0) NOQ) < 1™t Vo € 09,

for r € (0,1]. We call such 2 an Ahlfors regular domain. An Ahlfors regular domain
is said to be a UR domain if, in addition, 02 contains “big pieces of Lipschitz
surfaces,” in the sense that there exist e, L € (0,00) such that, for each x € 99,
R € (0,1], there is a Lipschitz map ¢ : Bg_l — M, with Lipschitz constant < L,
such that

(6.0.3) H" (092N Br(z) N (B ")) > eR" .

Here, B% ™! is a ball of radius R in R"~*,

The class of UR domains is a natural class on which to study layer potentials,
thanks to the following results. Assume G € OPS~!(M) is a pseudodifferential
operator of order —1, with odd principal symbol, and integral kernel K (z,y), so

(6.0.4) Gu(z) = / K(z,y)uly) dV(y), ue Co(M).

(More generally, we can take such G to belong to OPC°S~—(M); cf. [HMT].)
Consider the “principal value” singular integral

Bf(0) =PV [ K(e.)f(0) doy)
(6.0.5) o0
= lim / K(z,y)f(y)do(y).

e\0
OO\ B. ()

Then

(6.0.6) B: LP(OQ) —s LP(AQ), Vpe (1,00).
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This was demonstrated in [D] when M = R"™ and G is a convolution operator. Also
[D] established associated LP-estimates on the maximal function

(6.0.7) sup / K(z,9)f(y) do(y)|,

0<e<1
OO\ B. (z)

in the convolution setting. In [HMT] this was extended to the variable coefficient
setting, and to manifolds. Also [HMT] studied the “double layer potential”

(6.0.8) Bf(z) = / K(z,9)f(y) do(y), ze®,
o0

supplemented estimates on (6.0.7) with the nontangential maximal function esti-
mate

(6.0.9) 1B lrom) < Collfllinony. 1<p < oo,
and established nontangential a.e. convergence

1

(6.0.10) Bf’aQ(a:) = Q—Z_ag(ar, v(z))+ Bf(z), ae. x€df,
where og(z, &) is the principal symbol of G and B is as in (6.0.5)—(6.0.6).

These results have important consequences for the single layer potential

(6.0.11) Sf(x) = / E(z,y)f(y)do(y), =€,

o

defined as in Chapters 2-3, as follows. The function E(z,y) is the integral kernel
of L', with L = A — V, where A is the Laplace operator on M and V € C*(M)
satisfies V> 0on M, V =0 on §, and V > 0 on a nonempty subset of each
connected component of M\ Q. Thus L~! € OPS~2(M) has even principal symbol,
so VL™! € OPS™1(M) has odd principal symbol, and the results (6.0.9)—(6.0.10)
apply to B =VS. We have

(6.0.12) (VS leon) < Cpll fllern), 1 <p<oc.

In particular, if X is a smooth vector field on M, XS is of the form (6.0.8) with
K(z,y) = X:E(z,y), and (6.0.10) yields, for f € LP(0Q2), 1 < p < oo,

(6.0.13) XSf}aQ(:U) = —%(X, v(z))f(x)+ Bx f(z), a.e. xz€dQ,
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since oxr-1(x,€) = —i(X, £)|€|72. Here
(6.0.14) Bx f(z) = PV/XIE(%y)f(y) do(y).
o0

Taking linear combinations (with measurable coefficients), we get

(6.0.15) D,Sf] o (x) = (—%1 + A*)f(a:), ae. z € O,

for f € LP(0Q), 1 < p < oo, where

(6.0.16) A" f(x) = PV / By, Bz, y)f(y) do(y),
o

which defines the bounded linear operator
(6.0.17) A* L LP(0Q) — LP(09), 1< p< .

Closely related to VS and (6.0.15)—(6.0.17) is the following double layer poten-
tial:

(6.0.18) Df(x) = /3ny(x,y)f(y) do(y), x€q.
o«

We have

(6.0.19) I(PF) ro0) < CpllfllLron), 1 <p<oo,

and nontangential limits, for f € LP(09), 1 < p < oo, given by

(6.0.20) Df,(x) = (%I +A)f(@), ae xeoq,

where A is the adjoint of A* in (6.0.16), as a consequence of the symmetry E(z,y) =
E(y, z).

Our goal here is to use these layer potentials to obtain information on the op-
erator N, constructed in Chapter 4, when (2 is a UR domain. This task is tackled
in §6.2, following some further layer potential estimates, established in §6.1, which
will be useful for the task. In §6.2 we show that, if {2 is a UR domain of dimension
n,

(6.0.21) S : LP(0Q,0) — D(N'/?),
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provided p > 2(n — 1)/n for n > 3, or p > 1 for n = 2. Under certain further

conditions, namely that H'(Q) = H}(Q) and that S(L?(9%, o)) is dense in D(N'/?)
(for example, contains Lip(0f2)), we show that

(6.0.22) S : L*(09,0) — D(N),
and
(6.0.23) N(Sf)=0,8f| s V€L (090,0).

We also give a sufficient condition to guarantee that S is an isomorphism in (6.0.22).

In §6.3, we revisit the class of Lipschitz domains. We show that, for this class
of domains, and with NV defined as in Chapter 4, we have (6.0.22)—(6.0.23), with
isomorphism in (6.0.22). We conclude that, for Lipschitz domains, the definition of
N given in Chapter 3 is consistent with that given in Chapter 4.

In §6.4 we treat N on another special class of UR domains, called regular SK'T
domains. This class was introduced in [Se|] and [KT], and studied in a number
of places, including [HMT] (which proposed our current label). See §6.4 for a
definition. We obtain (6.0.22)—(6.0.23) for this class (subject to the hypotheis that

HY(Q) = H}()), and use this to derive further properties of N in this setting,
including spectral properties parallel to those obtained for Lipschitz domains in

§3.4.
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6.1. Further layer potential estimates

We produce further estimates on the single layer potential

(6.1.1) Sf(x) = / E(z,y)f(y) do(y),
Q

defined after (6.0.11). In the next two propositions, it is desirable to take = € M,
rather than merely x € 2. While we concentrate on UR domains, our first result
actually applies more broadly.

Proposition 6.1.1. Let Q2 C M be an Ahlfors reqular domain. Then
(6.1.2) S:L>®00) — C¥ (M),

where, for h € (0,1/€],

(6.1.3) w(h) = hlog%.

Here, we say

(6.1.4) u€ CYM) <= |u(z) —u(z)| < Cw(d(z, 2)),
for z,z € M.

Proof. Take x,z € M, and set € = d(x, z). We desire to estimate
(615 §f(x) / (Bla,9) ~ B )} () doly).
We have

SHa) = SIEN < Iflimon{ [ 1B@w) - Bl dotw)

O\ Ba. ()

s [ (B +EG ) do)
QN Ba. (z)

(6.1.6)

Now, for x,y € M,

|E(z,y)| < Cd(z,y)~ "2, n>3,

(6.1.7)
C'log n =2,

K
d(z,y)’
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where K = 2 diam M. Also,
(6.1.8) V. E(z,y)| < Cd(z,y)~ " Y.

Since d(Z,y) has size comparable to d(x,y) for all Z on the geodesic segment from
x to z, when y € 0Q \ Ba.(z) and d(z,z) = ¢, we bound the first integral on the
right side of (6.1.6) by

(6.1.9) Ce / d(z,y)" ™Y do(y),
O\ Bae (x)

and, using Ahlfors regularity, we bound this by

K
d K
(6.1.10) Ca/ @ _ Celog —.
2% S 2e

A similar analysis applies to the second integral on the right side of (6.1.6), yielding
(6.1.2).

Proposition 6.1.2. Let Q2 C M be a UR domain. Then
(6.1.11) S: L>®(0Q)) — HYP(M), Vp < oo,

Proof. We continue to have (6.0.12) if u* denotes the nontangential maximal func-
tion for 92 C M. This result implies that

(6.1.12) feL®ON) = VSfelP(Q)dLP(Q), Vp<oo,

where Q= = M\ Q. Say g = VSf|qua-. We can regard g as an element of LP(M),
for each p < co. Meanwhile, Proposition 6.1.1 implies that, if f € L>(9%),

(6.1.13) VSfe HSP(M), Ve>0, p<oo.

Therefore,

(6.1.14) v=VSf-g=ve ﬂ H™®P(M) and suppv C 0.
£>0,p<co

But then

(6.1.15) H'"H0N) <o =v=0= VSf =g,

and we have (6.1.11).
For the next result, recall from (4.2.11) (with p = o) that

W# = closure in H'(Q) ® L?(09, o) of

(6.1.16) .
{(u,ulpn) : v € Lip(Q)}.
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Propositon 6.1.3. Let Q. C M be a UR domain. If we set

(6.1.17) S*f=(81.51),
then
(6.1.18) S*: L2(00,0) — W,

Proof. We know that
(6.1.19) S* L2002, 0) — HY(Q) @ L?(09, 0).

Since L>°(0) is dense in L?(09, o), it suffices to show that

f e L>(0Q) = Jw, € Lip(2) such that

(6.1.20) X
w, = Sfin H () and w,

| oo — S in L?(89,0).

We have seen that
(6.1.21) feL®00) = SfeCY(M)NH"P(M), Vp< oo,
so setting w, = ®,(Sf), where ¢, is a standard mollifier on M, yields

w, — Sf in HY?(M), Vp < oo, and
(6.1.22) ! (M), Vp

wy|aﬂ — S f uniformly on 02,

which is sufficient.
Recalling that ﬁl(Q) is the closure of Lip(Q) in H'(£2), we have:
Corollary 6.1.4. Let Q2 C M be a UR domain. Then

(6.1.23) S L209,0) — H ().

We note that (6.1.19) can be improved, and this leads to improvements of Propo-
sition 6.1.3 and Corollary 6.1.4. In fact, as shown in §3.2 of [MMT], given that
n = dim M,

(6.1.24) 1wl Lon/on-1) 0y < Cllu*||Lr20,0),

for p € [1,00), as long as € is Ahlfors regular. Also, given the estimate (6.1.7), use
of Ahlfors regularity implies that

(6.1.25) S: LY09,0) — LY(00,0), Vqe [1, —Z — ;)
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and, by duality,

(6.1.26) S:L"(0Q,0) — L>®(0), Vr>n-—1.
Interpolation gives

2(n—1)

(6.1.27) S:L"(0Q,0) — L*(0Q,0), Vr> s (and r > 1).

It follows that

(6.1.28) S* . L2n=V/m(9Q, 0) — HYQ) @ L2(09Q,0), for n> 3,
and

(6.1.29) S* . LP(0Q,0) — H Q) ® L?(0Q,0), Vp>1, if n=2.

The conclusion (6.1.18) is accordingly improved:

Proposition 6.1.5. In the setting of Proposition 6.1.3,

(6.1.30) S*: LP(00,0) — W,
for
2(n—1 ,

(6.1.31) p= 2D iz,

p> 1 if n=2.
Consequently,
(6.1.32) S:LP(09,0) — H (),
for such p.

For later use, we record the following result.
Proposition 6.1.6. If Q2 C M is a UR domain, then
(6.1.33) S LP(0Q,0) — LP(0),0) is injective, ¥p € (1,00).
Proof. Assume f € LP(99,0) and Sf = 0. Set u = Sf. Then u,Vu € £3(Q) @
£2(Q7) and

(6.1.34) Au=0 on 2, (A—=V)u=0 on Q, 0.

uf g =
Hence u = 0, so

1
(6.1.35) 0= yul 0. = <:F§I + A*)f.

Taking the difference of these two identities yields the desired result, f = 0.
The symmetry E(z,y) = E(y,z) implies S = S*, so we have the following:

Corollary 6.1.7. In the setting of Proposition 6.1.6,

(6.1.36) S LP(0Q,0) — LP(0Q,0) has dense range, Vp € (1,00).
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6.2. Behavior of N and PI on UR domains

Here 2 C M is a UR domain. The operator N is defined as in §4.2. Recall from
(4.2.25) that

D(NY?) = r#(W#)

(6.2.1) =1
= {f € L*(09Q,0) : (u, f) € W¥ for some u € H (Q)}.

We hence have from Proposition 6.1.5 the following.

Proposition 6.2.1. If Q) C M is a UR domain of dimension n,

(6.2.2) S : LP(0Q,0) — D(N'/?),

for

(6.2.3) p> 2 iz
p> 1 if n=2.

Recall from §4.4 that we defined (in the setting of finite-perimeter domains)
(6.2.4) PI: D(NY?) — T (Q)

in (4.4.3)(4.4.5) and showed in Proposition 4.4.1 that C>°(9) is dense in D(N1/2).
We also brought in

(6.2.5) Ply : C(89) — H (Q)

in (4.4.14), as an operator that is positivity-preserving and has a unique continuous
linear extension to

(6.2.6) Pl : C(89) — L¥(Q),

cf. (4.4.18). In Proposition 4.4.2 we showed that, if
(6.2.7) HY Q) = H}(Q),

where H}(Q) is the closure of C§°(€2) in H(Q) and H () is defined by (4.2.18A),
then

(6.2.8) PLf =Pl f, VfeC>®09Q).
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We will make (6.2.7) a standing hypothesis for the rest of this section.
To take (6.2.8) further, let us set

(6.2.9) TYP(09Q) = {ul|oq : w € H'P(M)}, given p > n.
Then T1P(02) is a Banach space, via

(6.2.10) THP(0Q) ~ HYP(M)/{u € H"P(M) : u|pq = 0}.
It follows from (6.2.1) that

(6.2.11) Vp>n, TYP(0) c D(NY?),

and since C™(9N) is dense in D(N'/?), so is THP(9Q), for p > n. The results
described in (6.2.4)—(6.2.8) imply that, if (6.2.7) holds, then

(6.2.12) PIf =Pl f, VfeT"(0Q), p>n.

We are now ready to bring in material from §6.1.

Proposition 6.2.2. Assume Q C M is a UR domain satisfying (6.2.7). Then

(6.2.13) PI(Sf)=Sf on Q, VfeL®O).

Proof. Given f € L®(99), it follows from Proposition 6.1.2 that Sf € HYP(M)
for all p < oo, and hence that Sf € THP(9Q) for all p € (n,00). We have

(6.2.14) Sf=Ply(Sf), V[feL*0Q),
since the left side is a harmonic function in C(£2) with boundary value equal to Sf.
Then (6.2.13) follows from (6.2.12).

Using Proposition 6.2.1, we can extend the scope of Proposition 6.2.2.

Proposition 6.2.3. In the setting of Proposition 6.2.2, if p > p(n), where p(n) is
such that (6.2.3) holds, then

(6.2.15) p > p(n) = PI(Sf) = Sf, VY feLP(0Q,0).

Proof. Both sides of (6.2.15) are continuous in f € LP(9S2), with values in HI(Q),
the left side by Proposition 6.2.1, and the right side by Proposition 6.1.5. Proposi-
tion 6.2.2 gives identity for f in the dense linear subspace L>(952).

To proceed, take f,g € LP(0Q,0), p > p(n), and set

(6.2.16) ¢ =Sf, v =_Sg, ¢, €DN?).
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Then
(6.2.17) (NY2p, N1/24p) / (Vu, Vo) d
Q
with
(6.2.18) u=Plo=8f, v=Ply=38g.

Now, by Proposition B.3,

(6.2.19) frg € L*(09,0) = Vu, Vo € £2(Q) and v € £9(Q), ¢ > 2,
and then Proposition B.2 gives
(6.2.20) /(Vu, Vou)dV = /(Qyu)v do.

Q o0

Taking into account (6.0.15), we get

(VS 1). NV (Sg)) = [(0,55)(S9) do
(6.2.21) 50
(b)),

for all f,g € L?(09,0), with A* as in (6.0.16)—(6.0.17). This leads to the following
result.

Proposition 6.2.4. Assume Q C M is a UR domain satisfying (6.2.7), and as-

sume
(6.2.22) S(L*(8Q,0)) is dense in D(N/?).

Then,

(6.2.23) S: L*(0Q,0) — D(N),

and

(6.2.24) N(SF) = 0, = (—%I + A*)f, YV f e L2(09,0).

REMARK. A sufficient condition for (6.2.22) is
(6.2.25) S(L*(09,0)) D Lip(99).
We will see in §§6.3—-6.4 cases where this holds.

The following result will be useful in the next two sections.
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Proposition 6.2.5. Let  C M be a UR domain satisfying (6.2.7) and (6.2.22).
Assume

1
(6.2.26) —51 + A% L2(09,0) — L*(00,0) is Fredholm, of index 0.
Then
(6.2.27) S: L*(0Q,0) — D(N) is an isomorphism.

Proof. From (6.2.24), we have

(6.2.28) (N+1)S = —%I + A*+ S on L*(09,0).

It is elementary that

(6.2.29) S LP(00,0) — LP(0Q,0) is compact, Vp € (1,00),

s0 (6.2.26) implies that the right side of (6.2.28) is Fredholm of index 0 on L?(99, o).
On the other hand, Proposition 6.1.6 implies that the left side of (6.2.28) is injective

on L?(99Q,0). Thus the right side is invertible on L?(99, o). Since N +1: D(N) —
L?(09, o) is an isomorphism, this gives (6.2.27).
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6.3. Lipschitz domains revisited

The special class of UR domains known as Lipschitz domains was described in
§3. Our goal here is to show that the operator N, constructed in §4.2 and studied
in §6.2, coincides with that constructed in §3.1 when 2 is a Lipschitz domain.

To start, we note that a Lipschitz domain €2 always satisfies the condition (6.2.7),
as a special case of Proposition 4.5.3. Also, Proposition 4.5.2 implies 3(Q2,0) = 0.
Going further, we have the following.

Proposition 6.3.1. If Q C M is a Lipschitz domain, Proposition 6.2.5 is appli-
cable, hence

(6.3.1) S : L*(09Q,0) — D(N) is an isomorphism.

Proof. We need to verify (6.2.22) and (6.2.26). First, as mentioned in (3.2.19),
(6.3.2) S LP(0Q,0) = HYP(0Q), Vpe (1,q¢(Q)),

where ¢(€2) > 2. Taking p = 2, we get (6.2.25), hence (6.2.22). Next,

(6.3.3) —%I + A*  LP(0Q,0) — LP(092,0) is Fredholm, of index 0,

for 1 < p < ¢(€Q). This is shown in [MT3] and [MT4], for metric tensors that are

Lipschitz, or satisfy (3.0.1)—(3.0.2), respectively, following earlier work applicable
to Lipschitz domains in Euclidean space.

Together, (6.3.1) and (6.3.2) yield
(6.3.4) D(N) = H"2(09Q).
Also, (6.2.24) applies, so we have
1
(6.3.5) Nf=08,8(5"1f) = (—51 + A*)s—lf, v f e HY2(50).

This coincides with (3.2.15), and hence leads back to the characterization of N in
(3.1.3)—(3.1.4).
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6.4. Regular SKT domains

The class of regular SKT domains arose in work [Se|, [KT] of Semmes, Kenig,
and Toro, where they were called chord-arc domains with vanishing constant. The
label “regular SK'T domains” was proposed in [HMT]. This class can be defined as
follows. First, we assume (2 C M is an Ahlfors regular domain. Then 2 is a regular
SKT domain provided

) satisfies a 2-sided local John condition, and

(64.1) v € vmo(9N).

To say (2 satisfies a local John condition is to say that there exist § € (0,1) and
R > 0 with the following properties. For each p € 92 and r € (0, R), there is a
point p, € B,-(p) N2 such that

(6.4.2) B (pr) C Q,

and, for each = € 9N B,.(p), there is a path 7, from z to p,, of length < r/6, such
that

(6.4.3) dist(y,(t),0Q) > O dist(v.(t),z), V.

The first hypothesis in (6.4.1) is that both Q and M\ satisfy a local John condition.

This characterization of regular SKT domains is given in §4.2 of [HMT], where
it is shown to be equivalent to the definitions given in [Se] and [KT]. It is also
shown in [HMT] that an Ahlfors regular domain that satisfies a 2-sided local John
condition is a UR domain. Here is another result of [HMT]:

(6.4.4) If Q C M is a vimo; domain, then it is a regular SKT domain.

One says () is a vimo; domain if €2 is locally the graph of a function g, satisfying
(4.5.4), but with (4.5.5) replaced by

(6.4.5) Vg € vmmo.

Thus the class of vimo; domains is larger than the class of C'' domains. On the
other hand, a vmo; domain need not be a Lipschitz domain, and vice-versa.
Parallel to Proposition 6.3.1, we have the following result.
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Proposition 6.4.1. Let Q2 C M be a reqular SKT domain. Assume that

(6.4.6) HY(Q) = HL(Q).
Then
(6.4.7) S : L*(0Q,0) — D(N) is an isomorphism.

Proof. Asin Proposition 6.3.1, we want to show that Proposition 6.2.5 is applicable,
so we need to verify (6.2.22) and (6.2.26). One key result, established in §5.2 of
[HMT], is that

(6.4.8) A*  LP(0Q,0) — LP(0Q,0) is compact, Vp € (1,00),

when (2 is a regular SK'T domain. Hence,

(6.4.9) —%I + A* : LP(09),0) — LP(092,0) is Fredholm, of index 0,

for 1 < p < o0, so (6.2.26) holds. Furthermore, it was shown in §6.4 of [HMT] that
(6.4.10) S LP(0,0) — H'P(0Q) is an isomorphism,

for 1 < p < oo. This implies (6.2.22), and completes the proof.
As in §6.3, we can deduce from (6.4.7) and (6.4.10) that

(6.4.11) D(N) = H'2(09),
and that
(6.4.12) Nf=0,8(S'f) = (—%I +AT)STUL Ve HY(00).

REMARK. There is a theory of LP-Sobolev spaces H'?(dQ) for Ahlfors regular
domains €). It is less straightforward than for Lipschitz domains. For this develop-
ment, see §3.6 and §4.3 of [HMT], and also Appendix A.2 of [MMT]. It is still the
case that Lip(9Q) C HP(0R), for each p € (1,00).

As in (6.2.28), we can pass from (6.4.12) to

(6.4.13) N+1= (—%I + AT+ S) St
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on H12(09Q). By (6.4.10) and (6.0.17), the right side extends uniquely to a bounded
linear operator from H1P(9Q) to LP(99Q, o), for each p € (1,00). Furthermore,

(6.4.14) _%HA* 4§ IP(00, 0) — LP(IQ, o)

is Fredholm, of index 0, for each p € (1,00). As we have seen, it is injective on
L2(09Q,0), hence on LP(9R,0) for p € [2,00), hence invertible on LP(d9, o) for
p € [2,00). Thus its adjoint is invertible on LP(952, o) for p € (1, 2], hence injective
on LP(09Q,0) for p € [2,00), and also Fredholm of index 0, hence invertible. We
deduce that (6.4.14) is invertible on LP (0%, o) for all p € (1,00). Hence

(6.4.15) N +1:HY(9Q) = LP(0Q,0), Vp e (1,00).

It is also useful to have Sobolev embedding theorems in this setting. As shown
in §4.3 of [HMT], if Q is an n-dimensional Ahlfors regular domain that satisfies a
local 2-sided John condition, then

1
HI(00) < 17 (00, 0), p* = "= UP ey o,
(6.4.16) n-l-p
HYP(0Q) — C*(09Q), a=1-—, ifn<p< oo,
p

and
(6.4.17) HYP(0Q) < LP(0Q,0) is compact, ¥p € (1,00).

In the current setting of regular SKT domains, (6.4.17) also follows from (6.4.10)
and the compactness of S on LP(0f2,0). It follows from (6.4.15)—(6.4.16) that, in
the setting of Proposition 6.4.1,

(6.4.18) (N+1)"': LP(8Q,0) — LP (0Q,0), 1<p<n—1,

with p* asin (6.4.16). Iteration then yields a natural analogue of Proposition 3.1.2.

It is also of interest to consider the semigroup e*V in this setting. We know it
is a semigrup of positive self-adjoint contractions on L?(92, ). Also, Proposition
4.3.1 applies, so this is a symmetric Markov semigroup. Therefore a number of
results of §3.3 can be established in this setting. Let us focus on Proposition 3.3.8.
Results of [Var] imply that an estimate of the form

(6.4.19) le™™ fll a0y < Cat ™% fll 200y, 0 <t <1,

is equivalent to

(6.4.20) Hf”%2o‘/(o‘—1)(89) < Cl [<Nf, f> + HfH2L2(8Q) ) f € D<N)’
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as long as 0 > 1. Note that the right side of (6.4.20) is C; times
(6.4.21) INY2 24 00 + £ oy = 1F ooy

Since N is positive and self adjoint, general Hilbert space theory gives
(6.4.21) D(N'/?) = [L*(09,0), D(N)]1/2,

the right side denoting the complex interpolation space. In view of (6.4.11), this
space is [L?(0Q, o), HY2(9)]1 /2. It is natural to define fractional-order Sobolev
spaces by interpolation:

(6.4.22) H*P(0Q) = [LP(09Q,0), H*?(0)]s, 0<s<1, 1<p< ooc.
Then
(6.4.23) D(NY/?) = HY22(0Q).

In the setting of Lipschitz domains, we have the embedding results (3.3.30). Some
of these follow from (6.4.16) and interpolation in the setting of Ahlfors regular,
2-sided John domains. For example, a special case of (6.4.16) is

(6.4.24) HY2(0Q) ¢ L2~ V/=3)(90, ¢), if n > 3.
In such a case, interpolation yields
(6.4.25) HY22(0Q) c L2~ V/=2(90, ¢), if n > 3.

This result has the same form as its analogue for Lipschitz domains in (3.3.30),
except that (6.4.25) does not cover the case n = 3. Extending (6.4.25) to n = 3
when €2 is an Ahlfors regular, 2-sided John domain, along with further analyses of
fractional Sobolev spaces H*P(0f2) in this setting, is an interesting topic for future
work. At this point, we have the following result, via the sort of argument used in
Proposition 3.3.8.

Proposition 6.4.2. In the setting of Proposition 6.4.1,
(6.4.26) le™™ fllz=(an) < CEAL)™ V2| £l 1200,

provided dim ) =n > 3.

It is tempting to conjecture that such a result also holds for n = 2 and 3, as it
does for Lipschitz domains, but we leave this aside.

Having Proposition 6.4.2, we can derive results on the spectrum of N parallel to
those done in the setting of Lipschitz domains in §3.4. In fact, parallel to (3.4.5)—
(3.4.7), we deduce from (6.4.26) that

(6.4.27) e |4 <0t~ D o<t <1

Hence we have (3.4.8)—(3.4.10) in this setting, yielding the following parallel to
Proposition 3.4.1.
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Proposition 6.4.3. In the setting of Proposition 6.4.1, the spectrum of N is dis-
crete, and we have

(6.4.28) Npj = Ajpj, 0< A 7 oo,

where {p; : j > 0} is an orthonormal basis of L*(0$,0). Then

(6.4.29) Y e <oa)Tl,
5>0
hence
(6.4.30) Z(A-+1)*S<C+L s>n—1
= J - s—(n—1)’ ’

at least provided dim ) =n > 3.
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7. More singular domains

In this chapter we continue to take €2 to be an open subset of a compact, con-
nected, n-dimensional Riemannian manifold M, but we move beyond the class of
finite perimeter domains. The finite positive measure u we place on 92 will typi-
cally have nothing to do with surface area, as given by (n—1)-dimensional Hausdorff
measure. This use of measures beyond surface area played some role in §5.3, but
there we depended very much on o, surface measure on 0,2, to guarantee that
W > o satisfied

(7.0.1) /ﬂm2M/g(j/ﬂvUPdv+wj/ﬂuPdm
Q Q o)

for all u € Lip(€2). This will be the defining condition for the construction of N.
We note that the idea of developing this theory for such a class of measures was
mentioned on p. 2103 of [AtE]. Here we provide tools to construct such measures
and point out some interesting natural examples.

In §7.1 we establish conditions on a measure p on 0f2 that yield (7.0.1). We see
that such measures exist as long as

(7.0.2) Cap(99) > 0,

under some conditions on {2, such as the existence of a continuous linear extension

map E : ﬁl(Q) — H'(M). Here we do not assume (4.0.1). On the contrary, we
are interested in a number of cases in which

(7.0.3) a0 = M\ Q,

including some cases where 0f2 is totally disconnected.

Once we have a postive finite measure p on 0f) for which (7.0.1) holds, construc-
tion of N as a self-adjoint operator on L?(9Q, 1) proceeds much as in §4.2. We
record these results in §7.2. We also examine the semigroup {e=*¥ : ¢ > 0} as a
symmetric Markov semigroup on L?(9), i), and establish conditions under which
it is irreducible. N

Section 7.3. is devoted to domains €2 in the Riemann sphere C whose boundaries
are Julia sets. We take

(7.0.4) 00 =Tr, Q=C\Jg=Fr,

where R : C — C is a rational map of degree > 2, Jg is its Julia set, and Fp
its Fatou set. The set Jgr carries a probability measure A, known as the maximal
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entropy measure. We show that (7.0.1) holds for 4 = A (provided Jg has Lebesgue
measure 0), so the results of §7.2 apply. We show that the semigroup {e~*" : ¢ > 0}
is irreducible in all these cases. Julia sets present a variety of fractal behavior, from
spikey connected sets known as “dendrites” to totally disconnected sets that are
Cantor sets with positive Hausdorff dimension, along with awesomely many other
types of behavor.
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7.1. Measures that satisfy (7.0.1)

As above, 2 is an open subset of the compact, n-dimensional Riemannian man-
ifold M, and p is a finite positive measure supported on 0. We seek conditions
that imply the estimate (7.0.1), i.e.,

(7.1.1) /yu|2dv < C/|Vu\2dV+C'/\u]2du, Yu € Lip(Q).
Q Q [s]9)

In the current setting, ) is not necessarily a finite perimeter domain, and p might
have nothing to do with (n — 1)-dimensional Hausdorff measure. To tackle (7.1.1),
we need an approach much different from that used in §4.1, which involved the
divergence theorem. We will look for such measures among those that also satisfy

(7.1.2) /|u|2d,u§C’/]Vu|2dV+C/|u|2dV, Yu € Lip(Q).
o9 Q Q

This is equivalemt to the condition that Tr : Lip(Q) — Lip(df2), given by Tru =
u|sq, has a continuous extension to

(7.1.3) Tr: H (Q) — L2(09, p).

We will give specific conditions on p implying (7.1.2) below. Given (7.1.2), the
quadratic form

(7.1.4) Q(u,v) = (Vu, Vo) r2(q) + (u,v) L2(0) + /uv dp, wu,v € Lip(Q),
o0

is closable, and its closure @ has form domain D(Q) = ﬁl(ﬂ) Thus we have a
positive, self-adjoint operator T' such that
1 —

(7.1.5) D(TY?) =H (Q), (T"%u,T"?v)120) = Q(u, ).

We set S =T — I. Then S is positive semi-definite and

—1
TL0) SVl = Vultee + [ P du YueH @)
o0

If (7.1.1) is to hold, we certainly want

(7.1.7) Ker S = 0.
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If ue KerS C ﬁl(Q), then v = 0 on €2, so u is constant on each connected
component of . If

(7.1.8) 1(00;) > 0 for each component O; of (2,
then each such constant is 0, and we have (7.1.7). In particular, this holds if © is
connected. An alternative condition that leads to (7.1.7) (which will be particularly

useful in §7.3) involves the following concept.

Definition. We say 2 is quasi-connected provided

(7.1.9) u € ﬁl(ﬂ), Vu=0on ) = u= const.

Given this (and the hypothesis (7.1.2)), we clearly have
(7.1.10) Q quasi-connected = Ker S = 0.

Here is a condition that implies {2 is quasi-connected.

Lemma 7.1.1. Assume

(7.1.11) Q=0\K, K cCO compact, and H"(K)=0.
Then
(7.1.12) O connected = ) quasi-connected.

Proof. From the hypotheses, we have that Lip(Q) = Lip(O), that ﬁl(Q) - (0),
and that u € ﬁl(O),Vu =0on Q= Vu=0onO.

Our next task is to go from (7.1.7) to (7.1.1). The following result gives a
condition under which this can be done.

Proposition 7.1.2. Assume that (7.1.2) holds, that Ker S = 0, and that

-1

(7.1.13) H (Q) < L*(Q) is compact.

Then (7.1.1) holds.

Proof. Under these hypotheses, S is a positive, self-adjoint operator with D(S 1/ 2) =
1

H (), and hence S has compact resolvent. We deduce from KerS = 0 that
Spec S'/2 C [a,00) for some a > 0, so ||Sl/2u||%2m) > a2||u|]%2(m, for all u €

D(S'/?), giving (7.1.1), with C' = a?.
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We turn to a discussion of conditions on  and p that imply (7.1.2). One useful
condition to place on {2 is

(7.1.14) Jcontinuous extension operator E : ﬁl(ﬂ) — HY(M).

Note that (7.1.14) holds provided there exists an open O C M such that (7.1.11)

holds and there is an extension operator E : o (O) — HY(M). In particular,
(7.1.14) holds provided

(7.1.15) Q=M\K, K compact, and H"(K)=0,

since then I (Q) = HY(M). Note, by the way, that (7.1.14) implies (7.1.13).
When (7.1.14) holds and g is a finite, positive measure supported on 0f2, the
estimate (7.1.2) holds whenever

(7.1.16) / ul? dp < Cllullsary Y u € Lip(M).
o

An equivalent condition is that M, : Lip(M) — D’'(M), defined by
(7.1.17) M,u = up,

has a continuous extension to

(7.1.18) M, : HY(M) — H (M),

Given that

u,v € HY(M) = wv € H"?(M), for p= t ,if >3,
(7.1.19) n—1
forall p<2, ifn=2,

we see that (7.1.18) holds provided

€ Hb"(M), if n >3,

(7.1.20) » _
we H V" (M), for somer > 2, if n=2.

We can use this plus Theorem 4.7.4 of [Zie] to deduce that (7.1.18) holds whenever

(7.1.21) w(By(x)) < Ar®, Vze M, r>0,

for some A < oo and

1

7.1.22 -1 .
( ) a>n o1

Here, B,(z) denotes the ball in M is radius r, centered at x. In particular, for
n = 2, it suffices to have (7.1.21) for some @ > 0. Let us summarize this result.
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Lemma 7.1.3. If p is a finite, positive measure on M, we have (7.1.18) (and
hence (7.1.16)) provided (7.1.21) holds, with « satisfying (7.1.22).

Another useful criterion for (7.1.16) is the following result, from Theorem 1.2.2
of [MS].

Lemma 7.1.4. If u is a finite, positive measure on M, we have (7.1.18) provided
there exists A < oo such that

(7.1.23) u(S) < ACap(S), Vcompact S C M.

Corollary 7.1.5. Under the hypotheses of either Lemma 7.1.8 or Lemma 7.1.4, if
(7.1.14) holds, then (7.1.2) holds.

Examples of measures satisfying (7.1.21)—(7.1.22) include the maximal entropy
measures on Julia sets, as we will discuss in §7.3. Here we record some interesting
metric properties of sets supporting such a measure. Thus, let u be a positive
measure satisfying (7.1.21), and set
(7.1.24) S = supp u,
so S is a compact subset of M, u(M \ S) =0, and
(7.1.25) p € S, O neighborhood of p in M = pu(ONS) > 0.

For the measures relevant for (7.1.2), S C 99Q. Frequently, but not always, S = 0f.
Our first result is a Hausdorff dimension estimate.

Proposition 7.1.6. If p is a positive measure satisfying (7.1.21) and S = supp u,
then

(7.1.26) the Hausdorff dimension of S is > a.
In fact, there exists C' < oo such that for each compact K C S,

(7.1.27) 1K) < CH*(K).

Proof. The a-dimensional Hausdorff measure H*(K) is characterized by
(7.1.28) h§(K) /S HY(K),
as 0 \( 0, where

1. =1n lamA;)” : K C i, A; compact, diam A; <o ,.
7.1.29) h§(K inf diam A4;) : K Aj, Aj di A; <9

Jj=1 j21
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Now (7.1.21) implies

(7.1.30) p(A;) < C(diam 4;)°,

SO

(7.1.31) Kc|JAj=uK)<> pA;)<C) (diamA;)*,
i>1 j>1 J>1

and hence

(7.1.32) w(K) < Ch§(K), Vé>0,

which implies (7.1.27).
Taking into account (5.3.8), we have the following.

Corollary 7.1.7. If p is a positive measure satisfying (7.1.21)—(7.1.22), and S =
supp i, then, for each compact K C S,

(7.1.33) pu(K) > 0= Cap(K) > 0.

We now bring in harmonic measure as a class of measures on 0f) satisfying
the hypothesis of Lemma 7.1.4. Its construction uses the solution operator to the
generalized Dirichlet problem
(7.1.34) Ply: C(02) — {u € L™ (Q) : Au=0}
described in (4.4.14)—(4.4.18), with the scope extended, in so far as the construction
works not merely when (4.0.1) holds, but under the more general hypothesis that
(7.1.35) Cap(M \ ) > 0.

This still yields the positivity condition (4.4.17). Hence, for each z € €, there is a
unique positive Borel measure

(7.1.36) w, on 0F), of total mass 1,

such that

(7.1.37) Pl f(x) = /fdwx, vV feC00).
o0

The measure w, is harmonic measure on 0f2. This depends on z. However, a
Harnack inequality argument (cf. [CKL]) shows that, if  is connected, given any
compact K C €, there exists C' € (0,1) such that for each positive f € C(99),

(7.1.38) C Ply f(x) < Ply f(y) < C7* Ply f(z), Va,y€ K.
Consequently,
(3.1.39) Cw,(9) < wy(S) < C 1w, (9),

for each Borel set S C 0. It is also useful to note that PIy has a natural extension
to the class of bounded, Borel measurable funcitons f on 92, and (7.1.37) continues
to hold for f in this larger class. For example, if S C 02 is compact

[ € C(0%2), fi “\«xs
= Pl fj(x) \y Ploxs(z) = w.(5), VreQ.

Our next goal is to establish the following.

(7.1.40)
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Proposition 7.1.8. Let Q@ C M be open and connected, and satisfy (7.1.85). Fix
x € Q. Then there exists C' € (0,00) such that, for each compact S C 05,

(7.1.41) w,(S) < C Cap(9).

We define Cap(S) as follows. Take a smoothly bounded closed set B C 2 such
that M \ B is connected and = ¢ B, and set O = M \ B. For use below, make sure
that 2\ B is also connected. We will define Cap(S) for compact S C O. First, if
S is a smoothly bounded compact subset of O, we define the capacitary potential
Ug so that

UsEC(@), AUSZOOHO\S,

(7.1.42)
Us=1onS, Ug=0ondB.

Given ¢ € C§°(0O), Green’s formula gives

(7.1.43) / Us(2)Agp(z) dV (z) = — / ()0, Us(y) dS(y),

o oS

where v is the unit normal to 0S, pointing into S. By Zaremba’s principle,
0,Us(y) > 0 for y € 95, so

(7.1.44) AUS = —us on O,
where ug is a positive measure supported on 9S. We set
(7.1.45) Cap(8) = / dus.

s

For general compact S C O, we can take smoothly bounded S; N\, S and (cf. [T1],
Chapter 11),

(7.1.46) Us, “Us, Cap(S;) \, Cap(9),

and we also have (7.1.44)—(7.1.45).
To begin the proof of Proposition 7.1.8, note that the left side of (7.1.41) is equal

to Py xs(z), if S is a compact subset of 9. It will be useful to set Q = Q\ B and
consider

(7.1.47) Pl : C(89Q) — {u € L=(Q) : Au=0 on 0},

defined as in (7.1.34) but with € replaced by €, and then Ply f extended to bounded
Borel measurable f on Q. Clearly, for compact S C 092 C o0, z €,

(7.1.48) Plyxs(z) < Pl xs(z).

An argument using Harnack’s inequality and the strong maximum principle yields
the following.
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Lemma 7.1.9. Let K be a compact subset of Q. There exists C € (1,00) such that
for all f € C(0) such that f >0 on 98, f =0 on OB,

(7.1.49) Pl f(z) < CPLyf(z), Vaz €K,
and, for each compact S C 051,

(7.1.50) Ply xs(z) < CPlyxs(z), Vz € K.

Proof. As a preliminary, since Qs connected, use of Harnack’s estimate yields the
following. Given K, K’ C Q compact, there exists A = A(K,K’) € (1,00) such
that

A~ u(p) < u(q) < Au(p), VpeK,qe K ueC(Q)

(7.1.51) _
such that v > 0 and Au = 0 on {).

To proceed, let B C QNbe a smoothly bounded closed subset containing B in its
interior, and set K = 0B. For z € K, f € C(99) as in the statement of the lemma,
we have

(7.1.52) PIo f(z) = Plof(x) + Plog(z),
where

gly)= 0 for y € 09,

(7.1.53)
Plyf(y) for y € 0B.

Now the maximal principle applied to harmonic functions on B implies

(7.1.54) sup g(y) < sup Ply f(z).
ycoB r€HB

We have, for x € K = 8§,

(7.1.55) 0< ﬁog(x) < Vﬁox(w),
where

(7.1.56) v = s o),

and

(7.1.57) X(y) =0 for yean,

1 for y € 0B.



110

Another application of the (strong) maximum principle yields that, for x € K,

(7.1.58) 0<Plox(z) <a, a<l.
We deduce that, for x € K,

(7.1.59) 0 < Plog(z) < a sup Pl f(y).
yeK

Consequently, given f € C ((9?2) such that f > 0 on 02, f =0 on 0B,

(7.1.60) 3z € K such that PIyf(z) > (1 — ) Ply f(z).

In light of (7.1.51), this proves (7.1.49), which in turn readily yields (7.1.50).

To proceed with the proof of Proposition 7.1.8, given compact S C 0f2, we have
from the maximum principle that

(7.1.61) Plyxs(z) < Ug(z), Ve

Now Cap(S) is given by (7.1.45), and, by (7.1.42) and (7.1.44), we have

(7.1.62) Us(z) = — / Glz,y) dpsly), Yz €O,
O

and in particular for all x € Q. Here G(z,y) is the Green kernel for the Laplace
operator on O = M\ B, with Dirichlet boundary condition on 0O, which is bounded
onzx € K, ye 0, with K C O compact. Since ug is supported on S, we have for
cach compact K C € a constant C' € (0, 00) such that

(7.1.63) 0 <Us(x) < Cus(S)=CCap(S), VzelkK.

Putting together (7.1.50), (7.1.61), and (7.1.63), and recalling that w, (S) = Ply xs(z),
we have Proposition 7.1.8.
Combining Proposition 7.1.8 with Corollary 7.1.5, we have the following.

Proposition 7.1.10. Let Q@ C M be open and connected and satisfy (7.1.35).
Assume there is an extension operator as in (7.1.14). Then, given x € 2, harmonic
measure [ = wy satisfies (7.1.2), and consequently it satisfies (7.1.1).

Proof. Tt remains only to treat the last assertion. For this, note that (7.1.14) implies
the compactness (7.1.13), and that connectedness of 2 implies Ker S = 0. Hence
Proposition 7.1.2 applies.
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7.2. Construction of N

Recall that €2 is an open subset of a compact, n-dimensional Riemannian mani-
fold M, that p is a finite positive measure on 92, and that (7.0.1) holds, i.e.,

(7.2.1) /yu|2dv < C’/qu\QdV+C/\u|2du, Wu € Lip(Q).

As opposed to the setup in Chapter 4, we do not assume M \ Q # ), but explicitly
allow the possibility that © = M. The hypothesis (4.0.1) played a key role in
the estimate (4.1.1) (a special case of (7.2.1)), but, as discussed in §7.1, we take
different routes here to (7.2.1), which do not appeal to such an hypothesis.

In the current setting, the construction of N in §4.2 goes through smoothly. In
fact, since (7.2.1) agrees with (4.2.3), no changes (not even notational) are required
in the analysis presented in (4.2.4)—(4.2.36). We summarize the first set of results,
parallel with Proposition 4.2.1:

Proposition 7.2.1. Given (7.2.1), there is a unique positive, self-adjoint operator
N on L?(0%, 1) satisfying

(7.2.2) D(NY2) = {f e L*0Q,p) : (u, f) € V for some u € HI(Q)},

and

(7.2.3) (NY2f N1/2g) /Vu Vo) dV, for (u,f),(v,g) €V.
Q

Here, ( , ) on the left side denotes the inner product in the Hilbert space
L2(09, ),

(7.2.4) V:{(u,f) e W# :/(Vu,Vv>dV:0, Vveﬁl(Q)},
Q
(7.2.5) W# = closure of {(u,u|sq) : v € Lip(Q)} in il () @ L*(09, ),

and

(7.2.6) HY(Q) = {ve H(Q): (v,0) € W#).
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From (7.2.3) we have

(7.2.7) (NV2f N1/2f) :/\Vu\ZdV, for (u, f) € V.
Q

Also, parallel to (4.2.31),

(7.2.8) (N2 N2 ) = inf{/ IVul2dV : (u, f) € W#}.
Q

Next we have an extension of Proposition 4.2.2. That result had the hypothesis
that 2 was connected, but here we emphasize that more generally €2 can be quasi-
connected, as defined in (7.1.9).

Proposition 7.2.2. In the setting of Proposition 7.2.1, assume that ) is quasi-
connected. Then

(7.2.9) Ker N = Span(1) + 3(, p),
where
(7.2.10) 3 ) = {f € L*(0Q, p) : (0, f) € W#}.

Proof. As in (4.2.33), given f € L?(9%, ),
(7.2.11)  fe€Ker N <= (u, f) € W# for some u € ﬁl(Q) satisfying Vu = 0.

As noted in §4.2, if  is connected, then u € il (©?), Vu = 0 implies u is constant
on €. The content of (7.1.11) is that this implication holds whenever 2 is quasi-
connected.

REMARK. What makes this extension interesting is Lemma 7.1.1.
Note that f € 3(Q, u) if and only if there exist uy € Lip(Q2) such that
(7.2.12) up, — 0 in H'(Q), wug|,, — f in L8, p).

Hence, parallel to the remark following Proposition 4.2.2, we have:
Proposition 7.2.3. If (7.1.2) holds, then 3(€2, 1) = 0.

The results of §4.3 on the semigroup {e~*V : ¢t > 0} also extend in a straightfor-
ward fashion. We move from Proposition 4.3.1 to
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Proposition 7.2.4. Given f € L?(0Q, ),

(7.2.13) f>20=¢e"Nf>0, Vt>O0.

We can also extend Proposition 4.3.2, and relax the connectivity hypothesis on
Q.

Proposition 7.2.5. In the setting of Proposition 7.2.1, assume §) is quasi-connected.
If 3(Q,u) = 0, then {e=™N 1t > 0} is irreducible.

We illustrate the conclusion of Proposition 7.2.5 with the following example,
involving a quasi-connected, but not connected set 2 (though not at all singular),
namely

(7.2.14) Q= (-1,1)\ {0}.

This parallels the calculations in (2.3.9)-(2.3.13). We have L?(0Q) ~ R3, via
f = (f(=1), f(0), £(1))". In this case

1 0 1
(7.2.15) PI{1]=1 PI|O]| =2y, PI|O | =(-2)4,
1 1 0
SO
1 0 0 0 1 1
(72.16) N| 1| = 0], N[O]= -11, N|O]| = -11,
1 0 1 1 0 0
hence
1 -1 0
(7.2.17) N=|-1 2 -1
0o -1 1

We see that N has eigenvalues
(7.2.18) A1=0, A=1 A3=3,

with associated eigenvectors

(7219) V1 = 1 5 Vg = 0 N V3 = —2
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Rather than working out e *" explicitly from (7.2.18)—(7.2.19), let us note that

0O -1 0
(7.2.20) M=N-I=[-1 1 -1
0 -1 0
has square
1 -1 1
(7.2.21) M*=1-1 3 -1
1 -1 1
Now
t2
(7.2.22) e N = eTtem M — ot <I —tM + §M2> +O(t%),

as t — 0. Plugging in (7.2.20)—(7.2.21) yields that all 9 matrix entries of e~V are
> 0 for sufficiently small ¢ > 0. Then the semigroup property e~ (TN = g=sN—tN
implies that all the matrix entries of e *Y are > 0, for all t > 0.

More complicated (and interesting) cases of Proposition 7.2.4 arise in §7.3.
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7.3. Domains bounded by Julia sets

Here we consider a class of domains in the Riemann sphere C=CuU {0} =
S? that are bounded by Julia sets, and a class of probability measures on their
boundary, known as measures of maximal entropy (MME). Let us introduce the
basic concepts.

A rational map

P(z)
Q(z)’

where P(z) and Q(z) are polynomials with no nontrivial common factors, yields a

holomorphic map R : C — C. Its degree is deg R = max{deg P,deg @Q}. One has
the partition

(7.3.1) R(z) =

(7.3.2) C = Jr U Fg,

where Jg is the Julia set of R and Fpg is the Fatou set. By definition, a point ( € C
belongs to Fr if and only if there is a neighborhood O of ¢ such that {R"|p : n > 1}
is a normal family of maps from O to C. The set F R is an open subset of (AJ, and
Jr (which is closed) is defined to be its complement.

The map R preserves Jr and Fr. On Fg its behavior is regular, and on Jg it is
chaotic. One signature of the chaos is that, given ¢ € Jg, and given a neighborhood

O of ¢ in (@, there is an m such that
(7.3.3) R™(ONJr) D JIr.

Whenever deg R > 2, Jg # 0. If Jr # ((A:, then its interior is empty. Proofs of
these facts, and others used below, can be found in [Mil] and [MNTU]. From here
on, we assume deg R > 2 and Jgr # C.

We next describe the maximal entropy measure A on Jg, introduced in [Lyu]
and [FLM]. It is constructed as follows. Pick p € Jr and set

1
(7.3.4) Mok == D b

qER"*(p)
with ¢ € R7%(p) counted according to multiplicity. Here d = deg R, so for each
k, Apk is a probability measure supported on Jr. Then (cf. Theorem 5.4.1 of
[IMNTU]), for each p € Jr, it is the case that

(7.3.5) Apk — A, weak™, as k — oo,
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and the limit is independent of p. Furthermore,
(7.3.6) supp A = Jg.
Another important property of A (though not central to the work here) is that
(7.3.7) R preserves \ and acts ergodically on (Jg, \).
The ergodicity is another signature of the chaos on Jg, and its proof makes essential
use of (7.3.3); cf. [MNTU]J, p. 189.

Of key importance here is that Lemma 7.1.3 is applicable to the MME A. That
is to say, there exist a > 0 and C < oo such that, for each disk D, of radius p,

(7.3.8) AMD,) < Cp*.

See [MNTU]J, p. 190. Since n = 2 here, we have (7.1.21)—(7.1.22).
Consequently, if we take

(7.3.9) Q=FrCcM=C, 00=Jx,
where R is a rational map of degree > 2 and Jr # 0, (7.1.2) applies to u = .

The set Fr might or might not be connected; examples will be discussed below.
However, we can apply Lemma 7.1.1 to see that

(7.3.10) Fr is quasi-connected,
provided
(7.3.11) H*(Jr) = 0.

Then (7.1.10) applies. Also, whenever (7.3.11) holds, we have (7.1.15) (with K =
Jr), and hence

(7.3.12) H'(Fr) = HY(C),

so Proposition 7.1.2 is applicable. Consequently (7.1.1) holds, with g = A. There-
fore, Proposition 7.2.1 applies. We record the result.

Proposition 7.3.1. Let R be a rational map of degree > 2, and assume (7.53.11)
holds. Then there is a unique positive, self-adjoint operator N on L*(Jgr,\) satis-

Jying

(7.3.13) D(NI/Q) = {f e L*(Jr,\) : (u, f) €V for some u € ﬁl(]:R)},
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and

(7.3.14) (Nl/Qf,Nl/zg> = /(Vu, Vou)dS, for (u,f),(v,g) € V.
Fr

Here dS denotes the standard area element on ((A: ~ S2.

REMARK. There exist Julia sets Jg # C for which H2(Jg) > 0, but (7.3.11) is
known to hold under a wide variety of conditions. See [BC].

Continuing with applications of §7.2, we note that, since (7.1.2) applies, with
i = A\, Proposition 7.2.3 gives

(7.3.15) 3(Fr,A) =0,
hence, by (7.2.9),
(7.3.16) Ker N = Span(1),

given (7.3.11). Next, Propositions 7.2.4-7.2.5 apply, giving:

Proposition 7.3.2. In the setting of Proposition 7.3.1, {e N .t > 0} is a sym-
metric Markov semigroup on L*(Jgr,\), and it is irreducible.

We now describe some types of Julia sets that occur, referring to [Mil] and
[MNTU] for details. As a preliminary, we note that Jg cannot have any isolated
points. More precisely, given (7.3.8), we can apply Proposition 7.1.5 and deduce
that there exists C' < oo such that for each compact K C Jg,

(7.3.17) AK) < CHY(K).

Together with (7.3.6), this implies that the Hausdorff dimension of 7p N O is > a
for each open O C C that intersects Jr. Here are some cases.

(A) Jgr could be totally disconnected.

We see from (7.3.17) that Jr must be a Cantor set, of positive Hausdorff dimension.
In this case, Fgr is connected. One class of examples for this is

(7.3.18) R(z)=2>+¢, c¢ M,

where M is the Mandelbrot set.

(B) Both Jr and Fg could be connected.
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For example, Jr could be a “dendrite;” see [Mil], pp. 41-42, [Dev], p. 290. A
standard example of this is

(7.3.19) R(z) = 2% +i.

(C) Fr could have 2 connected components.

This occurs, for example, for R(z) = 2% + ¢ when c is in the “main cardioid” of the
Mandelbrot set M. For ¢ = 0, Jg is the unit circle. In other cases, it is typically
not a smooth curve. In this situation, if O; and O are the two components of Fg,
one has

(7.3.20) 00, = 005 = Jr.

(D) Fgr could have infinitely many connected components.

In fact, if Fp has more than 2 components, it must have infinitely many (cf. [B],
Theorem 5.6.2). Examples include R(z) = z? + ¢ when ¢ is in any component of
the interior of M other than the main cardioid. In such a case, we have

(D1) Jg is connected.
A popular example is the “Duady rabbit,” arising for

(7.3.21) R(2) = 2* + (—0.122 + 0.7454).

See [Mil], p. 42. Generally, in this situation, Jg might or might not be locally
connected.

For other rational maps, it might be that

(D2) Jg is not connected.
For an example, see [Mil], p. 50. It is the case (cf. [Mil], Corollary 4.15) that if Jg
is not connected, it must have uncountably many connected components.

In a number of cases, there is a nonempty “residual set,”

(7.3.22) Jo = Jr\ | J00;,
J

where {O;} are the connected components of Fr. In such a case, one has
(7.3.23) A(00;) =0,

for all j. If R(z) is a polynomial, of degree > 2, then the connected component O
of Fr containing oo has the property that 00> = Jg, and then Jy = (). In many
cases, it can be shown that if Jy = ), then (7.3.23) holds except for one component
of Fr. Further discussion of this matter can be found in [HT].



119

A. Quadratic forms and self-adjoint operators

Here we discuss a couple of results that associate a positive semi-definite self-
adjoint operator to a quadratic form, starting with the classical Friedrichs extension
method. All vector spaces will be vector spaces over R.

In the setup for the Friedrichs method, we have a Hilbert space H, with inner
product ( , )g, and another Hilbert space V', with inner product Q( , ), and a
continuous, injective map

(A.1) J:V — H,

with dense range. Via J, we identify V' with a dense linear subspace of H. Com-
posing with J : H — V' (which is also injective, with dense range), we have

(A.2) Ve H<sV.

Meanwhile, the inner product Q( , ) on V induces an isomorphism

(A.3) Ag:V V!, with inverse Tg: V' — V.

We restrict Tg to H, mapping H to V C H, to get the bounded linear operator
(A4) T:H — H.

Given u,v € H, we can pick f,g € V such that u = Ag f,v = Agg. Then

=Q(f,9)-

Hence
(u, Tv)g = (v, Tu) g,

so the bounded operator T is self-adjoint. Clearly T is injective, hence has dense
range R(T) C H. Thus the inverse A of T' is densely defined,

(A.5) A:H — H, D(A)=R(T),

and it is a classical result that A is self adjoint (cf. [T1], Appendix A, Proposition
8.2). Clearly

(A.6) u,v € D(A) = (Au,v)g = Q(u,v).



120

One verifies that

(A7) D(AY?) =V,

Let us also note that

(A.8) D(A) ={ueV:Ague H}.

Given that V is a Hilbert space, we say @ is a closed quadratic form. More
generally, we can let Vj have a positive-definite inner product () and a continuous
injection J : Vo — H. Then we can form the Hilbert space completion V' of Vj, and
extend J to a continuous linear map J : V — H. If J is injective on V', we say @ is
closable, and associate the self-adjoint operator A by the process described above.

Here is a basic example of a non-closable quadratic form. Set

(A.9) H=L1*([0,1]), Vo=C(0.1]), alf.g) = f(0)g(0).

Of course, « is not positive definite, so we fix § > 0 and set

(A.10) Q:VoxVo =R, Q(f.g)=alf,g9)+6(f 9)u.

It is readily seen that the Hilbert-space completion of 1 is
(A.11) v# = 2({0}) ® L*([0,1)),

and that the extension of J, J# : V# — H, annihilates the first factor on the right
side of (A.11) and maps the second factor isomorphically onto H. On the other
hand, we can set

(A.12) V =V#/Ker J¥,

and obtain the setting described above. Thus there arises a self-adjoint operator A
on H, and we readily check that

(A.13) A=4I.

Consequently the effect of the quadratic form « on A has disappeared.

We move on to an expanded method of assigning a self-adjoint operator to a
quadratic form, introduced in [AtE2] and used in [AtE]. In this setting, we have a
real Hilbert space H, with inner product ( , )g, a real vector space Wy, a linear
map

(A.14) 7: Wy — H, with dense range,
and a positive symmetric bilinear form

(A.15) a:Wox Wy =R, a(u,u)>0, Vue W.
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We do not want to assume that « is positive definite. However, we do assume that
(A.16) KeraNnKer7 =0,
which, if necessary, can be arranged by passing to a quotient space of Wy. Then
(A.17) Bu,v) = a(u,v) + (Tu, 70) g

is a positive-definite inner product on Wy. Let W# denote its Hilbert space com-
pletion, yielding the continuous linear extension of 7,

(A.18) % . W# — H, with dense range.
Now we form
(A.19) V =W%#/Kerr#,

which has a natural Hilbert space structure, isomorphic to the orthogonal comple-
ment of Ker 7# in W#. Also 7# in (A.18) induces a natural continuous injection

(A.20) J:V —H

with dense range, and we are in the setting described as the beginning of this
appendix, yielding a positive-semidefinite self-adjoint operator

(A.21) B:H-—H

In view of how this arises from (A.17), we have Spec B C [1, 00), and the self-adjoint
operator A associated with « is

(A.22) A=B-1.
Note that
(A.23) D(AY?) =D(BY?) =V,

where we identify V' with a dense linear subspce of H, via (A.20). Equivalently,

(A.24) D(AY?) = 7#(WH).
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B. Green’s formula

Here we discuss sufficient conditions for the identity

(B.1) /(VU,VU> av :/%vda,
Q Bl9)

given

(B.2) Au=0 on £,

and given further conditions on the domain €2 and on the functions v and v on €.
In all cases, we assume 2 C M is a finite perimeter domain, as defined in Chapter
4 (with dim M = n), and o is surface measure, as in (4.0.2)—(4.0.4).

The identity (B.1) arises in (3.1.5) when Q C M is a Lipschitz domain and

(B.3) u=PIf, v=Plg, f,g¢cH (00).
As stated in (3.1.2), such an hypothesis on u implies
(B.4) Vu € £2(Q),

where we set

£P(Q) = {w € C°(Q) : w* € LP(9N) and I nontangential

(B.5) -
limit w‘aﬂ, a.e. on 00}.

(Recall that w* denotes the nontangential maximal function.) Meanwhile, since
HY(00Q) c L1(99) with ¢ = 2(n —1)/(n — 3) for n > 3, any q < oo if n = 3, and
q = oo if n = 2, results on Plg, for g € H'(0Q) C L1(99) give

(B.6) veE L), q>2,

as well as (B.4) for Vu. Let us note that £°(Q2) C LP(Q2). In fact, a stronger result
holds:

(B.7) £r(Q) c LPV/(=H(Q).
This is fairly elementary when  is a Lipschitz domain. In [HMT], §3.2, it is

established for a broader class of domains, namely the class of Ahlfors reqular
domains, defined as follows.
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Let 2 C M be an open subset, and assume
(B.8) H"HON) < 0o, H"HON\ 0.Q) =0,

where 0,() is the measure-theoretic boundary of €). Assume also that there exists
a € (1,00) such that for all p € 9Q, r € (0,1],

(B.9) a~tr" <o (00N B, (p)) < ar™ 1,

where o is surface area on 0N (i.e., (n — 1)-dimensional Hausdorff measure). It is
elementary that each Lipschitz domain is Ahlfors regular.

Returning to (B.1), we will show that it follows from the divergence theorem, in
the form

(B.10) /diVXdV = /<V, X) do,

Q o0
when the vector field X is given by
(B.11) X =vVu,
in which case
(B.12) divX = Vv -Vu+vAu = Vv - Vu,
provided Au = 0. Note that (B.4) and (B.6) imply
(B.13) X € £°(Q2), for some p > 1.
Meanwhile, given Vu € £2(2) and also Vv € £2(Q), we have
(B.14) Vu - Vo e £4(Q) c LVD(Q) c LY(Q).

The following form of the divergence theorem was established in [HMT], in §2.3 for
domains () in Euclidean space, and in §5.3 for domains {2 in a compact Riemannian
manifold, with a continuous metric tensor.

Proposition B.1. Let M be a compact Riemannian manifold and let 2 C M be
an Ahlfors reqular domain. Assume that X is a vector field on € satisfying

(B.15) X € £7(Q), and divX € LY(Q),

for some p > 1. Then (B.10) holds.

REMARK. This result has been extended in [MMM] to include the case p = 1. This
extension is useful for the study of real Hardy spaces on 9€2, but we will not use
this extension here.

We record the general result on (B.1) that follows from Proposition B.1 and the
calculations involving (B.10)—(B.14), of use in Chapter 6.
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Proposition B.2. Let Q C M be an Ahlfors reqular domain. Assume u and v
satisfy

(B.16) Vu,Vo € £2(Q), v e £4Q), ¢> 2,

and Au =0 on 2. Then (B.1) holds.
Here is a case of direct interest in Chapter 6.

Proposition B.3. Let QQ C M be a UR domain, and let
(B17) quf? UZSQ) f)gELz(aQ)7
where S is the single layer potential operator, given by (6.0.11). Then Au= Av =0

on Q, and u and v satisfy (B.16).

Proof. That Au = Av = 0 on Q follows from the construction of E(z,y). That
Vu, Vv € £2(Q) follows from (6.0.12)—(6.0.14). That v € £4(Q) for some ¢ > 2
follows from calculations done in §5.1 of [HMT].
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