The Cauchy Integral Theorem on Finite-Perimeter Domains
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1. Introduction

The first goal of this note is to establish the following two results.

Proposition 1.1. Let 2 C C be a bounded open set, and assume §) is a finite-
perimeter domain. Assume

(1.1) f €Lip(Q), and f is holomorphic on .

Then

(1.2) /f(z) da(z) = 0.
o

Here a is a complex Borel measure on 02 that will be described below; see
(3.4)—(3.7).

Proposition 1.2. Let 2 C C be a bounded open set. Assume OS) has finite 1-
dimensional Hausdorff measure and only a finite number of connected components.

Then (1.2) holds provided

(1.3) f €C(Q) and f is holomorphic on 2.

These results lead to the following version of the Cauchy integral formula.
1
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Proposition 1.3. In the setting of either Proposition 1.1 or 1.2, if zg € €1, then

(1.4) fe0) = 5 [ L dagz).
o0 0

Proof. Propositions 1.1-1.2 apply to

RO ()

zZ — 20

which has a removable singularity at z = zy. Hence (1.4) follows from the identity

(1.5) / . —12’ do(z) = 2mi.
o0 0

In turn, we can apply Proposition 1.1 to f(z) = 1/(z — 2g), with Q replaced by

Q\ D.(z0), where D.(zp) is a small disk centered at zg, to get

(1.6) / . _1Z0 da(z) = / . _120 da(2).

a0 0Dc(z0)

The formula (3.7) for the measure o makes it clear that the right side of (1.6) is
equal to

(1.7 [

6D5 (Zo)

whose identity with 27 is standard.

Of the results described above, Proposition 1.1 is well known, and is included
just as a starting point. The goal in subsequent propositions is to establish (1.2)
and (1.4) under weaker hypotheses on f than (1.1).

We define some terms used above, starting in a general n-dimensional setting.

Given 2 C R", bounded and open, let xo(x) = 1 for z € Q, 0 for z ¢ , and
form

(1) Vxa =

an R™-valued distribution, supported on the boundary 02. We say () is a finite-
perimeter domain if p is a finite R™-valued measure. In such a case, the Radon-
Nikodym theorem allows us to write

(1.9) w=—vo,



3

where o is a positive measure supported on 0f) and v is a bounded, R™-valued
Borel function of 012, satisfying

(1.10) lv(z)| =1, o-a.e.

Via distribution theory, we can restate (1.8)—(1.9) as follows. Take X € C>*(R"™,C"),
a complex vector field. Then

(1.11) (div X, xa) = =(X, Vxa).
Hence (1.8)—(1.9) is equivalent to

(1.12) /dide:z: _ /<u, X) do.

Q o

Applying a mollifier, X, = ¢. * X, and noting that div X. = . * div X, we see
that, if

(1.13) X € C(R"), divX € LYR"),
then
(1.14) X. — X uniformly on Q (hence on 992), and

divX, — divX in L'-norm,

so we have the identity (1.12) whenever X satisfies (1.13), in particular whenever
X € Lip(R™). This leads to the following:

Proposition 1.4. If Q C R™ is a finite-perimeter domain, (1.12) holds whenever

X € Lip(Q).
Proof. Each X € Lip(Q) has a Lipschitz extension to R™.
For later use, we record the following simple consequence.

Proposition 1.5. Let Q) C R™ be a finite-perimeter domain. Assume
(1.15) X eC@Q), divX|,eL'(Q),

and assume there exist X, € Lip(Q) such that

(1.16) X — X uniformly on Q, divX, — divX in L'(Q).

Then X satisfies (1.12).

The rest of this note is organized as follows. Section 2 recalls basic facts about
finite-perimeter domains 2 C R™, the measure o on 0f2, and its relation to (n — 1)-
dimensional Hausdorff measure. In §3 we prove Proposition 1.1. Along the way to
proving Proposition 1.2, we bring in the following.



Proposition 1.6. Let Q C C be a bounded, open, finite-perimeter domain. Assume
Q has a “tame interior approximation.” That is, assume there exist finite-perimeter
domains Q C Q C Q and C < oo such that

(1.17) X, = xa a.e., and o(0) < C.

Then (1.2) holds whenever f satisfies (1.3).

We prove Proposition 1.6 in §4, and then address the proof of Proposition 1.2 in
§5. We tie Propositions 1.2 and 1.6 together with a result on domains satisfying a
“lower Ahlfors regularity” condition.

In §6 we specialize Proposition 1.2 to the case where 2 C C is a bounded open
set whose boundary 0f2 is a disjoint union of a finite number of rectifiable Jordan
curves, and make contact with a version of the Cauchy integral theorem given in
[Si].

In §7 we mention some variants of Propositions 1.2-1.3, valid for holomorphic
functions on €2 such that

(1.18) Nfe L9, o),

where N f is the nontangential maximal function of f. Such results are established
in [HMT], [MMT], and [MMM], for certain classes of finite perimeter domains.

We have two appendices. Appendix A verifies that, when 2 C R" is a bounded
open set, the definition of when (2 is a finite-perimeter domain (and what its perime-
ter is) given in [CR] is equivalent to that given in this note (which follows a number
of sources, such as [EG]|). Appendix B treats some removable singularity theorems,
describing compact sets K C C with the property that

(1.19) f € C(C), f holomorphic on C\ K = f holomorphic on C.

Results of such a nature arise from the analysis in §4.



2. Structure of finite-perimeter domains

We give a further discussion of the structure of a bounded open 2 C R™ that
is a finite-perimeter domain. Recall from §1 the vector measure u, the positive
measure o, and the function v on 9Q. When 09 is C*, v is continuous on 92 and
v(z) is the outward pointing unit normal to 02 at z. For general finite-perimeter
domains, 0f) can be quite rough, and it is useful to specify some distinguished
subsets. We define these subsets below and state some results, established in works
of DeGiorgi and Federer, referring to [EG] for proofs. These subsets will be denoted
0*Q) C 0p2 C 0.0 C 0N.

We first define the reduced boundary 0*€). By the Besikovitch differentiation
theorem,

1 ! =v(z
(2.1) hmw / vdo = v(z),

r—0 U(Br
B, (x)

for o-a.e. x. If x € 02 and the limit (2.1) exists, and |v(x)| = 1, we say x € 9*Q.
It is an important structural result that 0*Q is countably (n — 1)-rectifiable, i.e., it
is a countable disjoint union

(2.2) 0" =|J M, UN,
k

where each M), is a compact subset of an (n—1)-dimensional C! surface (to which v
is normal in the usual sense) and H"~1(IV) = 0, where H" ! is (n — 1)-dimensional
Hausdorff measure. Furthermore,

(2.3) o=H""10"Q.
Next, given a unit vector vg and x € 02, set
(2.4) Hy, (x) = {y € R": (+vp,y — z) > 0}.
Then (cf. [EG], p. 203), for z € 9*Q, QT = Q, and O~ = R" \ , one has

(2.5) lim r—"L" (Br(ac) nNo*n HfE (JJ)) =0,

r—0

when vy = v(z), as in (2.1). Here L™ denotes Lebesgue measure on R™. More
generally, a unit vector vg for which (2.5) holds is called the measure-theoretic unit
normal to 92 at x. If such vg exists, it is unique. Thus we define 952 to consist
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of x € 99 for which (2.5) holds, with vg(z) denoting the measure-theoretic outer
normal. We have 0p€2 D 0*Q and vg(z) = v(x) on 0*Q.

Third, we define 0,2, the measure-theoretic boundary of €2, to consist of x € 92
such that

(2.6) limsup =" L" (Br(x) N Qi> > 0.

r—0

It is clear that 0,0 D 9. Furthermore (cf. [EG], p. 208) one has
(2.7) H" 0.0\ 0%Q) = 0.
Consequently the formula (1.12) can be written
(2.8) /dide:z: = /<I/,X> dH" 1,

Q 8.9

for X satisfying the conditions of Proposition 1.4 or Proposition 1.5.
We remark that 0,2 is well defined whether or not €2 has finite perimeter. It is
known that  has finite perimeter if and only if H"~1(0.Q) < co (cf. [EG], p. 222).



3. Proof of Proposition 1.1

Let us now take n = 2 and address Proposition 1.1. We take a complex valued
f € C(Q) and form the vector field

(3.1) X = CJ»

Then, as a distribution on €2,

: of Of
2 X=i——-—=.
(3.2) div o Dy
Hence
(3.3) divX =0on Q <= f is holomorphic on (.

Now if f € Lip(f2), then X € Lip(Q), and Proposition 1.4 applies, yielding

(3.4) aéfm EYdr =0, E= (_21)

This proves Proposition 1.1, with the complex measure « given by
(3.5) a=(v,E)o.

Note that if we implement the natural identification R? ~ C, we obtain

(3.6) v= <V1) — v +ivy =0, while (v, E)=iv; — v,

V2



4. Proof of Proposition 1.6

To prepare for the proof of Proposition 1.6, we introduce a concept that arose
in [HMT].

Let 2 C R” be a bounded, open, finite-perimeter domain. We say €2 has a tame
interior approximation if there exist finite perimeter domains € C Q, C Q and
C < oo such that

(4.1) X, — Xa a.e., as k — oo, and o(09Q) < C.

We remark that it need not be the case that o(9€Q;) — o(092). Actually, the
first part of our hypothesis in (4.1) is weaker than given in [HMT], which required
Qr Q. Thus the following result is a little stronger than its counterpart in
[HMT], though the proof is essentially the same.

Proposition 4.1. IfQ C R" is a bounded, open finite-perimeter domain with tame
interior approximation, and if

(4.2) X e0(Q), divX e LYQ),

then

(4.3) /didex = /<l/, X) do.
Q oN

Proof. The argument involving (1.13)—(1.14) implies

(4.4) /XQk (x)div X dz = —(Vxa,,X),

for each k. The first part of (4.1) implies, via the Lebesgue dominated convergence
theorem, that the left side of (4.4) tends to

(4.5) /didex, as k — oo,
Q

given div X € L'(Q). We also have
(46) XQ, — XQ in Lp(Rn)7 vp € [1700)7
all supported in Q, hence

(47) VXQk — Vxq, Iin g/(Rn)
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But the second part of (4.1) implies {Vxq, } is a bounded family of R"-valued
measures, supported in €2, and this together with (4.7) gives

(4.8) Vxa, — Vxa, weak™in M(ﬁ)

Thus the right side of (4.4) tends to

(4.9) / (v, X) do,
o0

as k — oo, given X € C(£2). We hence have (4.3).

Given Proposition 4.1, arguments from §3 establish the following, which is Propo-
sition 1.6.

Proposition 4.2. Let Q0 C C be a bounded, open, finite-perimeter domain, and
assume §) has a tame interior approximation. Assume

(4.10) f€C(Q) and f is holomorphic on (.

Then

(4.11) /f(z) da(z) =0,
o0

where « is the complex Borel measure on 0 given by (3.5)-(3.7).

Though we have Proposition 1.6 at this point, we will linger, and derive some
more results for the class of domains with tame interior approximations. First,
from (4.8) and the formula (3.5)—(3.7) for «, we have the following complement to
Proposition 4.2.

Proposition 4.3. Let {Qx} be a tame interior approzimation to a bounded finite-
perimeter domain Q@ C C. Define the complex measure o on 92 as in (3.5)-(3.7),
and similarly define the measures oy, on 0. Then

(4.12) a — o weak™ in M(Q).

NOTE. One might not have o — o weak*. Thus cancellation effects can play a
role in (4.12). For an example, consider the slit disk,

(4.13) Q= Dy(0)\ [0,1),
where D1(0) = {2z € C: |z| < 1}. Then

(4.14) Q=D;(0), o0=S'uUl0,1], 8.Q=S5"
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where S! = {z € C : |z| = 1}. One can readily find a tame interior approximation
to Q, e.g.,

(4.15) Q= {2z € Q : dist(z,00) > 27"},
Note that
(4.16) {Q} is also a tame interior approximation to D1(0),

by the definition (4.1) (though not by the definition in [HMT]).

Consideration of the last example points to a removable singularities theorem:

Proposition 4.4. Let © C C be a bounded open set, K C O a closed set of 2D
Lebesgue measure 0. Assume Q = O\ K has a tame interior approzimation, Qj C
(which is automatically also a tame interior approximation to O). Then

(4.17) f€C(O), f holomorphic on Q@ = O\ K => f holomorphic on O.

Proof. Proposition 4.2 applies to €2, and the accompanying Cauchy integral formula
holds:

(4.18) 1€ =5 [ H dante)
0.Q

for all { € Q. By (4.12), the complex measure ag on Jf2 is equal to the measure
ap in 00. Thus, for ¢ € Q,

(4.19) 16 =5 [ 1 daota)
0.0

But the right side of (4.19) is holomorphic on C\ 0.0, and in particular on O.
In case O = D;(0) and €2 is given by (4.13), the fact that K = [0, 1] is a removable

set of singularities (in the category C(O)) can be established directly, via Morera’s
theorem. Proposition 4.4 deals with sets K much more irregular than a slit. One
might investigate for what class of compact sets K C O a direct proof of (4.17) via
Morera’s theorem can be made.

See Appendix B for comments on a related removable singularity problem.
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5. Proof of Proposition 1.2

Proposition 1.2 follows directly from Proposition 1.6 and the next result:

Proposition 5.1. Let Q C C be a bounded open set. Assume H(9Q) < oo and
that 02 has a finite number of connected components. Then €2 has a tame interior
approzimation. More precisely, there exist finite perimeter domains €, C Qi C €
and C' < oo such that

(5.1) Qr A/ Q, and o(0Qy) < C.

Note that the condition (5.1) is stronger than (1.17). In fact, it is the condition
initially used in [HMT].

The first step in the proof of Proposition 5.1 brings in the following concept,
which we formulate in the general n-dimensional context. Let {2 C R™ be a bounded
open set. Assume H"1(9Q) < co. We say 99 is lower Ahlfors regular if there
exists C; € (0,00) such that, for all r € (0, 1],

(5.2) Cir" ! <H"YOQN B,(p)), Vpe Q.

We have the following.

Proposition 5.2. Let 2 C C satisfy the hypotheses of Proposition 5.1. Also as-
sume each connected component 'y, of OQ has positive diameter, dy (i.e., consists
of more than one point). Then OS2 is lower Ahlfors regular.

Proof. For such €, if p € 'y, we have
(5.3) HYONN B (p) >r, Vrec(0,dy).

Proposition 5.2 together with the next result establish Proposition 5.1.

Proposition 5.3. Let Q C R™ be a bounded open set. Assume H" 1(9Q) < oo
and that OS2 is lower Ahlfors reqular. Then €2 has the tame interior approximation

property, satisfying (5.1).

In order to prove Proposition 5.3, we bring in the following lemma, which arose,
in another context, in [HMT].

Lemma 5.4. Let Q2 C R” satisfy the hypotheses of Proposition 5.3. Set
(5.4) Os = {x € Q : dist(z,00) < §}.
Then

(5.5) Vol(Os) < C6.
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Proof. Let B denote the unit ball centered at 0 in R™, with volume V,,, and set

(5.6) Xs(@) =V, 16 "xp (0 ),

so [xsdr=1. Set w=H""1]9Q and

(5.7) Gs = w * X5,

SO

(5.8) /G5(m) dr = H""1(0Q), Vd>0.

We also have the following. If p € 092 and |x — p| = dist(x, 0Q),

dist(z, 9Q) < g = Gs(x) > C65 "H" (00N Bs2(p))
>,

(5.9)

the last inequality by (5.2). Hence

Vol(Oys) < C6 / Gy () da
Os/2
< CoHm1(09).

(5.10)

This proves (5.5).
Having this lemma, we are ready for the
Proof of Proposition 5.3. Consider ¢ € Lip(Q), given by (z) = dist(z, 9), and
set
(5.11) Qs ={xe€Q:p(z)> s}
For § > 0, set
vs(x)= 0, for x €y,

(5.12) o(z), for ze€Q\Qs.

Thus Vs is supported on Os and |Vi)s| = 1 on Os. A version of the co-area
formula (Theorem 5.4.4 of [Zie]) gives

0
(5.13) / Vips| da = / IVxa,llrv ds,
Os 0
where || - ||y is the total variation of a (vector-valued) measure. Now the left side
of (5.13) equals Vol(Os), so (5.5) implies
0
(5.14) / ||VXQS TV ds S 05
0

Thus, for each k > 1, there exists s € (0,1/k) such that ||Vxaq,
proves Proposition 5.3.

TV S C. This
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6. Domains bounded by simple, closed, rectifiable curves

Let Q C C be a bounded open set, and assume 0f) consists of a finite set of
disjoint, rectifiable Jordan curves,

(6.1) oNN=T1U---Uly,.
Say I'; is the image of
(6.2) 7 1[0, L;] — C,

with ~;(0) = 7,(L;). We parametrize 7; by arc-length, so it is a Lipschitz map,
and, for f € C(I';),

L;
(6.3) / F((8)) dt = / f(2)dA(2),
Ly

where
(6.4) A= MO0

We have H1(0Q) = Y L; < oo, and a fortiori H!(0.Q) < co. Hence, as seen in §2,
) is a finite-perimeter domain. Proposition 1.2 applies, and we have the following.

Proposition 6.1. Take ) as above, bounded by m rectifiable Jordan curves, I';,
and assume

(6.5) feC(), f holomorphic on Q.

Then

(6.6) > [ fz)datz) =0,

jzlrj
where, as in (3.7),
(6.7) a=1ivo,

and o is the positive measure on 0S) specified by (1.8)—(1.10).
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To complement this result, we want to relate [ f(z)da(z) to the integral
J

Lj
/ﬂdM=A OO dt

(6.8)

- [ 1@ i)
where
(6:9) (5(0) = %0

defines a bounded, A-measurable function on I';. Meanwhile, by (3.4)—(3.7),

[ ferdat) = [ st dots

(6.10)
- [ 1@ doo),
L
the last identity because, by (2.2),
(6.11) iv(z) =71(z), o-a.e.

We are hence motivated to record the following result.

Lemma 6.2. For 2, A\, and o as described above,
(6.12) A=o0.
Equivalently (via (2.7)),

(6.13) H (O 9,0) = 0.
Proof. This follows from Theorem I of [CR], whose part (ii) yields

(6.14) a(00) => L = A(09),

which implies (6.13).

Now we can restate Proposition 6.1 as follows.
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Corollary 6.3. Take ) as in Proposition 6.1 and assume f satisfies (6.5). Then

m

(6.15) }:/f@mz:&

i=1y,

For m = 1, this is Theorem 4.6.1 of [Si]. To illustrate the extra generality of
Proposition 1.2, we mention that one can readily produce examples of bounded,
open, connected sets  C C such that 99 is connected and H!(0Q) < oo, but
C \ © has infinitely many connected components. Indeed, one can arrange that
every neighborhood U of each point p € 9¢) contains infinitely many connected
components of C\ Q. On the other hand, there is the following notable rectifiability
theorem of [CR].

Theorem ([CR]). Let Q C C be a bounded open set with finite perimeter. Assume
(6.16) 00 = 0(C\ Q),

i.e., ) is the interior of Q, and

(6.17) C\ Q has m connected components, m € N.

Write 2 = U;0;, as the disjoint union of its connected components. Then

(6.18) a(0Q) = > a(00;),

J

and each 00; consists of < m rectifiable Jordan curves ;. Furthermore, for each
Js

(6.19) o(00;) = > H' (vjr)-
k
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7. Further results

Here we describe some variants of Propositions 1.2-1.3, valid for a broader
class of holomorphic functions on €2, for certain classes of finite-perimeter domains
Q). Propositions 7.1-7.2 below are consequences of results of [HMT], [MMT], and
[MMM], to which we refer for proofs.

Given a bounded, finite-perimeter domain 2 C C, and p € [1, 00|, we set

(7.1) $HP(2) = {f holomorphic on Q : N'f € LP(9Q,0)},
where NV f denotes the nontangential maximal function,

(7.2) Nf(z) = sup [f(C)],
CeT.

and where, for z € 012, and some choice of a € (0,1),
(7.3) I', ={¢ € Q:dist(¢,00) > a|¢ — z|}.

The following result was established in [HMT] and pursued further in [MMT] and
[MMT2].

Proposition 7.1. Let @ C C be a bounded, finite-perimeter domain. Assume
HL(ON\ 8.Q) =0 and that O is Ahlfors reqular. Assume that

(7.4) f e nr(), forsomep>1,
and that
(7.5) f has a nontangential a.e. limit f, € LP (09, o).

Then, with o denoting the complex measure on 9$) given by (3.4)-(3.7),
(7.6) /fb(z) da(z) =0,
o0

and, for each zy € 1,

(7.7) fGo) = 5 [ 2L dace)

2w zZ— 2y
o)

Here, to say 0f2 is Ahlfors regular is to say there exist C; € (0, 00) such that, for
all 7 € (0,1],

(7.8) Cir < HY(OQ N B, (p)) < Cyr, Vp e Q.

Contrast this with the one-sided condition (5.2).
Proposition 7.1 was sharpened in [MMM] in several ways. For one, the endpoint

case p = 1 was included. For another, the class of domains €2 was broadened. These
results of [MMM] include the following.
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Proposition 7.2. Let 2 C C be a bounded, finite-perimeter domain. Assume OS)
is lower Ahlfors reqular (cf. (5.2)), that H'(02\ 0.02) = 0, and that o is a doubling
measure on 0S). Assume

(7.9) f €9 (Q),

and f satisfies (7.5), with p=1. Then (7.6)—(7.7) hold.

The monograph [MMM] also has Fatou theorems, to the effect that, if f € $HP(Q),
then (7.5) holds. Such results are shown to hold if p > 1 and € is a uniformly
rectifiable domain. A stronger Fatou theorem, allowing p = 1, is demonstrated in
[MMM] when Q is an Ahlfors regular NTA domain.

There are other interesting variants. For example, if 2 C C is smoothly bounded,
and f is holomorphic on 2, then

(7.10) feLl?Q) = Trfe H Y0Q),

and one has variants of Propositions 1.2-1.3. General results implying (7.10) can be
found in [Se], using pseudodifferential operator calculus. An elementary argument,
using Green’s formula, is given in [T]. There are further results along these lines,
making contact with the “bullet product” developed in [MMM], which we will
discuss in another note.
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A. Complements on finite-perimeter domains

Here we fix a mollifier, of the form

Jeu = e xu, p(r)=c¢

—Nn

o™ x),

e C°(R"), ¢ =0, /w(ﬂc) dr =1.
Given a bounded open set 2 C R"™, we set

(A.2) F.(x) = pe x xa(z).
Our first goal here is to prove the following.

(A1)

Proposition A.1. Given 2 C R", open and bounded, the following are equivalent:

(A.3) Q is a finite-perimeter domain and o(02) = A,
and
(A4) lim / VF.(2)] dz = A.

e—0

We include this result because (A.4) is given as the definition of a finite-perimeter
domain in [CR], and we want to be sure this is equivalent to the definition given in

§1.
To start the proof, note that F_., defined by (A.2), belongs to C5°(R™), and

(A.5) VE. = e p,
with

(A.6) p="Vyxq€&'R"),
and

(A.7) ek pp—> p in E'(R™).

Now (A.4) implies @, * p is bounded in L'(R™). Hence there is a subsequence
er — 0 such that

(A.8) e, * b —> i, weak™ in M(K),

the space of finite Borel measures supported on a compact set K C R"”, chosen

large enough that supp F. C K for all € € (0,1]. Here 1 is an R"-valued measure,
supported on Jf2. Furthermore, by Alaoglu’s theorem, if (A.4) holds,

(A.9) |a|lrv < A.

Comparison with (A.7) implies y = fi, i.e., g is an R"-valued measure, so (1.9)
applies, and

(A.10) lullry = 0(0Q) = A < A,

Thus we are in the setting of (A.3) (but with A in place of A). Hence, to prove

Proposition A.1, it remains only to show that (A.3) = (A.4).
In fact, we prove the following more precise result.
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Proposition A.2. Assume € is a bounded, open, finite-perimeter domain in R™,
with Vxq =pu = —vo, as in (1.8)-(1.9). Take F. as in (A.2). Then

(A.11) \VF.| — o, weak™ in M(K),

the space of finite Borel measures on K (the compact neighborhood of Q described
above).

Proof. Take § > 0. We apply Lusin’s theorem to v € L'(99Q, o) in (1.9) to see that
there is a compact set K1 C 02 such that

(A.12) o(02\ K1) <§ and V!Kl is continuous.
Then there exists

(A.13) ¢ € C(K) such that v =v on Kj, [¢] <1,
and we can write

(A.14) —p=vog+ oy, o1=0|Ky, o9g=0c|(00)\ Ky).

Then

—VF, = — E/L:JE(VO-O)_FJE(wO-l)
(A.15) = Je(voo) + [Je, Y]or + P Jeon
= g2 + g2 + Vo1

We have
(A.16) 19222 < lloollTv < 6.

As for g} = [J.,]o1, we have the following.
Lemma A.3. Given o1 € M(09), ¢ € C(K), the commutator [J, )] satisfies

(A.17) [T, ¥loil|rr — 0 as €\, 0.

Proof. If ¢ € C§°(R™), [Jz,¢] is bounded in OPST§(R™), so {[J., oy : € € (0,1]}
is bounded in the Sobolev space H*P(K) for some p > 1, s > 0, hence relatively
compact in L}(K). Clearly [J.,]o; — 0 in &'(R™), and this leads to (A.17), for
P € C§°(R™). The result for all ¢ € C(K) follows readily, via a limiting argument.

Returning to the proof of Proposition A.2, we have from (A.15)—(A.17) that

(A.18) limsup || = VF. —¢J.oq]|pr <9,

e—0
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hence

(A.19) limsup || |VEF:| — || Jzo1||p < 6.
e—0

Now the L'-bounds on |VF.| imply that for each sequence ¢ — 0, there is a
subsequence ¢, — 0 and a positive measure «, supported by 9€2, such that

(A.20) |\VF,, | — «, weak™ in M(K).
Meanwhile,
(A21) W|Ja<71 — |w‘0-17 Wea’k*v

and |¢|o1 = o1. In conjunction with (A.19), and via Alaoglu’s theorem, we get

(A.22) oo — o1||Tv <0,
hence
(A23) HOz - UHTV < 20.

Since the left side of (A.23) is independent of §, this implies & = o, and we have
the desired conclusion (A.11).
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B. A removable singularity problem

Motivated by Proposition 4.4, we address the following basic case of a removable
singularity problem. Given K C C compact, we ask when we have the implication

(B.1) f € C(C), f holomorphic on C\ K = f holomorphic on C.

This is to some degree close to the question of when we have the implication
(B.2) f € L>=(C), f holomorphic on C\ K = f holomorphic on C,

which has been much studied. The fact that, when K = [0, 1] is a slit, (B.1) holds

but (B.2) fails illustrates the subtlety of the questions. Note that (B.1) fails if and
only if there is a nonzero distribution

(B.3) we&'(C), suppw C K,
such that
(B.4) % rw e C(C).

Similarly, (B.2) fails if and only if there exists w satisfying (B.3), with (B.4) replaced
by (1/z) *w € L>®(C). Note that if K has positive 2D Lebesgue measure,

1
(B.5) w:XK:>Z*w€CT((C), Vr <1,

so (B.1) fails for such K. On the other hand, if we apply Proposition 4.4 with O
taken to be an open disk containing K, we obtain the following.

Proposition B.1. Let K C C be a compact set with 2D Lebesque measure 0.
Assume there exist open sets Uy D K and C < oo such that

(B.6) L2(Ug) =0, HY(OUR) <C.

Then the implication (B.1) holds.

Corollary B.2. Let K C C be a compact set with finite 1-dimensional Hausdorff
measure,

(B.7) HY(K) < .

Then the implication (B.1) holds.
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Proof. We recall how 1-dimensional Hausdorff measure is constructed. Given § >
0, S C C, we set

(B.8) *5(8) = inf{Z(diamBj) .5 c | B;,diam B; < 5},
jz1 jz1
which is a monotone function of §, and then set

(B.9) 1i(S) = lim hj 4(S),
§—0 ’

which is a metric outer measure. Every compact K C C is hj-measurable, and we
set

(B.10) HY(K) = hi(K).

One can make a construction parallel to (B.8)—(B.10), in which the countable cover
of S in (B.8) is required to consist of open disks of diameter < §. We denote the
resulting measure by H},, which is clearly > H!'. Now a set of diameter d; might
not be contained in a disk of diameter d;, but it is certainly contained in a (closed)
disk of radius d; (i.e., diameter 2d;), so we have

(B.11) HYK) < HL(K) < 2H' (K).

If K is compact, any cover of K by open disks has a finite subcover. Hence, for
§ = 27% we can take a finite cover of K by open disks Dy 1, ... ; D N (1), such that
diam Dy, o < 6 and

(B.12) > (diam Dy ) < Hp(K) +27.
)
If we set
(B.13) Uy :UDk7gDK,
¢
then
(B.14) o(OU) < Z (diam Dy, ),
¢
and

,CQ(Uk> < %Z(diaka’wg
£

(B.15) 5
S I zg: dlaka g)

o (B.6) holds, and hence Proposition B.1 applies.
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