)

An elementary introduction to partial
balayage
Pu-Zhao Kow

Department of Mathematical Sciences, National Chengchi University
pzkow@g.nccu.edu.tw

February 19, 2025



This lecture note on partial balayage is designed for graduate students. Rather than following
the historical development, we introduce partial balayage directly through modern approaches,
based on some materials in [GS12, GS24, Gus90, GS05, KLLSS24, KS24], which is consistent
to the one in [Gus04, Definition 3.1]. Since the audience consists of graduate students, we will
explain the details in a clear and straightforward manner.

For those students who do not familiar with distribution theory (i.e. generalized functions), one
can refer to the monograph [FJ98], or my other existing lecture note [Kow22, Kow24] as well, we
will not explicitly mention weak/distributional derivatives. We also provided some preliminaries
(a version of Hahn-Banach theorem, Sobolev embeddings and integration by parts in weak sense)
in Appendix A. Throughout this lecture note, we will only consider real-valued functions unless
stated explicitly.

Acknowledgments. I would like to express my sincere gratitude to Prof. Yuusuke Iso for inviting

me to visit Kyoto University. This opportunity encouraged me to begin preparing this lecture note.
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CHAPTER 1

Partial balayage of compactly supported bounded measures

1.1. Motivation

The word “balayage” means sweeping in French. Given a compactly supported distribution
i € &'(R™), we are interested to a procedure which output a compact supported distribution Bal (1)
satisfying

(1.1.1) Bal(u) = xp+u|c and min{l,u} <Bal(u) <1

for some open set D C R”, where Db .=R" \ D and

1 inD,

XD = I
0 1inD".

The open set D in (1.1.1) can be understood as the “region which the measure u was cleaned”, and
we see that the measure remain unchanged in DC. Therefore, such distribution Bal () is called the
balayage of p (with respect to Lebesgue measure). It is also possible to discuss the partial balayage
on some manifold [GR18].

We don’t simply choose D = {u > 1}, since our main goal is to choose a suitable D to obtain
some “good properties” related to the following object (see Section 1.5 below):

DEFINITION 1.1.1 (quadrature domain). A bounded open set D C R" (not necessarily
connected) is called a quadrature domain (for harmonic functions), corresponding to a distribution

u e &'(D)if

(1.1.2) / w(x)dx = (u,w) forall we L'(D) with Aw = 0 in D.
D

The notation u € &’ (D) means that y is a compactly supported distribution satisfying the
support condition supp (1) C D. Since all L'(D) harmonic functions are in C*(D), thus the
distribution pairing in the right-hand-side of (1.1.2) is well-defined. It is interesting to point
out that one can use quadrature domain is related to acoustic scattering problem, see e.g.
[KLSS24, KSS24, KS24, SS21]. In fact, the mean value theorem for harmonic function can be
restated as follows:

EXAMPLE 1.1.2 (mean value theorem for harmonic functions). Let n > 2 be an integer and
let R > 0 be any constant. If u € L!'(Bg(xo)) is a solution to Au = 0 in Bg(xo), then Bg(xo) is a
1
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quadrature domain with respect to
1 = [Br(x0)|0x,

where |Bg(xo)| is the Lebesgue measure of Bg(xg) and &y, is the Dirac delta at xp.

EXAMPLE 1.1.3 (A conjecture that has been resolved). We refer a quadrature domain with
respect to 1 = 0 as null quadrature domain. Null quadrature domains are fully characterized in
[EFW25] for all dimensions n > 2 (the special case when n > 6 was done in [ESW23]), it must
either one of the followings:

(1) complement of a half-space; or

(2) complement of an ellipsoid; or

(3) complement of a cylinder with an ellipsoid base; or
(4) complement of a cylinder with a paraboloid base.

In either case, we see that null quadrature domains are unbounded.

At this point, from the mathematical point of view, quadrature domain can be viewed as a class
of domains which satisfies a “generalized mean value theorem” property. The word “quadrature”
goes back to the Latin noun “quadratura”, which means “making square-shaped”, “constructing
squares” or “the division of land into squares” [GS05]. We shall call a bounded domain D C C
a classical quadrature domain if there exists finitely many points ay,--- ,a,, € D and coefficients
ckj € C so that

m nip—1 '
(1.1.3) /Dfdxz Y ¥ i)
=1 j=0

for all integrable analytic functions f in D. Here dx is the area measure (i.e. Lebesgue measure on
C=R>). If Ckm—1 7 0, then the identity (1.1.3) is then called a quadrature identity and the integer
n=Yy" ,ngis the order of the quadrature identity.

EXERCISE 1.1.4. Let D be a simply connected open set in C 22 R?, and let u € C?(D) be a given
real-valued harmonic function. Show that there exists a real-valued function v € C?(D) such that
F = u+ivis analytic in D. [Hint: First define f := d,u —idyu and then consider its antiderivative
F as in the fundamental theorem of antiderivative [Kow23, Theorem 3.3.10]. Show that RF = u.]

By using the above exercise, one sees that (1.1.3) is a related to the quadrature domain
(Definition 1.1.1) with

m n—1

=Y Y e(-1/8) e &),
k=1 j=0

where 505,{ ) is the 7" order distributional derivative of the Dirac delta 0y, supported at a; € D. One

can refer to e.g. [GS05] for a brief of the history of quadrature domains.
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From now on, we always assume that n > 3. Recall that the function
o —1|.12—n
P(x) := (n(n—2)|B1])" |x|

(R™), which is a fundamental solution of —A, i.e. —A® = §, see e.g. [GTO1].

Without causing any confusion, we do not explicitly mention the term “almost everywhere (a.e.)”

1
is in L1OC

throughout this lecture note. By using the mean value theorem for harmonic functions, one sees for
each w € L'(D) with Aw = 0in D and u € &'(D) that

< B, XE" >_/(/R |Blr‘%3r(x—ym(y)dy) w(x) dx
~ [, (5 L te=swio dx) () dy

_Rn(us |/ )
(1.14) S O dy = (. w).

This shows that D is a quadrature domain corresponding to u if and only if D is a quadrature
domain corresponding to  * B B X8, € L (R") for all 0 < r < dist (supp (1), dD). This suggests us
to first consider partial balayage of compactly supported bounded measures, as in the title of this

chapter.

1.2. From variational problem to obstacle problem

Let Q C R" be a bounded connected smooth domain. Let H' (Q) be the Hilbert space equipped

with the norm
1

2
(1.2.1) 1Ny == (1 W20y + 19 12y )
and let HJ (Q) be the completion of C°(Q) with respect to the norm (1.2.1). In fact,
Hy(Q) = {ve H'(Q) :v|yq = 0}.

Given any v € H} (Q), by using [Brel1, Proposition 9.18], one sees that its zero extension

v inQ,
XQV = ) C
0 in Q",
belongs to H' (R") and satisfying
Vv inQ,
(1.2.2) V(xav) = xoVv =

0 inQL.
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Let A;(Q) be the fundamental tone of Q defined by

In fact, one has A;(Q) > 0 (well-known as Poincaré inequality), and A;(Q) is the first Dirichlet
eigenvalue of —A. By using Poincaré inequality, it is easy to see that H& (Q) can be equipped with
the following equivalent norm

Il @) = 1V - llz2 ()
Let A = (a;j) € (L™(Q))¢ym satisfies the following ellipticity condition:

AHEP <E-A)E <AIE)? inQforall £ € R

Leta: H}(Q) x H}(Q) — R be a symmetric bilinear form defined by

(1.2.3) a(vi,vy) / Vvi(x)-A(x)Vvy(x)dx.
It is easy to see that:
(1) a: H}(Q) x H}(Q) — R is continuous:
la(vi,v2)] < /\/QVW(X) -V (x) dx < Alvill gy ) 1v2ll g o)
for all vy, v, € Hy (Q).
(2) a: H}(Q) x H}(Q) — R is coercive:

la(v,v)| Z/\_IHVHIZLI(% for all v € Hj ().

Q)
Let v € H}(Q) and we define

K:= {VGH&(Q)I\/Z yinQ},
which is a non-empty closed convex subset of H(} (Q). By using Stampacchia’s theorem [Brell,

Theorem 5.6]], one reach the following lemma.

LEMMA 1.2.1 (“well-posedness” of a variational problem). Let y € H}(Q), f € H1(Q) and
let a: H}(Q) x H} (Q) — R be the symmetric continuous coercive bilinear form given in (1.2.3).

There exists a unique u, € K such that

. = argmin {a(u,u) —2(f,u)}
uek

and u, € K can also be characterized by

(1.2.4) a(us,u—us) > (fu—u) forallu€eK.

1Lax-Milgram theorem is a corollary of Stampacchia’s theorem, see e.g. [Brell, Corollary 5.8].
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Here (-,-) is the H~'(Q) x H}(Q) duality pair.

The following lemma shows that the element u, in Lemma 1.2.1 also can be characterized as
the smallest element of an obstacle problem.

PROPOSITION 1.2.2 (from variational problem to obstacle problem). Let y € Hé(Q), fe
HY(Q) and let a: H} (Q) x H} (Q) — R be the symmetric continuous coercive bilinear form given
in (1.2.3). Let u, € K be the function described in Lemma 1.2.1. If u € K satisfies

(1.2.5) —V-(AVu) > f in H (Q)-sense,

then u, < uin Q. In other words, u, is the smallest element in the collection

— . . 71 _
F(A,f) = {MGH(%(Q): MZV%Z”Q)Z]C’”H (Q)-sense }

PROOF. Since { := min{u,,u} € K, then from (1.2.4) we have

(1.2.6) a(us, § —us) > (f, & —u).
Since § — u, = min{u,,u} — u, <0 in Q, then from (1.2.5) we have
(1.2.7) a(u, & —uy) < (f,—uy).

We combine (1.2.6) and (1.2.7) to obtain
alu—uy, & —u,) <0.
By using the definition of {, we compute that
0> a(u—i, ¢ —u,) = /QV(u—u*) AV(E —u)dx

= V(u—u,)-AV(§ —u.)dx (because § < u, in Q, (1.2.2) involved)

{C<u}
= @ }V(C —uy)-AV(E —u,)dx  (because min{u,,u} = ¢ < u, implies § = u)
<Usx
= [ V(E =) AV —u)de = AT =l g
which implies u, = { = min{u,,u} in Q, which implies our proposition. 0J

1.3. Definition of partial balayage

The main theme of this section is to introduce partial balayage of u € LY (R") :=
{u € L=(R") : u has compact support} C &’ (R"). The Newtonian potential is defined as

UM (x) := (Pxu)(x / ®(x—y)u(y)dy.
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= —min{u,0} and see that 4 =y —p_ and || = py + .

We write 4 := max{y,0} and pu_ :=
We recall the following mean value theorem for sub-harmonic functions

LEMMA 1.3.1 (see e.g. [KLSS24, Appendix Al). If w € L'(Br(xo)) satisfying Aw > 0 in
Bg(xo), then, provided xy is a Lebesgue point of w,

1
_ w(x)dx > w(xp).
Br(eo)] Joa) 4200

In addition, the mapping
1
reRog— —/ w(x)dx
g |Br(‘x0)| By

is monotone increasing, unless there exists an R’ > 0 such that Aw = 0 in By in which the case the

mapping is constant on (0,R’) and increasing on (R, ).
We first begin with the following lemma.

LEMMA 1.3.2. Let u € LY (R"). Then
—Av<landv<UH"inR"

F(n):=<{veH (R"): - - 0.
(W) { foe () v = UH outside a compact set } 7

PROOF OF LEMMA 1.3.2. We define
1

(1.3.1) i:=U"%¢,—U" where ¢,:= |B_]XB
r

Using elliptic regularity, we know that it € WliCP(R”) for all 1 < p < . Note that

1 1
(UM % ¢,)(x) = B ‘/B Ut (x—y)dy = B |/ U*+(y)dy forall x € R™.
r r r

U+, using mean value theorem for subharmonic functions (Lemma 1.3.1), we see

Since —AUH+ =

that?
UM+ % ¢p(x) <UM+(x) forallx e R",

Ut % ¢p(x) = UM (x) forall x ¢ supp (i) + B,

which implies
(x) <UH(x) forallxeR",

(x) =U*(x) forall x ¢ supp (i) + B,.

1N

I

On the other hand, we see that

IBI R

—Ai(x) < Uyt * Op(x) |B |/ Uy (x Ui (x)dx forall x € R".

2For two sets A and B in R”, we define the set A+ B := {a+b:a €A,b € B}.
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We now choose r > 0 sufficiently large so that |B,| > [pn 14 (x) dx, we reach —Aii(x) < 1 for all
x € R". Thus we conclude that ii € % (). O

Before we further proceed, lets us introduce the following notion.

DEFINITION 1.3.3 (the term “near”). Let A be any set in R". We say that a property holds near
A if there exists an open set U D A such that the property holds in U. Sometimes we refer such U

an open neighborhood of A.

LEMMA 1.3.4. Let u € L (R"). Then there exists a largest element V¥ in F (), i.e. VH >v
in R”" forall v € Z (W). In addition, the element V¥ satisfies

(1.3.2) (14 AVH VH —UH) =0,

where (-,-) is the H1(Bg) x H& (BRr) duality pairing for some suitable chosen R > 1.

REMARK 1.3.5. Since V¥ € .7 (u), then one can choose R > 1 such that V¥ — U* € H} (Bg).
Therefore A(V* —UH*) € H~!(Bg). Possibly replacing R > 1 by a larger one, one may assume
that Bg O supp (), and one sees that 4 € H~!(Bg). Therefore the term AV in (1.3.2) can be
understood as

AVH = —u+A(V* —U*) e H1(Bg).

PROOF OF LEMMA 1.3.4. Fixing any R > 0 be such that & = U* outside Bg, where i is the

function given in (1.3.1). Let ¢ € H'(Bg) be the unique solution to

~A@ =1 inBs,
©=U" ondBpg.

(1.3.3)

Define
F(U):= {wEH&(Q) :—Aw>0andw > @ —U" in Bg} .

We claim that there exists a smallest element u, € .% (u). If this is the case, then
(1.3.4) VE =@ —u,

is the largest element of . (u)|p, := {v|p,:vE -Z(U)}. Since i = U* near dBg, then it is
necessarily V# = UH near dBg. Therefore, it we extend V# by V# := UH* outside Bg, we know that
VH € HL (R") is the largest element in .7 ().

In particular, the existence of the smallest element in .% (u) follows from Proposition 1.2.2 with
the bilinear form a : H} (Bg) x Hy (Bg) — R defined by

(1.3.5) a(vy,vn) = i Vvi(x) - Vi (x)dx
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and the observation ¢ —UH* € H(% (Bg). Indeed, from Proposition 1.2.2, we know that a(u,,u —
u,) >0forallue H(} (Bg) with u > @ — U*. Choosing u = ¢ — U*, we have

(1.3.6) —<Au*,(P—U“—u*>:Cl(u*,(P—U“—u*>ZO.
Since —Au, > 0 and u, > ¢ — U* in Bg, then
(1.3.7) (A, @ —U* —u,) = (—Aus,us — (@ —UH)) > 0.

Combining (1.3.6) and (1.3.7), we obtain

(13.4) (13.3)

0= (Auy, 0 —U* —u,) (=A@ —VH), VH —UH) (1+AVH VE UMY

which completes our proof. 0J

We now ready to define the main object which we are interested.

DEFINITION 1.3.6 (partial balayage for bounded functions). The partial balayage Bal (1) of
u € L (R") (with respect to Lebesgue measure) is defined as

Bal (i) := —AV* in 2'(R"),

where 2’(R") is the space of distributions on R”. We also called V# the partial reduction of U*
[GS09].

As explained in Remark 1.3.5 above, one can find R > 0 such that Bal (1) € H~!(Bg). For each
u € L (R"), from definition of .7 (1), it is easy to see that

(1.3.8) Bal(u) <1 and VH <U!inR"
We compute
UBA M) _ UM = @5 (Bal () — ) = —@* (A(VH — UH))
= —A®x (V¥ —U") =+ (VH -U*)=V*—-U" in 2'(R")

where the convolution is understood as convolution of 2'(R") and &’(IR"), which implies the
following fundamental equality for partial balayage:

LEMMA 1.3.7. Let p € L?(R"), then UBY M) = V& in @' (R™).
Combining Lemma 1.3.4 and Lemma 1.3.7, we reach the following corollary.
COROLLARY 1.3.8. For each u € L?(R"), one has <1 —Bal(u), UBal(“)_“> =0.

We formally define the bilinear form

(ist)e = [ @lx=y)dm () dpa() = (o, U).



1.3. DEFINITION OF PARTIAL BALAYAGE 9
where we write duj(x) = p;(x)dx for j = 1,2, and formally denote the “energy”

(1.3.9) E(uy) := (1, 1 )e-

Given any bounded smooth domain Q in R”, we compute that
(1.3.10) (U1, 42)e = (W, UM) = (=AU UM = —/(9 U“‘&nU“ZdS+/ VUM - VU2 dx.
Q Q

where dy, is the outward normal derivative on dQ. If UM has compact support®, by choosing
Q D supp (u1) we see that

(1.3.11) E(uy) = ||VUM Hiz(Rn) and in this case we denote |||, := /E ().
For example, since UB (#)~# — Y _ {71 has compact support, then we see that
2 _ 2
E(Bal(u)—p) = [V(VE =U")[|12 @) = [IBal (1) — plf; -
We can rewrite Corollary 1.3.8 as

(Bal (N) — Ui, 1 —Bal (nu))e =0.

Accordingly, one sees that the following holds for each ¢ € L (R") with ¢ < 1:

(Bal () —u,0 —Bal(u)),
=0

Ve

— (Bal (1) ~ #,6 1), + (Bal () — 1,1~ Bal (1)), = (o — 1,uBI W)=
=(c—1,V¥—-UH*) >0 (because V¥ <UH, see (1.3.3)).

Since

(Bal (i) — p, 0 — Bal (1)),
— (Bal () — i, 1 — Bal (1)), + (Bal (1) — t,0 — ),
— —||Bal (u) — > + (Bal (1) — t, 6 — ),

then we now reach

[Bal (1) — p||; < (Bal(n) —p,0—p), forall o€ L7(R") with o < 1.

3However, in general we do not expect that U* has compact support: Let Q D supp (i) be a bounded smooth domain.
By following the ideas in [KW21, Theorem 2.5] (see also references therein for more details on non-radiating sources
for acoustic waves, electromagnetic waves as well as elastic waves), one can show that U* has compact support if and
only if [o - wdx = 0 for all w € E(Q), where E(Q) is the completion of {w € H'(Q) : Aw =0in Q} in L*(Q).



1.4. PDE CHARACTERIZATION OF QUADRATURE DOMAINS 10

For each o € L7 (R") with o < 1 such that U°* has compact support, we see that

1310 [ GpBal(u)—p  yo—i gy

IBal (1) — |7 < (Bal () —p, 0 — ), »

(13.11)

< HVUB“(“)*“ VU ™| 2y = IBal () =l llo —pll..

L2(Rn)
which concludes the following proposition.

PROPOSITION 1.3.9. If u € L*(R"), then its partial balayage Bal (1) minimizes the energy in

the following sense:
[Bal(u) —pll, < llo—pll, forallo e LZ(R") withU® € F (u).

This shows that our definition of partial balayage is consistent to the one in [Gus(4,
Definition 3.1].

1.4. PDE characterization of quadrature domains

Before we discuss the relation between partial balayage and quadrature domain (see

Section 1.5), we need to express quadrature domain in terms of PDE, as follows:

THEOREM 1.4.1. Let D be a bounded open set and let it € &' (D). The following are equivalent:

(1) D is a quadrature domain corresponding to [L;

(2) there exists a distribution u satisfying
Au= yp— in R",
(1.4.1) A= H
u=1|Vu|=0 in Dt

REMARK 1.4.2. Note that even though u is only assumed to be in 2’(R"), since supp (1) C D,
one sees that Au = yp near dD, and thus Calder6n-Zygmund inequality [GTO01, Theorem 9.11] (or
simply referred as “elliptic regularity””) and Sobolev embeddings (Appendix A) implies that u € C!

near dD, hence the condition # = |Vu| =0 in Db is meaningful.

PROOF OF THE IMPLICATION (1) = (2) IN THEOREM 1.4.1. If D is a quadrature domain
corresponding to it € &' (D), then

/ 9D (z —x)dx = (11, 9%®(z— ) forall z€ D and |at| < 1.
D

Let u = —® =« (yp — 1), which is well-defined since yp — it € &’(R"), and one can verify that u
satisfies (1.4.1). O

We now want to prove the implication (2) = (1). Let u satisfies (1.4.1). For each w € L (D)
that solves Aw = 0 near D, by taking a cutoff function y € CZ°(R") with ¥ = 1 near D we have

[ wee = tw 1) = Gz — . yw) = (B, yw) = (A (yw) =0,
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using that the derivatives of y vanish near supp («). For general w € L!(D) with Aw = 0 in D, we
need another argument involving the following Runge approximation result, which can be proved
by following the argument in [KL.SS24, Proposition 2.4], which is basically modified from [Sak84,
Lemma 5.1], see also [AH96, Chapter 11] for related results:

LEMMA 1.4.3. Let D be a bounded open set. The linear span of
Fw:{aa¢@—qb:zeDRuug1}
is dense in
HL'(D):={we L'(D): Aw=0}
with respect to the L' (D) topology.

PROOF. By the Hahn-Banach theorem (Theorem A.1.1), it is enough to show that any bounded
linear functional £ in L' (D) that satisfies £|r = 0 also satisfies £| ;1 (p) = 0. Since the dual of L'(D)
is L*(D), there is a function f € L*(D) with

E(w):/wadx, we LY(D).

We extend f by zero to R” and consider the function u = —®x* f in R". By the assumption ¢|r =0,
the function u satisfies

Au=f in R",
u=|Vu|=0 inDC.
Note that since f € L™, using the Calderén-Zygmund inequality [GTO01, Theorem 9.11] and
Sobolev embeddings (Appendix A) one has u € o Cp:*(R™). In order to show that £ ) =0,

loc
we take some w € HL!' (D) and compute

am:/mm:/mmmm
D D
If one can integrate by parts and use the condition Aw = 0 to conclude that
(1.4.2) / (Au)wdx = 0.
D

This implies £|;;;1(py = 0 and prove the results. However, the proof of (1.4.2) is somehow delicate
due the Calderén-Zygmund inequality [GTO01, Theorem 9.11] does not hold true when p = co.
By using [GTO01, Theorem 3.9], one sees that

IVu(x) — Vu(y)| < Clx—y|log(1/|x—y|) forall x,y € D with |x—y| < e 2.
Using the condition u = |Vu| = 0 in DU, this implies that uniformly for x € D near @D one has

u(x) = 0(8(x)*log(1/8(x))),
Vu(x) = 0(8(x)log(1/8(x))),



1.4. PDE CHARACTERIZATION OF QUADRATURE DOMAINS 12

where (x) = dist(x,dD). We now introduce the sequence (®;)7_; of Ahlfors-Bers mollifiers
[Ahl64, Ber65] that satisfy w; € C*(R"), 0 < w; < 1, @; = 0 near dD, ®; = 1 outside a
neighborhood of dD, w;(x) — 1 for x ¢ dD, and

10%w;(x)| < Coj ' 8(x) 71 (log 1/8(x))~!  forx ¢ ID,
see [Hed73, Lemma 4]. One now has

/(Au)wdx: lim [ (Au)ojwdx=lim | (A(®ju)—2Vo;- - Vu—(A®;)u) wdx.
D J—=JD Jj—=eJD

Using the estimates for u and @, the limits corresponding to the last two terms inside the brackets

are zero. Moreover, since w is smooth near supp (®;), we have

/(Au)a)jwdx: lim | @juAwdx =0,
D J—7JD

which conclude (1.4.2). [
We now ready to prove the implication (2) = (1) in Theorem 1.4.1.

PROOF OF THE IMPLICATION (2) = (1) IN THEOREM 1.4.1. Let u satisfies (1.4.1). Since
u € &'(R"), then
u=-—->xAu=>x(yp—u).

Using that u = |Vu| = 0 in DF, we have
/8“¢(z—x)dx: (,0%®(z—-)) forall z D° and |ot| < 1.
D

Now let w € L!(D) solves Aw = 0 in D and use Runge approximation (Lemma 1.4.3) to find a
sequence w; € span {8“@@ —)lp:z€ Db |a| < 1} with w; — win L' (D). In particular, for any

j > 1 we have

(1.4.3) /ijdx: (,w)).

Since u € &' (D), by using a deep result on the distribution &’ (D) [FJ98], there is a compact set
K C D and an integer m > 0 such that

(1, @) < Cll@llen(x)  forall ¢ € C*(D).

By elliptic regularity and Sobolev embeddings, any v € L!(D) with Av € H~2(D) satisfies v €
C™(K) with s > m+ 5. By the closed graph theorem, this yields the estimate

IWlleniiy < € (IMlz1o) + 18Vl o) ) -
Apply this estimate to v =w; —w gives

Iwj = wllomxy < Clwj —wllLi(p)-
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We may take limit j — oo in (1.4.3) to conclude that D is a quadrature domain corresponding to
u. 0

1.5. Relation between partial balayage and quadrature domain

We now discuss some properties of partial balayage. These properties will explain why it called

“partial balayage”. Before we further proceed, let us generalize the notion in Definition 1.1.1.

DEFINITION 1.5.1 (quadrature domain for sub-harmonic functions). A bounded open set
D C R”" (not necessarily connected) is called a quadrature domain for sub-harmonic functions,

corresponding to a Radon measure L with supp (i) C D if

(1.5.1) /w(x)dxz/wdu for all w € L'(D) N L' (du) with Aw > 0 in D.
D

REMARK 1.5.2. Note that Aw = 0 if and only if both +=Aw > 0. From this, one can easily see
that each quadrature domain for sub-harmonic function is also necessary a quadrature domain for

harmonic function (Definition 1.1.1) as well.
If u € L (R") with supp (D), then

/Wdu = [ w()u(x)dx.
Rn
EXAMPLE 1.5.3. If we write 4 = |Bg(x0)|8y,, the condition w € L!(du) means that xo is a
Lebesgue point of w. The above mean value theorem for sub-harmonic functions (Lemma 1.3.1)
show that each ball in R” is also a quadrature domain for sub-harmonic functions as well. This
example reminds us that don’t forget about the assumption w € L' (du) in (1.5.1).

Suppose that D is a quadrature domain for sub-harmonic function with respect to u € L7 (R").

Since the fundamental solution @ of —A belongs to L} (R"), we can choose w = —®(z — ) in
(1.1.2) and (1.5.1) to see that

(1.5.2a) UP(z) <UH(z) forall z € R",

(1.5.2b) UP(z) = UM (z) for all z € DL

The following simple observation suggests the strong relation between partial balayage and

quadrature domains:

LEMMA 1.54. Let u € LY (R"). If
(1.5.3) Bal(u) = xp for some open set D,

then (1.5.2a) and (1.5.2b) hold.
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PROOF. (1.5.2a) is an immediate consequence of (1.3.8), Lemma 1.3.7 and (1.5.3). On the
other hand, we combine Corollary 1.3.8 and (1.5.3) to see that

0=(1-xp,U”-U") :/ (UP —U*)dx.
DE
(13.8)
Since P 12 pyBal () Lemma 1.37 1,y < UM, then we conclude (1.5.2b). O

1.6. Structure of partial balayage

The main focus of this section is to prove the following theorem, which is probably the most

challenging part of partial balayage theory.

THEOREM 1.6.1. For each u € LY (R"), one has
(1.6.1) min{u,1} <Bal(u) <1 inR".
Furthermore, if we define the open sets
D(u) := (supp (1 —Bal(W))®  and o(p):= {x ER": UM (x) > UB*“(”)} :
then w(u) C D(u) and for each measurable set D with @(u) C D C D(1) we have
(1.6.2) Bal (1) = xp + X peM-

REMARK 1.6.2. The set @(u) is called the non-contact set of . The set D(u) is called the
saturated set of |1. One sees that D(u) is the largest set & C R” such that Bal (i), = x¢, therefore
o(u) C D(u). In fact, if u > 1 on supp (i), then supp(u) C w(p) C D(u), which implies that
ol = Xputt = 0 and thus

Xop) = Bal(u) = XD(u)>
which implies that |[D(u) \ @(u)| =0.

We first state with the following technical lemma before proving our theorem.

LEMMA 1.6.3 (a special case of [KS00, Theorem 11.6.6]). Let Q be any open set in R". If
wi,wa € HY(Q) satisfy —Aw; > 0in 9'(Q) for all j = 1,2, then —A (min{wy,w2}) > 0in Z'(Q).

Now we are ready to prove our theorem.

PROOF OF THEOREM 1.6.1. In order to deliver the ideas clearly, we divide the proof into
steps.

Step 1: A minimization problem. Let R > 1 be the number mentioned in Lemma 1.3.4. Let
& € Hl(Bg) be the unique solution to

(1.6.3) —AE=(1—p)y inBg
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and consider the constraint set
K:= {w e Hy(Bg): ®> & —u. in Bg},

where u, € H(% (Bg) the function appeared in the proof of Lemma 1.3.4. Note that & —u, € K, which
shows that K is nonempty. We recall that u, minimizes the functional a(-,-) among all functions
veK = {veH}(Bg):v>¢@—U*"in Bg}, where a(-,-) is the bilinear form given in (1.3.5). By
using Stampacchia’s theorem [Brell, Theorem 5.6], there exists a unique w, € K which minimizes
the functional a(-,) in K. Moreover, the minimizer w, is characterized by the property

(1.6.4) a(We,w —wy) = (—Aw,,w—w,) >0 forall w e K.

Step 2: Complementary formulation. Since w, € ]K, we can restrict (1.6.4) to those satisfying

w > wy. The definition of the bilinear form a(-,-) implies that
(1.6.5a) —Aw, >0 in Bg.
Choosing w = & — u, in (1.6.4) gives
(—Awy, & —u, —wy) >0,
which along (1.6.5a) and the fact that w, > & — u, implies
(1.6.5b) (—Awy, & —u, —wy) =0.
Conversely, if w, € K satisfying (1.6.5a) and (1.6.5b), then for each w € K one has

(=AW, w —wy)
>0-(1.6.52) >0-wek =0-.(1.6.5b)

= < —Aw, yW— (é _M*5>+Z_AW*7(§ _M*) —W*§> 0.

We conclude that the following are equivalent:

(1) wy € K which minimizes the functional a(-,-)in ]K;
(2) w, € K satisfies (1.6.4);
(3) w, € K satisfies (1.6.52) and (1.6.5b).

The advantage of considering the complementary formulation (3) is it does not involving test

function w € ]IA{ which allows us to obtain an energy inequality.

Step 3: An energy inequality. We rewrite (1.6.5b) as

(1.6.6) (—Awy, & —wy) = (—Aw,,uy) .

The inequalities —AE = (1 — )4 > 0 and w, > & — u, (iff u, > & — w,) thus imply that
(—AE8, & —wy) < (—A,u.),



1.6. STRUCTURE OF PARTIAL BALAYAGE 16
together with (1.6.6), one finds that
a(§ —wi, & —wi) = (—A(E —wi), & —wy)
S (=AG —wa), ) = a(§ — wa, i)
< a(§ —wa,& —wi)Palu,u)'?,
and we reach the following energy inequality

(1.6.7) a(E —we, & —w,) < alu,u).

Step 4: Verifying w, = & — u,. If we can show & —w, € K/, since u, € K is the minimizer of
a(-,-) in K, then
a(ue,uy) < a(E—wi, & —wy).

Together with (1.6.7), we reach

a(g _W*,g _W*> = a(“*,“*),

this means that & — w, € K’ is another minimizer of a(-,-) in K. The uniqueness of minimizers in

K’ implies that u, = & — wy, that is, wy, = & — u,.
It remains to show that & —w, € K'. Let

¢ = min{w,,& — (¢ —U")} in Bg,
where ¢ is the function given in (1.3.3). By using Lemma 1.6.3, one sees that
(1.6.8) 0<w., ¢k, —A¢>0inBg,

now together with (1.6.5a), we have
(1.6.52)(1.6.8)
<

(1.6.8)
a(9,¢) = (-A9,¢) < (-Ad,w.) = (—Aw,9)

Since w,, € K is the unique minimizer of a(-,-) in ]IA{, then we conclude ¢ = w, in Bg, which means
that wy < & — (¢ — U*). Now we have & — w, > @ — U*, which conclude & —w, € K'.

(—Aw,,wi) = a(We, wy).

Step 5: Proving (1.6.1). Combining w, = & — u, and (1.6.5a), we see that

(1.6.9) Auy < A2V (1w, inBg.

Now by (1.3.4) and Lemma 1.3.7 we have yBalt) — yr — ¢ — u,, that is,
Now from (1.6.9) we reach

(133)

I_Bal(.u) A(QD_UBal(“))S(l_“)-F:maX{l_“aO}a
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that is,
Bal (1) —1> —max{l —u,0} = min{u —1,0}.
Now we have
Bal(u) > 1+ min{y — 1,0} = min{u, 1},
together with (1.3.8), we conclude (1.6.1).

Step 6: Proving (1.6.2). Now from (1.6.1) we see that Bal (1) € L”(R"). By the Calderdn-
Zygmund inequality, we see that UM, UBY (M) ¢ Np<oo le’p (R") C Ne<t Cllo’f‘(R”), which shows

ocC
that w(u) is a well-defined open set. From Lemma 1.3.4, it follows that

OSL,(“)<U“_UBaI(”))(1_Bal(“))dxg/BR(UM_UBal(“))(l—Bal(u))deO,

which implies that
>0 >0

[, @ P T Bal () ax =0,
and hence Bal ()| (y) = Xo(u)- Since a)(,u)[: = {x e R B M) = U“}, it holds that
Bal () —p = —AUB MW _yty =0 ae. in o(u)®
a.e. in o(u)C, and we reach Bal(,u)\w(u)g = X (M- and we reach

Bal (1) = Xo(u) + Xoo(u)CH-

Consequently, for any measurable set D satisfying w(i) C D C D(u), by the definition of D(u)
we have Bal (1) D\o(u) = XD\w(x) and thus the decomposition

Bal (i) = xp + xpeld
follows. This complete the proof of Theorem 1.6.1. 0

The following lemma also strongly suggests that partial balayage is related to free boundary4,

which is a key lemma in constructing quadrature domains.

LEMMA 1.6.4. Let u € L?(R"). Suppose that there exist an open set D satisfying the support

condition

(1.6.10) supp (1) C D

and there exists u € &' (R") satisfying

(1.6.11) Au=yp—uwinR", u>0inD, u=0inD,

then Bal (1) = xp and D = o (). In addition, D is a quadrature domain corresponding to L.

*1f a set Q takes the form Q = {v > 0} for some v satisfying some PDE, we sometimes refer such set a “free boundary”.
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PROOF. Since u € &’'(R"), then
u=®x(—Au) =®x(u—yxp) =U*—-UP.

Since u is non-negative, then then we know that UP € .% (u). For each v € .# (i), since u = 0 in
DC, we see that

=—U [:
wi=UP?—v=UP-U*+U"*—v>0 inD".
On the other hand, we have —Aw = 14 Av > 0 in D. Therefore by using maximum principle

[GTO1, Theorem 8.19], we see that w > 0 in R”. This shows that UP is the largest element in
Z (1), therefore V¥ = UP and then by Definition 1.3.6 we reach

Bal(u) = —AUP = yp.

By the above, we see that D = {u > 0} = {U* —UP > 0} = o(u).
Since u € C! attains its minimum in DB, it holds that |[Vu| =0 in Db, Therefore, by (1.6.10),
(1.6.11) and then the PDE characterization of quadrature domain (Theorem 1.4.1) to conclude that

D is a quadrature domain corresponding to U. U

1.7. Performing balayage in smaller steps

The main theme of this section is to prove the following theorems.

LEMMA 1.7.1. If both w,up, € L7 (R") are non-negative, then Bal(u; + W) =
Bal (Bal (i) + o).

We will show that similar result also holds true for non-contact sets.

LEMMA 1.7.2. If i, up € L7 (R") such that [y is non-negative, then ®(u + tp) = o(u;) U
o (Bal (1) + 1) .-
PROOF OF LEMMA 1.7.1. It is suffice to show

(1.7.1) pBal(m+u) — pyBal(Bal(m)+i) iy R”.

By using (1.3.8), Lemma 1.3.7 and Definition 1.3.6, we see that

(1.7.2) pBal(Bal () +12) < pyBal()+1e — yBal(i) 4 e < M L U2 jp R”

and
_AUBABal () +m) < 1 i R

which shows that UBa (Bal(k)+12) ¢ Z (1) + p1,). Since VH1TH2 WM 137 7Bal (i+12) g the largest
element in .7 (U] + Uy ), then we arrive at

(1.7.3) pBal(Bal(m)+p2) < gyBal(iti2) i R
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On the other hand, by using (1.3.8), Lemma 1.3.7 and Definition 1.3.6 we observe that
yBallitie) gl <yt gl — yh - jp R
and
_A (UBal(M1+M2) _ U.U2> <1l-w<1 inR"

Lemma 1.3.7

which shows that UBa (Wi+H2) _ k2 ¢ . (uy). Since VH UBal (1) is the largest element

in .% (u;), then we arrive at

yBal(ttm) _ e < yBal(m)  jp R",
that is,
(1.7.4) pBal (t1+42) < yBal (u)+H2 iy R™

Furthermore, from (1.3.8) one has —AUBal(ti+H) < ) together with (1.7.4) we know that
UBal(”VHJZ) S ﬁ(Bal (,LL]) + ‘uz) Since VBal(u1)+/,l2 Lemngl.?;] UBal(Bal(”l)+“2) is the largest
element in .% (Bal (u;) + U2), then we arrive that

(1.7.5) pBal (i) < pyBal(Bal()+i2) iy R7,

Finally, by combining (1.7.3) and (1.7.5) we reach (1.7.1) and we conclude our lemma. L]

PROOF OF LEMMA 1.7.2. We now combine (1.7.1) and (1.7.2) to see that

pBal (mi+ua2) — gyBal (Bal (u1)+42) < yBal (h)+H2 — gyBal(t) 4 gre <UM L UM =yt R

The first inequality is an equality only in @(Bal (u;) + ug)c and the second inequality is an equality

only in @(u; )E, therefore
pyBal(mitie) < itz Re

and the equality holds only in @(Bal (i;) + t12)! N@(1;)° = (@ (Bal (1) + t2) U a)(/.tl))[:. Thus,
we reach

(D(Bal(ﬂl) —f—‘le)U(D(,Lll) _ {UBal(N1+H2) < UIJH‘.UZ} défw(‘ul +‘u2),

which conclude our lemma. ]

1.8. Construction of quadrature domains using partial balayage

By using partial balayage, one can construct quadrature domains as in follows:

THEOREM 1.8.1 ([KLSS24, Theorem 7.1]). Let 1 be a positive Radon measure supported in

B¢ for some € > 0. There exists a constant ¢, > 0 depending only on the dimension such that if

£ < cal(RM)V",



1.8. CONSTRUCTION OF QUADRATURE DOMAINS USING PARTIAL BALAYAGE 20

then there exists an open connected set D with real-analytic boundary which is a quadrature domain
corresponding to i € &' (D). Moreover, for each w € L' (D) N L' (du) satisfying Aw > 0 in D we

have
/w(x)dxz/wd,u.
D

REMARK 1.8.2. The proof of analyticity of dD involving a free boundary methods called the

“moving plane technique”. Here u is not necessarily bounded, this can be done by using the trick
in (1.1.4).

It is too difficult to prove the above theorem within a few lectures. We will just prove the
following special case in order to discuss the main idea of the construction.

LEMMA 1.8.3. For each R > r > 0, one has

R" R"
Bal (—XB,> = XBp and (—xgr> = Bp.
rn rn

In addition, By is a quadrature domain corresponding to L = If—,’; XB,-

PROOF. For each x € R", we see that y — ®(x —y) is in L] .(R") and satisfies —A® = §, > 0

in R". By using the mean value theorem for subharmonic functions (Lemma 1.3.1), we see that

1

UBr(x) =
|B/]

1 1 1
B |/B @(x—y)dyZ@ ; qb(x—y)dy:@UBR(x) forall x € R"
r r R

and the equality holds if and only if x € B%. In other words, the function i = %U Br _yBr ¢
C'(R") satisfies

Au= xpy — S, in R",

u>0inBg, u=0inB%.
The conclusion of the lemma follows by applying Lemma 1.6.4. 0



CHAPTER 2

Partial balayage of general unbounded measures

2.1. Motivation

In view of Theorem 1.4.1, we now introduce the concept of the two-phase quadrature domain
as in [KS24, (1.7)], see also [EPS11, GS12].

DEFINITION 2.1.1. Let Dy be disjoint bounded open subsets of R” and let py € &' (Dy),

respectively. If there exists a (compactly supported) distribution u such that
Au=(1-p)xp, —(1—p_)xp. inR", u=0in(D,UD_),

then we designate such a pair (D4, D_) as a two-phase quadrature domain (for harmonic functions)
corresponding to (U4, u_) € &'(Dy) x &' (D-).

EXAMPLE 2.1.2. If D are quadrature domains corresponding to uy € &'(D.), respectively,

and satisfying
(2.1.1) D,.ND_ =0,

then by using Theorem 1.4.1 one easily see that (Dy,D_) is a two-phase quadrature domain
corresponding to (fy,u—) € &'(D4) x &' (D).

REMARK 2.1.3. By using [GS12, Theorem 3.1], one sees that such pair (D,,D_) has the
property that
(2.12) [ = [ h)dr = () = (i)
+

forall h € C(D+UD_) with Ah=0in D UD_. Conversely, if such pair (D, D_) satisfies (2.1.2)
with uy € &’'(D+), then there exist “polar sets” Z. and Z_ such that (DL UZ,,D_UZ_) is a
two-phase quadrature domain corresponding to (4, —). The proof is technical, which involving

swept measure, see (2.5.3) below, we will not going to walk through the details there.

One can refer [EPS11, GS12] for some other nontrivial examples (i.e. which do not satisfy
(2.1.1)). One also may construct two-phase quadrature domains by using a partial balayage
procedure. Unlike the one-phase problem above, the “convolution technique” (1.1.4) does not
work in this case, therefore one need to introduce the partial balayage of general measures, which
is the main theme of this chapter. The framework adopted here largely follows [GS12, GS24].
Rather than go through all details, we only highlight some main ideas of partial balayage.

21
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2.2. Maximum principle and d-subharmonic functions

DEFINITION 2.2.1 ([Rud87, Definition 2.8]). Let X be a topological space and consider a
function f: X — [—oo,00]. If

{xeX: f(x) > a} is open for each @ € R,
then f is said to be lower semicontinuous (LSC). If
{xeX: f(x) < a} is open for each o € R,

then f is said to be upper semicontinuous (USC).

EXERCISE 2.2.2. If X is compact and f : X — (—oo,00) is USC, prove that f attains its

maximum at some point of X.

A function s that is upper semicontinuous (USC) and satisfies As > 0 (in the sense of
distributions) will be referred to as subharmonic. Similarly, s will be termined superharmonic
if —s is subharmonic. In addition, we use the term harmonic when s is both subharmonic and
superharmonic. Here we remind the readers that the terminology “harmonic” introducing here is
slightly different with the one in Chapter 1: s is harmonic if and only if As = 0 (in the sense of

distributions) and s is continuous. The partial balayage heavily relies on the following concept:

LEMMA 2.2.3 ([GS24, Proposition 2.8]). Let Q be any domain (i.e. open and connected) in
R". The maximum principle holds on any domain (i.e. open and connected) Q in R", that is, every
subharmonic function s which is bounded from above and satisfies

limsups(z) <0 forall z € 0Q
X7

must also satisfy s < 0 in Q.

Here we remind the readers that we do not impose any assumptions on the boundary dQ in
Lemma 2.2.3. As mentioned in [GS12], by a §-subharmonic function on an open set Q we mean
a function w = s1 — s» for some subharmonic functions s; and s on Q. However, such function
is defined only quasi-everywhere on €, i.e. outside the polar set where s = s, = —co. One may
define w on such polar sets by using some suitable fine topology [GS12, section 2.2], here we skip
those technical details.

2.3. Definition and some properties of partial balayage

Given an open set D C R" and a positive measure p with compact support on R", we define

—Av<1inD, v<UHinR"
F =<Sve 7'(R"): - ’ - .
o) { (RY) {v < U*} is bounded }
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We denote Z(u) := Fpn(l), one will later see that this is exactly same as the one in
Lemma 1.3.2 above for the case when u is bounded. Obviously, .% (1) C Zp(u), and by [GS24,
Proposition 3.3]! one can guarantee .% (1) # 0, and so is Zp(1).

We will need the following technical lemma [BP04] (see also [GS12, Corollary 2.3] for a short
algernative proof):

LEMMA 2.3.1 (Kato’s inequality). If w is a 8-subharmonic function on an open set, then
—Amin{w,0} > (—Aw)¥{<o}-

If u and v are subharmonic functions on an open set €, then v — u is §-subharmonic on Q. By

using the Kato’s inequality, one sees that
Amax{u,v} = —Amin{—u,—v} = —A(min{v —u,0} —v)
> (=AW —u) Xp—u<oy +Av = (Au) X{y<uy — (AV) X(y<uy + AV

(2.3.1) = (Au) X uzvy + (AV) X ys )
and the following corollary (a generalization of Lemma 1.6.3 above) follows:

COROLLARY 2.3.2. If u and v are subharmonic functions on €, then so also is max{u,v}.

Let u,v € Zp(u). Note that —A(v —U') < 0 and —A(w —U"') < 0 in D, then by using
Corollary 2.3.2 one sees that

0> —Amax{v—U',w—U'} = A (max{v,w} —U") = ~Amax{v,w} — L in D.

On the other hand, one also sees that max{u,v} < U* in R" and {max{u,v} <U*} C {v <UH}is
bounded, therefore we conclude that

max{u,v} € Fp(u) forallu,ve Fp(u).

Now, similar to [GS24, Section 3], by using standard potential theoretic arguments [AGO1,
Section 3.7] show that .%p(u) has a largest element V¥ which has a USC representative. Again,
we also called Vl’)l the partial reduction of U* [GS09]. Accordingly, we can define the non-contact
set by

op(p):={Vh <U*}, o(u):= o),
and the partial balayage is defined by

(2.3.2) Balp () := —AV) in Z'(R") and we write Bal (1) := Balgs(1).

Obviously, one has V¥ <V} and wp(u) C o (i) N D for any open set D. By using Lemma 2.2.3,
one sees that the maximum principle holds on wp(u). By using the fact Vl’; =U" in DC, one can

IThis proposition is due to Simon Larson.
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easily verify that (by using the ideas in the proof of Lemma 1.3.7)
yi — yBalp(u)
In fact, the following structure theorem holds:

(2.3.3) Balp (1) = Xep(u) + Mgt TV

for some measure v > 0 which is supported on dDNJd@p(u).

2.4. Construction of two-phase quadrature domains

Given a signed measure y = y; — — with compact support and a Borel function u : R —

[—o0, +o0], we define the signed measure
M p) = (s = g = (e = D-Xpus0y) = (== Dy = (1= = 1) Xqu<oy) -
We first prove some properties of 1):

LEMMA 2.4.1 ([GS12, Lemma 4.1]). Let u,uj,up : R" — [—oc0,00| be Borel measurable
functions, W, U1, Uy be signed measures with compact supports, and A C R" be Borel sets. Then

(a) n<_u7 —,LL) = —77(”7#);
() u—1<n(u,u) <p+1;and
(©) urxa <upxa and Wi xa > paxa imply that 1 (uy, i) xa > N (u2, U2) Xa-

Part (a) is obvious (left as exercise).

PROOF OF LEMMA 2.4.1(B). Note that

p—1=pe—1)—p= (s =D = (s =) = (- = D)y = (u-—1)—+1)

= ((ur =14 = (U = D) Zgucoy) — (s — 1)~ X0

IN
=)

— (== D) = (U= = D) xgucoy) + (U= — DXy — 1
< (s = Dy = (1 = D=2gusoy) = (0= = D+ = (U= = D)= Xqu<oy) = 1(u, ).
Using similar computations, one can show that (left as exercise)
p+1=pp—(pu-—1) = n(u,u),
and (b) follows. ]
PROOF OF LEMMA 2.4.1(C). From pyx4 > Uz xa we know that

(H1)+xa = max{;,0} xa = max{p1 24,0} = max{pir24,0} = (12)+ 24
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and thus

((u1)+ = 1) xa = max{((1)+ —1),0} xa = max {((t1)+xa — 2a),0}
24.1) = max {((H2)+xa — Xa),0} = max{((12)+ —1),0} xa = ((H2)+ — 1) 24

Similarly (left as exercise), one can show that (1) _xa < (42)—xa and hence

(24.2) ((11)- =1y xa < ((1)-— 1), xa-
From u; x4 < up)a we know that

{ur >0} NA C{ux >0}NA
and thus from (f;)4+xa > (U2)+ x4 We now see that

(1) + = 1) Xguy>oyra = max{—((L1)+ — 1),0} Xgu, 0304
= max { —(11) 4+ XA X{u; >0} + Xfuy 50104, 0}
< max { —(2) 4+ XA Xfu, >0} + Xfuy >0104,0}
=max {—((t2)+ —1),0} Xqu, 50104 = ((H2)+ — 1) _ X{u,>01r4
(2.4.3) < ((M2)+ = 1) - X{ur>01ra

Similarly (left as exercise), one can show that {u; <0} NA D {uy <0} NA and thus

(2.4.4) ()= = 1) - Xy <opra = ((H2)= — 1) - X{u,<0jra-
We finally combine (2.4.1), (2.4.2), (2.4.3) and (2.4.4) to conclude (c). [

It is convenient to define Wl’)l =UH — Vl’)l , which has a LSC representation, and we also denote
WH .= Wﬂgn. We now define

Ty = {w: wis subharmonic, —Aw > 1 (w, ) and w > —WH*- in R"} .

_ kP

Fix any ¢ € C*(R") with Ag = 1, for example, ¢(x) = 5 for all x € R", we now consider the
collection
T, = {w+U* —@:wer}.

By using Lemma 2.4.1(b), one sees that
~Aw+U" — @)= —Aw+p +1>nwu)+p-+1>p+p =p, >0.

However, we also see that w4+ U~ — ¢ = w — (—U"~ + ¢) and sees that A(—U"~ 4+ ¢) = u_ +
1 > 0, which shows that the elements of 7:;1 are 8-subharmonic functions, therefore in general
such functions are defined only quasi-everywhere on R”, i.e. outside the polar set where w =
—UM- 4 ¢ = —oo, as mentioned above. In fact, one can suitably refined each element of ’L’;L on a
polar set to make them superharmonic (and we skip these technical details here). In the special
case when u_ is bounded, by using the Calderén-Zygmund inequality [GT01, Theorem 9.11] and
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Sobolev embeddings (Appendix A), one sees that —U*- + ¢ € C!. In this case, the polar set is
empty and w+ U*- — ¢ has a USC representation.

We now prove a fundamental property of TL.

LEMMA 2.4.2 ([GS12, Lemma 4.2]). Ifvi,v, € T, then min{vy,»,} € TL.

PROOF. Let vy, € ’L';L and write v; = w; + U*~ — @ where w; € T,. By observing that
min{vy,v,} = min{wy,wy } + U*~ — @,

by using Corollary 2.3.2 one can show that min{v;,v2} is &-subharmonic function and
min{wy,wa} > —WH- in R", as well as

n(min{wi,wa}, &) =N (W1, 1) X, —wr<0) + M W25 1) X{w) —wr>0}-
By using (2.3.1), one further computes that
n(min{wi,wa}, 1) < —(Awi) X, —wy<0} — (AW2) Xfw; —wy>0p < —Amin{wy, wa},
which conclude our lemma. 0

The following two technical lemmas, regarding some monotonicity properties, can be found in
[GS12, Theorem 4.3].

LEMMA 2.4.3. Let uj,uy be 8-subharmonic functions with compact supports. If —Au; >
N(uy, i) and —Auy < N(ua, i), then uy < uy.

PROOF. One computes that the function v = up — u; satisfies
—Av <1 (ug, ) — 1 (w1, 1)
= U+ = 1) X >00 — (M+ = 1) = Xgu>01 + (- — 1) X{u<0y — (H= — 1) Xfu, <0}
so —(Av) X{v>0y < 0. By using the Kato’s inequality (Lemma 2.3.1), one sees that
Avy > (Av)xgy>0p = 0.

Thus v . when suitably redefined on a polar set, is subharmonic. Since v has compact support, the

maximum principle (Lemma 2.2.3) shows that v, = 0, which implies our lemma. 0J

LEMMA 2.4.4. Let u be a d-subharmonic function. Then the following hold:

(D) If —Au < n(u, 1), then u < W+,
2) If —Au>n(u,p), then u > —WH- and so u € 7.

PROOF. First of all, we remind the readers that W+ is non-negative, 0-subharmonic and has
compact support. Since Bal (i) < 1 in R”, by the structure of partial balayage (2.3.3) we see that

(2.4.5) K Xqwis =0} = M- X, 0 < 1-
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Consequently, together with Lemma 2.4.1(c) we compute that

—AWH =y —Bal (U4 ) = pr — Xqwrr >0y — K- Xwis o)

2.4.5
= (e = Dgwees0p = (e = D= (= 1) qwse 0y = NOWH 1)

Lemma 2.4.1(c)
> (W ).

Now we choose u; = WH+ and up = 1 in Lemma 2.4.3 to conclude u < WH+, which complete the
proof of (1).
We now replacing u by —u to obtain

— AW = AW = (W ()

Lemma 2.4.1(a)
<-—pWH,—p) > (=Wt p).

Now we choose u; = u and up = —WH- in Lemma 2.4.3 to conclude —WH*- < u, which complete
the proof of (2). O

We now follow the arguments in [GS12, Theorem 4.4, Theorem 4.5, Corollary 4.6 and
Remark 1] to establish the following lemma (the proof is technical, which involving swept measure,

see (2.5.3) below, we will not going to walk through the details there):

LEMMA 2.4.5. Let Ui be positive measures with disjoint compact supports in R" and let @ =
Uy — p—. Then the set T, contains a least element wh. If the following support conditions hold:

(2.4.6) supp (U+) C D4 := {j:W“ > O},

then both Dy are open sets in R" and the pair of domains (Dy,D_) is a two-phase quadrature

domain in the sense of Definition 2.1.1.

We now ready to prove the following theorem.

THEOREM 2.4.6. Let Uy be positive measures with disjoint compact supports in R" and let
p=uy—pu_. If

(2.4.7) supp (U+) C @ ¢(M4), supp(p-) C o(-),

(() —
o(u-) o(u)
then there exist two disjoint open bounded sets Dy such that (D4 ,D_) is a two-phase quadrature

domain in the sense of Definition 2.1.1.

REMARK. Since wp(u) C w(u)N D for any open set D, then

C
T C ),
O i) c o), oz

therefore the condition (2.4.7) implies

(2.4.8) supp (U+) N@(u-) =0, supp(p-)No(py) = 0.
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This means that supp (1) and supp (1—) cannot “too close to each others”.

REMARK. In fact, (2.4.7) can be guaranteed when

B 1
limsupM > — forall x € supp (u+),
r*>0+ rn Cn
—(By 1
limsupM > — forally e supp (i),
}’—>0+ r' Cn

for some positive constant ¢, depending only on dimension n, see the proof of [KS24,
Theorem 3.2].

PROOF OF THEOREM 2.4.6. We define

u=wHr—wt . vi=wht o wH
o(uy) o(u-)

and using the disjoint condition (2.4.8), we observe that

{u<0}= ww(m)c(uf), {u>0} =o(uy),

c(tr), {v<0}=o(u-).

>0}l=ow
v>0)=or

Now from (2.4.7) we see that

supp (i+) C {v >0}, supp(u-) C {u <0}

On the other hand, by using the structure of partial balayage (2.3.3), one sees that

—Au=py —Bal(uy) —p- +Bal __¢(p-)

()

— (e —1 (u—1
(us )Xw(;u) (u )Xw(””I:—FV

> (Ut — DXguso0r — (= — 1) Xfu<oy-
In view of the structure of partial balayage (2.3.3) (with D = R"), one observes that y; < 1 outside
o(u4) = {u > 0}, hence one sees that

—Au> (fy — D X0y — (U= — 1) Xgucoy = N(u, ).

Now using Lemma 2.4.4 we see that u € 7, and we reach u > wh. Consequently, we confirm the
support condition

supp (u_) C {u <0} c {W" <0}
One can similar show that

supp (11+) C {v>0} C {W" >0},
and now the condition (2.4.6) is satisfied. Finally, we use Lemma 2.4.5 to conclude our theorem
with Dy = {£WH > 0}. ([l
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2.5. Classical balayage as a special case of partial balayage

Some parts in Section 2.3 can be slightly generalized. Let A be a nonnegative measure, and the
discussions in Section 2.3 corresponds to the special case A = 1.

Given any open set D C R" and a nonnegative measure y with compact support on R”, we
define

—Av<AinD, v<U"*inR"
Fhu):={ve 2'(R"): - o= -
bK) {v (RY) {v < U*} is bounded }

We denote .Z* (1) := ﬁ[én (u).

If we assume that .7 L’% (1) # 0, similarly, one can show that .%, Z)L () has a largest element V}y A
element, which is called the partial reduction of U* with respect to A. Accordingly, we can define
the non-contact set by

A .
op(u):={Vi* <ur}, ot ()= ofu(p),
and the partial balayage with respect to A is defined by
Bal} (i) := —AVF in 7' (RY).
In fact, the following structure theorem holds:
A
Balpy (1) = A2 op ) T M Xy TV

for some measure v > 0 which is supported on dD N 8(0% (1). As an immediate consequence, one
sees that
(2.5.1) Balj (i) > 0.
Let D =RR", let Q be any bounded open set in R" and let
0 in Q,
A=
+oo in Qb

Now we see that

gﬂ(ﬂ): ve g RY —AvﬁOiI?Q, y<UH* in R" '
{v < U*} is bounded

By using the Perron’s method of subharmonic functions [GT01, Section 2.8], which involving
maximum principle (Lemma 2.2.3), one sees that the largest element V&* in Z2 (1) satisfies

(2.5.2) CAVEA —0inQ, VA = Ut in QF,

and we see that
Bal* (u) = —A(V** —UH) + uin 2'(R").



2.5. CLASSICAL BALAYAGE AS A SPECIAL CASE OF PARTIAL BALAYAGE 30

In this case, we also denote
A _ pab
Vnu7 — RU”
called the regularized reduction of the superharmonic function U" relative to QE, and we also
denote

(2.5.3) u® = Bal* (u) = —ARS,

called the swept measure, see [GS09, GS12].

It is more convenient to write u := U* — V) e g (R™), which satisfies
(2.5.4) Au=pinQ, u=0inQL,
and now the partial balayage can be represented as
(2.5.5) Bal* (1) = —Au+u in Z'(R").

In other words, one may solve the Dirichlet problem by using the partial balayage (2.5.5). This
method is invented by Henri Poincaré [P0i90, Poi99]. Note that

supp <Ball(u)) NQ =0,

which means that this process completely swept out the measure U in the region Q. Therefore, we

usually denote
(2.5.6) Bal (i, Q%) := Bal* (u)

and called it the classical balayage, which is exactly same as the one in [Gus04, Section 2]. In

other words, the classical balayage can be viewed as a special case of partial balayage.

REMARK 2.5.1. In the special case when Q is a bounded Lipschitz domain and u € L?(Q) =
{ peLl?(R"):u=0in QE}, there exists a unique solution u € HJ (Q) N H?(Q) of the Dirichlet
problem (2.5.4), see also (1.2.2). In this case, its outward normal derivative dyu on dQ can be
well-defined in the sense of H~'/2(dQ). The precise definition of (2.5.5) is

<Bal (u,QC),q3> - / uA([)dx+/ uddx forall § € C2(R).
R” R”
Since u € H} (Q) and u =0 in ot by writing ¢ = @|,q., one sees that

<Ba1(u,QE),¢“>>:/QqudeJr/Ququx:—/Qvu.Vquer/Ququx

=0by (2.5.4)

:_Lganwdsju/Q(Aquu)éd;,
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where dy is the outward normal derivative on dQ. If we denote y: HL (R) — H'/2(dQ) and its
distributional adjoint y* : H~'/2(9Q) — 2'(R") [McL00], then one sees that

(Bal(1.95).6) == | (0)(r9)dS = (= (30u).§) forall § € C7 (R,

in other words,
Bal (i, Q%) = —y*(dau) in Z'(R").
According to my personal experience, here I suggest not to abuse the notation by omitting the trace

operator 7.

REMARK 2.5.2. In the case when y = &, for some x € Q, one sees that u = Gg(+,x) is the
Green function of Q with pole at x, and the corresponding classical balayage Bal (1, QC) is exactly
the harmonic measure . Suggested by previous remark, we sometimes abuse the notation by
writing

do® = —9,Gq(-,x)dS,

even for non-Lipschitz domain Q.

2.6. Hele-Shaw flow

We now introduce the standard version of the Hele-Shaw problem following [Gus(04,
Section 6], which can be formulated in terms of classical/partial balayage. Despite we only
introduce the classical/partial balayage for n > 3, here we still want to point out that the original
version of Hele-Shaw flow describes the flow of a viscous incompressible fluid (e.g. oil) in the
narrow gap between two parallel plates.

Let Dy be the “initial domain”, which consists of some fluid. If we continuously inject fluid into
Dy with nonnegative density L;, then the region of fluid D, expands over time ¢ > 0. If we denote
pr > 0 be the pressure of the fluid, then D, = {p, > 0}, and dD; has to move with velocity —dypy,
where we slightly abuse the notation by denoting dy, the outward normal derivative on dD;. As a
general fact, the normal velocity of a propagating boundary dD; equals the density (with respect to
arc length measure on dD;) of the distributional derivative % Xp,- In view of Remark 2.5.1, we now
arrive at the Hele-Shaw law for the motion of dD; in a distribution form in terms of the classical
balayage (2.5.6):

d
(2.6.1) A, =Bal (1, D).

The forward Hele-Shaw problem is that of finding the evolution {D; };>¢ governed by (2.6.1) when

initial domain Dy is given (not necessarily bounded).
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DEFINITION 2.6.1. If all the dD; are smooth, then we say that {D,} depend smoothly on ¢ if
for each ¢ € C°(R") the mapping

~ (90 = [ o0 ds

D,

is smooth. In this case, we define the distributional derivative % xp, € Z'(R") by

<%%Dm¢> = % (/th)(x)dx) for all ¢ € CZ°(R").

If all the dD; are smooth, {D;} depend smoothly on 7 and satisfies (2.6.1), then we say that {D; } is
a strong solution of the Hele-Shaw problem (2.6.1).

By (2.5.1) and e(2.6.1), one sees that

<%XD,7¢> = % (/Drgb(x)dx) >0 forall ¢ € CI’(R") with ¢ > 0.

This implies that
(2.6.2) Dy, C D, foralls<t.

For simplicity, we now consider the case when y, = u € L7 (R") is independent of # > 0. From
Remark 2.5.1, to see that

([ 0) st 1), -

—/ Au,q)dx—/ Vu,-V¢)dx:—/ ,uq)der/ 1 Ad dx
Dy Dy D Dy,

—</.L,¢)—|—/Du,Aq)dx for all ¢ € C=(R"),

where
Auy, = ,uth, :OinDE.
Now we choose ¢ € C°(R") such that A¢ P = 0 in D; to see that (since u; < 0 by maximum
principle (Lemma 2.2.3))
d (resp. >)
3 ([ oax) 27 ),
then

(2.6.3) <;¢D,—XDO,¢>=/D o(x)dv— | ¢(x)dx:/0[%( A ¢(x)dx> dr "2 ).

One sees that (2.6.3) is a special case of

resp >)

(2.6.4) (XD, — XDo» 9) t(u,¢) forallt>0and ¢ € L'(D,).
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For each y € R", we now choose ¢ (x) = ®(x —y) in (2.6.4) to reach
UPr(y) > UPoH () for all y € R" and equality holds for all y € DtE.
Since the C!' mapping y — U (y) — UP0*H (y) attains its minimum at each y € D, then
V (UPr(y) —UPHH(y)) =0 forallye Dt
Together with UP" (y) = UP0+H(y), from Runge approximation (Lemma 1.4.3) we conclude that
(2.6.5) Bal (11 + xp,) = X,

where the partial balayage is given in (2.3.2). We now reach the following result.

LEMMA 2.6.2. Given any bounded smooth domain Dy, there are at most one strong solution
{D,} of the Hele-Shaw problem (2.6.1).

The above discussions strongly also suggest the following definition (which even make sense
for general measure ).

DEFINITION 2.6.3. Let u € &’ (R") (supp (1) not necessary to be contained in Dy) and let {D, }
be a collection of open sets (not necessarily bounded). If {D,} satisfies (2.6.5), then we say that
{D,} is a weak solution of the Hele-Shaw problem (2.6.1).

Unlike strong solution, one sees that weak solution always exist for all # > 0 (since partial
balayage is well-defined). In addition, it is not realistic to assume dD;, for example, if we choose
U = Oy, + Ox, for some x| # xp € R”, then at some 7y > 0 one sees that D;, = B; UB; for some balls
Bj and B, with dBj N dB; has exactly one point. We see that the boundary of such domain Dy, is
no longer smooth, and {D; };>;, is no longer a strong solution.

It is worth to mention the following result, which gives a sufficient condition to verify that {D, }

is a weak solution of Hele-Shaw problem (2.6.1).

THEOREM 2.6.4 ([Gus04, Corollary 6.3]). Let {D;};>o be simply connected domains with C'
boundaries in C = R? such that

/ ZFdxdy = / Zdxdy forallkeN,
D)f D()
where 7 = x +1iy. If either one of the following holds:

(1) Dy is continuous in t in the sense that t — |D; N B| is continuous for every ball B; or
(2) {D;} is monotone in the sense of (2.6.2);

then {D;};>0 is a weak solution of the Hele-Shaw problem (2.6.1).
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2.7. k-quadrature domains and Pompeiu conjecture

In fact, the method of partial balayage can be extended for Helmholtz operator A + k2, but
the extension is highly nontrivial, see [GS24, KI.SS24, KS24]. One may consider a definition
generalizing Definition 1.1.1:

DEFINITION 2.7.1 ([KLSS24, Definition 1.1]). Let K > 0. A bounded open set D C R” (not
necessarily connected) is called a quadrature domain for (A +k2), or a k-quadrature domain,

corresponding to a distribution u € &’ (D), if
[ i) de = quw)
D
for all w € L'(D) satisfying (A+k%)w =0 in D.

The first question is whether k-quadrature domains even exist for k > 0. This is indeed the case.
In fact, balls are always k-quadrature domains. This is a consequence of a mean value theorem for
the Helmholtz equation which goes back to H. Weber [Web68, Web69], see the aIXiv version of
[KLLSS24] for a detailed proof, see also [CH89, page 289]. The mean value theorem takes the form

| wwydr =R w(a)
B(a) Y

whenever w € L'(B,(a)) and (A +k*)w = 0 in B,(a). However, unlike for harmonic functions,
the constant ch,y;F has varying sign depending on k,r. In particular, the constant vanishes when
Jnj2(kr) = 0 where Jy denotes the Bessel function of the first kind. More details are given in
[KLSS24, Appendix A], and detailed proofs also provided in a1V version of the paper. It is also
important to mention that D is a k-quadrature domain corresponding to p € &’(D) if and only if

there is a distribution u € 2'(R") satisfying

(A+K)u=yp—p inR",
u=1|Vu| =0 in DC,

see [KLLSS24, Proposition 2.1]. In the case when n = 2, one also can use Cauchy-Kowalevski
theorem to construct quadrature domains [KL.SS24, Section 3].

EXAMPLE 2.7.2 (Figure 2.7.1). Let ¢(z) =z+ %zz and D = ¢(ID). Then D is a cardioid whose
boundary is smooth except at the point ¢(—1) = —1/2 where it has an inward cusp. It is clear
that @ satsifies the conditions of [KLLSS24, Theorem 1.5]. Similarly, if ¢(z) =z+ ”lem for integer
m > 2 then D has m — 1 inward cusps.

EXAMPLE 2.7.3 (Figure 2.7.2). Let ¢(z) = 2 — 2222+ 12 and D = @(D) (see e.g. [LMIS6,
equation (1.9)]). Then the corresponding domain D is not a Jordan domain and furthermore its

boundary has inward cusps. By [KLLSS24, Theorem 1.5], the domain D is a k-quadrature domain.
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FIGURE 2.7.2. Plot of Example 2.7.3

EXAMPLE 2.7.4 (Figure 2.7.3). Let ¢(z) = (z—1)>— (1 —£)(z—1)? and D = @(D). The
domain D looks similar to a cardioid, but with an inward cusp which is curved in such a manner
that the d D cannot locally be represented as the graph of a function. It is also a k-quadrature domain
by [KLSS24, Theorem 1.5].

In order to highlight the difference between 0-quadrature domains and k-quadrature domains

for k > 0, we now restricted ourselves for the case when u = 0:

DEFINITION 2.7.5 ([KLSS24, Definition 1.1]). Let £ > 0. A bounded open set D C R" (not
necessarily connected) is called a null quadrature domain for (A +k?), or a null k-quadrature
domain if

/ w(x)dx=0
D
for all w € L'(D) satisfying (A+k%)w = 0 in D.
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One sees that D is a null k-quadrature domain if and only if there is a distribution u € 2'(R")

satisfying

(A+k>u=yxp inR"

2.7.1)
u=1Vu| =0 in DE.

EXAMPLE 2.7.6. Write jq , be the m™ positive zero of J,. By using mean value theorem, one
sees that each ball with radius R satisfying J, /z(kR) =0,i.e. R=k~! Jam for some m € N, is a null-
quadrature domain. In [KS24, Example A.2], we also show that each ball with radius R = k! j%jm

is a null-quadrature domain by showing that

A : for all |x| < k_lj%_‘m,

0 otherwise

is in C1'!(IR") and satisfies (2.7.1) with D = Bg provided R = k_ljgvm.

‘We now assume that

D is a null k-quadrature domain which is bounded
(2.7.2)

such that dD is homeomorphic to a sphere
By using maximum principle and the fact that the first Dirichlet eigenfunction is positive, one sees
that k is strictly larger than the first Dirichlet eigenvalue of D, and thus maximuim principle does
not hold on D in the case. Therefore it is not possible to construct null k-quadrature domain by
using partial balayage at the moment.
In particular, by using [Wil81, Theorem 1] and [Wil76] the assumptions in (2.7.2) is equivalent
to the assumptions in the Pompeiu conjecture [Pom29, Zal92, Zal01], which is still open until
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today. It is worth to mention that if D satisfies assumption (2.7.2) of Pompeiu conjecture holds,
then its boundary dD must analytic [Wil81]. See also [Avi86, BST73, BK82, GS93] for some

related results. The following conjecture is still remain unanswered:

CONJECTURE 2.7.7 (Pompeiu conjecture [ Yau82, Problem 80]). If D satisfies (2.7.2), then D
has to be a ball.

It is easy to see that k > 0 is also a Neumann eigenvalue of D with eigenfunction v := u — k2,

where u is given in (2.7.1), which satisfies
viop = —k 2.

The main difficulty is the knowledge of v|5p does not explicitly contained in the Courant minimax
characterization of Neumann eigenvalues. Therefore we also believe that the Courant minimax
principle is not helpful in the study of Pompeiu conjecture.

We now also give some remarks on unbounded null k-quadrature domain. The following
theorem can be proved by following the ideas in [BBDFHT16].

THEOREM 2.7.8 ([KSS24, Theorem E.1]). Let n > 2 be an integer, k > 0 and 6 € (0,5). We
consider the conical domain (see [BBDFHT16, Figure 1])

T :={(x,y) € R xR:y> —|x[tan6 } .
Ifw € LY (Xg) satisfies (A+k*)w =0 in Zg, then w = 0 in L¢.

This shows that, unlike the null O-quadrature domains are always unbounded (Example 1.1.3),
the notion of “null k-quadrature domains” for £ > O therefore makes no sense for general unbounded

sets.
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APPENDIX A

Preliminaries

A.1. A version of Hahn-Banach theorem

There are several versions of Hahn-Banach theorems. Here we exhibit a version which is very
useful in the context of PDE:

THEOREM A.1.1 (Hahn-Banach [Brell, Corollary 1.8]). Let F C E be a linear subspace. If
(f,x)=0forallxe F — f=0,
then F = E.

A.2. Sobolev embeddings
Before introducing the Sobolev embeddings, we first introducing the following concept:

DEFINITION A.2.1. Let X and Y be two Banach spaces. We say that the space X is continuous
embedded in Y if

(A2.1) vy <c|lv||x forallveX.

We say that the space X is compactly embedded in Y if (A.2.1) holds and each bounded sequence
in X has a convergent subsequence in Y.

Many authors (including myself) simply denote X C Y if the Banach space X is continuous
embedded in another Banach space Y, despite that X is not necessarily a subset of Y. We will also
denote X €Y if X is compactly embedded in Y. Here and after (including the next theorem), we
will use these notations without mentioning explicitly. Let | x| denotes the integer part of x, and we
have the following theorem:

THEOREM A.2.2 (Sobolev embedding theorems [AH09, Theorem 7.3.7 and Theorem 7.3.8]).
Let Q be a bounded Lipschitz domain in R". Then the following statements are valid:
(a) Ifk <3, then WkP(Q) € L4(Q) for any g < p* and WhP(Q) C LI(Q) when q < p*, where
1 _1_k

P p
(b) Ifk= %, then W5P(Q) € L4(Q) for any g < .
() Ifk > %, then

whr(Q) e P (Q) forall B e [o, L%J +1- zﬁa)

whr(Q) c TP (@) i p =
(@) () with p any positive number < 1 if% € Z.

REMARK A.2.3. Theorem A.2.2 is also valid for W*P-spaces with k € R, see e.g. [AH09,
McL00] for precise definitions. Here we will cover these topics in this lecture note. Part (c)
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of Theorem A.2.2 in particular gives some sufficient condition in terms of weak derivatives to
guarantee the well-definedness of the strong/classical derivatives.

It is important to mention that the proof of Theorem A.2.2 is based on the existence of the
bounded linear extension operator

E : WEP(Q) — WhP(R™)

for any nonnegative integer k and for any 1 < p < co. In fact, the operator norm of the extension
operator can be eplicitly given:

THEOREM A.2.4 ([Bur99, Theorem 3.4]). Let Q be a bounded Lipschitz domain in R". There
exists a constant C = C(Q) > 1 such that

(C™'R)* < nf[|E i 0wy < (CR)*

for all k € N and for all 1 < p < oo, where the infimum is taken over all extension operator E :
WkP(Q) — WkP(R™).

REMARK A.2.5. Here we emphasize that the constant C in Theorem A.2.4 is independent of
both k and p.

A.3. Integration by parts
The following version of integration by parts is widely-used in the context of PDE:

THEOREM A.3.1 (Integration by parts [EG15, Theorem 1 in Section 4.3]). Let Q be a bounded
Lipschitz domain in R" and given 1 < p < oo. The mapping

(A.3.1) Tr:C*(Q) —» C*(9Q), Tr(f) = flyo

can be uniquely extended to a bounded surjective linear operator W (Q) — Tr(W!P(Q)) C
LP(9Q). Furthermore, for all ¢ € (C'(R"))" and f € WP (Q), we have

(A3.2) /Qfdiv(go)d:c:—/QVf-god:I:nL/aQ(u-w)Tr(f)d%”_l,

where v is the unit outer normal to dQ.

REMARK A.3.2. Here we refer the advance monograph [EG15] for the precise meaning of v,
which is well-defined for .7#"~!-a.e. on dQ. The function Tr(f) given in (A.3.1) is called the trace
of f on dQ. We usually still denote d.7#"~! by dS,,. If there is no ambituity, we sometime omit the
notation the trace operator (A.3.1) and simply write (A.3.2) as

/Qfdiv(ga)dm:—/QVf-cpdm+/aQ(u-go)dew.
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