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introduce the one-phase Bernoulli problem in the second chapter, reformulating
it as a minimization problem. Then, in the third chapter, we present two illu-
minating examples of solutions to the problem, which imply that the Lipschitz
regularity is optimal. The fourth chapter proves the existence of solutions, em-
ploying the direct method of calculus of variations. Finally, the fifth chapter
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Introduction

In the study of partial differential equations (PDEs), free boundary problems
constitute a special class of boundary value problems. They are characterized
by the presence of an evolving boundary, the determination of which is linked to
the solution of the PDE itself. The a priori unknown portion of the boundary is
called a free boundary and it is subjected to conditioning in addition to standard
boundary conditions of a PDE problem. As a result, one seeks to not only describe
the solution to the PDE but also determine the free boundary.

These problems emerge in various scientific disciplines, including fluid dy-
namics, where they can model the interface between two immiscible fluids, in
mathematical biology when modeling tumor growth, and also in mathematical
finance to name but a few.

A classical example, which is worth mentioning, is the one-phase Stefan prob-
lem of melting ice, held at 0 degrees Celsius, in contact with its surrounding water.
It is one of the simplest possible models describing a phase-change process and
its study has greatly benefited the progress of the theory of free boundaries in the
last 40 years, and its description may be found in Friedman and Spruck [2011].

This thesis, which is based primarily on the work of Velichkov [2023], focuses
on the one-phase Bernoulli problem. This problem is of particular pertinence to
the study of free boundary regularity theory, as it has inspired significant progress
in the field. In the following chapters, we will translate this problem into the
language of the calculus of variations, as we prove the solution may be obtained
by solving a minimization problem of the functional F,. We then continue to
prove the existence of minimizers and tackle the question of their regularity. We
also give two illuminating examples of minimizers in simplified scenarios.

The first chapter briefs the reader on selected parts of the important theory
regarding function spaces, which are relevant to the subsequent sections.

The aim of the second chapter is to introduce the one-phase Bernoulli problem
and transform it into a more accessible variational problem of minimizing the
functional F,. We proceed to study several basic properties of this functional.

In the third chapter, the reader will be presented with two examples of mini-
mizers in simplified scenarios, illustrating the desired properties of regularity.

The main result of the fourth chapter is the proof of the existence of minimizers
of the functional F,. This is achieved by employing the direct method of calculus
of variations.

Finally, in the fifth chapter, we concern ourselves with an interesting question
of the regularity of the minimizers. We arrive at the result that the minimizers
of Fx are Lipschitz continuous.

The aim of this thesis is to provide more detail to the theory described in
Velichkov [2023] and thus increase its readability. Our desired objective is to
create an introductory text into the free boundary regularity theory, which is
accessible to mathematicians of all levels of expertise.



Notation

A - gradient operator

V - Laplace operator

div - divergence operator

g - empty set

wg - the Lebesgue measure of the unit ball in R¢

) - domain

02 - boundary of domain

2, - the set {u >0} for a real-valued function u

B,.(x) - open ball of radius r centered at x

B, - open ball of radius r centered at zero

suppu - the support of u, that is the set {u # 0}

Cs(§2) - class of infinitely differentiable compactly supported functions in €2
(uAv)(x) - the function min(u(z),v(x)) for real-valued u,v
(uvwv)(z) - the function max(u(x),v(z)) for real-valued u,v
X - the characteristic function on the set 2

f, - the averaging integral ﬁ Jo

H4-1 - the Hausdorff measure in d — 1 dimentions

a.e. - almost everywhere



1. Preliminaries

1.1 Weak derivative and function spaces

1.1.1 Lebesgue space

Suppose 1 < p < oo and (2,4, 1) is a measure space. The Lebesgue space LP(€2)
consists of equivalence classes of measurable functions {2 — R such that

[ 1#Pdu <oo.

This space is endowed with the LP-norm defined by

o=l = ([ 1)

In the upcoming chapters, we will rely on the following property of the LP
spaces.

Lemma 1 (LP are separable). If 1 <p < oo and Q2 c R™ is a measurable set, then
the space L,(§2) is separable.

We will not give the proof here and refer the reader to Brezis [2010] for its
description.

1.1.2 Sobolev space

The following definitions and further theory on the topic of Sobolev spaces can
be found in Evans [1998](chapter 5, p. 251-307).

Definition 1 (Weak derivative). Suppose £ ¢ R"™ is an open domain and o =
(aq, s, ) € N® is a multi-index. Let u,v € Ly, (). We call v the a-th weak
partial derivative of u, written as D*u =wv, on condition that

];lu(x)Dacp(x)dx=(—1)‘“'[9%(x)g0(x)dx

for every function o, which belongs to the space of infinitely differentiable func-
tions with compact support C(2).
We denote D% = D00y = 4.

Remark. Functions ¢ from the definition above are commonly called test func-
tions.

Remark. The weak a-th partial derivative of u, if it exists, is defined uniquely up
to a set of measure zero. This is not difficult to prove and can be found in Evans
[1998].

We define the Sobolev space H!(2), which is a vital building block in the
upcoming chapters. It is a member of the following class of functions.



Definition 2 (Sobolev spaces). Let 2 ¢ R™ be an open domain. For a given k € N
and 1 <p < oo we define the Sobolev space

WEP(Q) = {ue LP(Q) : D*u e LP(Q),0< |o| < k} |

where a 1s a multi-index.

We also introduce the space WEP() as the closure of C=(Q) in WkE?(Q).

This means, that u € W,"P(2) if and only if there exists a sequence of functions
u, € C(Q) such that u, - ue Wkr(Q)

Definition 3. In the special case when k =1 and p = 2, we denote W12(Q) as
H'(Q2). We endow this space with the norm

1
2
TP AT

for a function u e H'().

The space H'(€2) is also sometimes dubbed the Hilbert space for the following
reason.

Theorem 2 (The space H'(Q2) is Hilbert). The Sobolev space H*() with the
norm |u| g is a Hilbert space.

The proof of this statement is developed in Evans [1998], for example.
The following result neatly describes the relationship between the Lebesgue
and the Sobolev spaces.

Theorem 3 (Rellich-Kondrachov Compactness Theorem). Let D c R™ be an open
set with a smooth boundary. Suppose 1 < p<n and p* = %. Then, WP(D) is
compactly embedded in L1(D) for each 1< q < p*.

In other words, the following is true:

1. Wi»(D)c L1(D),
2. |u|pe < Cllu|wrr for each uwe WIP(D) and a constant C,
3. each bounded sequence in W1P(D) is precompact in Li(D).

Proof. See Evans [1998] (section 5.7, theorem 1) for the proof of this theorem. [

1.2 Weak(-*) convergence and compactness

In this section, we give the definitions of two types of convergence in a linear
normed space X. Since we cover the theory concerning these modes of con-
vergence only to a slim extent, we refer the interested reader to Royden and
Fitzpatrick [2010] for further information.

The upcoming definitions depend heavily on the notion of the dual of a Banach
space (X, |u]x), which, as we recall, is the vector space

X*={F:X - C continuous and linear} .

5



Definition 4 (Weak convergence). Let X be a normed linear space. We say a
sequence {u,} ¢ X converges weakly to u € X asn — oo, if the sequence of scalars
{f(un)} converges to f(u) for all f e X~*. We then write u, - u.

To distinguish between convergence in the weak sense from the more common
{u,} = u, meaning lim,, o, |u, — u| = 0, we will often refer to the latter as strong
convergence in X. Since

| (un) = f(u)| = [f (un =) <[ F- [ = I forall feX™,

if a sequence converges in the strong sense, it also converges weakly.

Generally, when dealing with a sequence u,, where the condition on strong
convergence of u, is too strict to request, one may also arrive at meaningful
results by only having the information of weak convergence. We will witness this
in the case of a minimizing sequence in Chapter 4.

We shall also introduce a type of convergence for a series of functions from
the dual space X*.

Definition 5 (Weak-* convergence). Let X be a normed linear space. We say a
sequence {f,} ¢ X* converges weakly-x to f € X* asn — oo, if

7}1_210 fa(w) = f(u) forall ueX.

. *
We then write u,, —~ u.

One of the most desirable properties of a given space is compactness. The
result for weak—+ topology is usually called the Banach—Alaoglu theorem. In
this thesis, we will use an immediate corollary of this theorem for sequences in
separable spaces.

Theorem 4 (Banach—Alaoglu for sequences). If X is a separable space, then
every bounded sequence {f,} in X* has a subsequence {f,.} which converges
weak-* to a function fe X*.

The description of the proofs for both Banach—Alaoglu theorem and its con-
sequence for sequences can be found in Brezis [2010].

1.3 Inequalities

In this section, we will declare several important inequalities, which will be lever-
aged in further chapters.

Lemma 5 (Poincaré’s inequality). Let Q c R? be an open, bounded, smooth set
and u e H}(2). Then, there exists a constant C' depending only on d and Q@ such
that

|ulL2(0) < [Vu]z2(q) -

The description of this inequality can be found in Evans [1998] (section 5.8.,
p. 275).



Lemma 6 (Holder’s inequality). Assume that f € LP(R") and g € L¥' (R™) where
5+ =1 Then fge L'(R") and

[ Vgl <151 lgl

Lemma 7 (Young’s inequality). Assume that f € LP(R") and g € L? (R™) where
r= 2+ 5 =120, Then, their convolution (f * g)(x) = [ f(t)g(x ~t)dt € L"(R")
and

1= gl < 1 flplgly -

Lemma 8 (Jensen’s inequality). Consider a finite-measure set §2, a convex func-
tion ¢ : R - R and a function f e L*(2). Then, it holds that

1 1
a stz o( g [ ra).

For these three inequalities, we refer the reader to Brezis [2010](chapter 4, p.
92-120) where their statements and proofs are fully treated.



2. One-phase Bernoulli problem

In this chapter, we will introduce a problem of great significance to the study
of free boundary regularity theory, the one-phase Bernoulli problem. As one of
Bernoulli’s problems, its origin lies in the description of free surfaces in ideal
fluids.

The contents of this chapter are based on the first chapter of [Velichkov, 2023].

2.1 Problem formulation

Let D be a smooth bounded open set in R? and A > 0 a given constant. Bernoulli’s
free boundary problem asks to find a domain 2 ¢ D and a function u: Q2 - R,
such that

Au=0¢€e;

u=g on O0QNID; (2.1)

u=0 and |Vu|=vVA on 90nD,

where g: 0D — R is a given non-negative function.

As we may observe, the solution to 2.1 depends both on the choice of the set
D and the boundary value function g. For this reason, we are usually not able
to find the domain €2 and the function u explicitly, outside of some very special
cases. In fact, even the question of the existence of the pair (£2,u), solving the
problem 2.1, presents a challenge.

In their response to this challenge, H. W. Alt and L. A. Caffarelli formulated in
their seminal paper Alt and Caffarelli [1980] the following associated variational
problem:

We seek to minimize the functional

w— Fa(u,D) = ﬁ, Vu(z)] dz + A|{u> 0} n D (2.2)
among all functions u: D — R such that

we HY(D) and wu=g ondD.

In other words, we are looking for a function u that would satisfy the following
definition.

Definition 6 (Minimizer of Fy). Suppose D c R? is a bounded open set. The
function uw : D — R is said to be a minimizer of the functional Fy in D, if
we HY(D) is non-negative in D and

Fa(u,D) < Fp(v,D) for every ve H' (D) such that u-ve H}(D).

We continue to demonstrate the connection between the minimization problem
and the one-phase Bernoulli problem 2.1, which allows us to shift our focus from
solving the former directly to a more accessible variational problem.

Proposition 1. Let v : D - R be a minimizing function of Fa, which is of
the class C2(D). We consider the domain Q, = {u > 0} and the pertaining free
boundary 0y, n D. Then, the couple (u,$),) is a solution to the free boundary
problem 2.1.



We organize the proof in three steps.

(i)

(i)

The fulfillment of the conditions
u=gondQndD and wu=0o0nd2nD
comes directly from the construction of the couple (u,€,).

To show harmonicity, we will formulate the following lemma.

Lemma 9 (Minimizer is harmonic). Let D c R? be a bounded open set.
Then, any minimizing function u of Fa in D, which is a C%(D) function,
is harmonic in the open set €, = {u>0}.

Proof of Lemma. Suppose u is a minimizer of F, as above. Consider an
arbitrary function ¢ € H}(£,) and let £ > 0. Since ¢ is zero on the boundary
012, we know that

u+epe HY(D) and wu+ecp=gondD.

We notice that for an ¢ very close to zero
{u+e¢>0}={u>0}.

Thus, we can focus only on the Dirichlet energy part of the functional.

The minimality of u provides

1 2 1 2
— d s—f ; dz
2€/QU|VU| z< o Qu|V(u ep)|” dx
0< o [ I9(ure) - [vul d,
2e Ja,
1
Oﬁ_f Vul® - 26 Vu- Vo + €2 [Vl - |Vul dz,
2e Ja.,
€
Osf Vu-Vo+= |Vl de.
Qu 2
We pass to the limit € - 0
03] Vu-Veds.
Qu
This holds for both ¢ and —¢, hence
0=[ Vu-Vedz.
Quy

By partial integration for ¢, we have

O:f 3,,ug0—f Aup
a u Q/IL
0:—f Auyp.

Qu

Because ¢ is auxiliary, this means that

0=Au ae. on £,.



(iii) Lastly, we address the overdetermined condition on the free boundary. Let
e > 0 and consider any smooth vector field ¢ : D - R¢ with compact support
in D. Now, the function

pe(z) =2 +e¢(x)
is a diffeomorphism on D and, by the nature of {, the function
u. = uop !

is well-defined and belongs to H!(D).

As shown in Velichkov [2023] (lemma 9.5, p.82), the function € - F(u., D)
is differentiable and for smooth enough uw and 0f2, can be computed as
follows:

Oe

where v is the exterior normal to 0€),.

Falu., D) = fdﬂ (=|Vuf? + A)C - vdHT

e=0

Owing to the optimality of u, we get the identity
0= f (=|Vul + A)C - vdH*
0

and since ( is arbitrary, we deduce that

Vu|=VA on 0Q,nD.

Considering all this, we may conclude that by minimizing the functional Fj,
we obtain the pair (u,{2) solving the one-phase Bernoulli problem 2.1.

2.2 Properties of the functional F,

We proceed to discuss several properties of the functional F,, which will prove
helpful in later sections.

Lemma 10 (Scaling). Let Q c R? be an open domain and v € H' ().

(i) Consider xo € R r >0 and define

1 J—
uxo,?"(x) = FU(IO + ’I"l‘) and on,r = {a’,‘ € Rd s = Yy Txo fO’I" y € Q} )

Then, ug, () € HY(Qyy ) and also

f‘A(u:co,m on,r) = ’l“_dFA(U, Q) .

(it) The identity Fpp(tu, Q) = t2F5(u, Q) holds for every t > 0.

10



Proof. (i) Take a function w,,, as defined above. First, we show that wuy,, is
an element of H!(€,,,). By the shape of Q,,, and u,,,, and by using the

substitution p(y) = =2, y € ) we compute

2

1
fQW|Vu;,;0,,,(97:)|2 dx = f{y‘jﬂ;yeg} V(;u(xo+m)) dr =
1 2
- [|7 (5u)| laet(e @l dy.
In the right-hand term, u € H'(€2) provides finiteness
L[ Cotn)| e omtay = [ e (2uw)| Sav-
[V (Culy PNy = | V| -uly) )| Zdy=

= [ 17 dy < oo.
The last identity above and the fact that
Atz > 0 0l = | 1d
{ttag,r >0} 0 Q| e fung e} L
=2 X2ty et (@)1 dy
1
= A 190 {u(y) > 0}

results in

FaCtan aa) = [ 1Vt (@) i+ Al > 01 ] =

zg,T

=1 F\ (u, Q).
(ii) A computation gives
Fop(tu, Q) = fQ it Vu(z) do + A [{u >0} n Q| = 2Fx(tu, Q).
[l

Lemma 11 (Truncation). Let Q c R? be an open domain and u e H'(2). Then

Fa(u, ) = Fpa(0vu,Q)= (0] \Vul* d .

In addition, the identity

Fa(u, Q) = Fa(unt,) = f IVul* dx

Q~{u<t}
holds for every t > 0.

Proof. The proof follows immediately by the definition of F and the identities

V(unt) =xuy Ve and  V(0Vu) = X0 V.

11



Lemma 12 (Comparison). Let 2 c R? be an open domain and u,v € H'(2). The
following holds

Faluvo, Q)+ Fa(unv, Q) =Fx(u, Q)+ Fp(v, ).

Proof. We proceed by straightforward computation, integrating non-negative
functions:

Faluvv,Q) + F(unv,Q) =
:[|V(uvv)|2 dx+A|{uvv>0}|+/|v(uAv)|2 dr+ A[{unv>0}|
Q Q

:[{ }IVu|2dx+[{ }|Vv|2d:v+A|{u>()}u{v>O}|
+/{ }|Vv|2d93+/{ }|Vu|2da:+A|{u>0}m{v>O}|

:/Q|V(u)|2 dx+A|{u>0}|+fQ|V(v)|2 d + A|{v >0}
:J’TA(u,Q)+fA(U,Q).

12



3. Examples of solutions

As the theory of the one-phase Bernoulli problem is complex in nature, we may
find it useful to explore some simple scenarios and examples of solutions. In this
chapter, we will examine two examples of local minimizers of F,, which can be
expressed explicitly, and develop intuition behind them.

The contents of this chapter are based mainly on the work of Velichkov [2023]
(chapter 2, p. 21-26) and are organized as follows. In the first section, we
observe that the so-called half-plane solutions are minimizers of F,. The second
section investigates the changes to energy caused by symmetrization and finds a
connection between the class of radial functions and the minimizers.

3.1 Half-plane solutions

Let p € R? be a unit vector and A be positive. We introduce the so-called half-
plane solution

hy(2) = VA sup{0,z-v} . (3.1)

Functions of the above structure are useful concepts in the free boundary
regularity theory, for example, they are used in proving that the free boundary
is C1@ regular. We will not delve further into this statement, one may find it
disclosed in Velichkov [2023].

Remark. Notice, that the function h,(x), in the set where it is positive, has the
slope |Vh, (x)] = VA and also Ah, () = 0.

Our aim is to show that the functions of the form h, (z) are global minimizers.
First, we establish the definitions of local and global minimizers.

Definition 7 (Local and global minimizer). Let D be an open set in Re. Then,

- a non-negative function u: D — R* is said to be a local minimizer of F in
D, ifue H} (D) and for any bounded open set 2, satisfying Qe D, it meets the
condition:

Fa(u,Q) < Fa(v,Q)  for every veH} (D) such that u-ve Hy(D),

- a function u : R - R is called a global minimizer of Fa if u is a local
minimizer of Fa in R?,

Note, that the definition of a minimizer we gave previously in 6 coincides with
the definition of a global minimizer.
The following proposition is the main result of this section.

Proposition 2 (The half-plane solutions are local minimizers). Let v € R" be a
unit vector. Then the function h,(x), as defined in 3.1, is a local minimizer of
Fa.

In order to prove Proposition 2, we require the assistance of the following two
lemmas.

13



Lemma 13. Consider a function f:R — R*, meeting the condition
f(a)=0 for some «a<0.

Then,

1/2

- [T rwa e ([Ciror a)
o (rengcons [iror a).

Proof. We may assume without loss, that « is the “last negative root” of f, that
is f > 0 on the open interval («,0). Then, the first inequality (1) is an immediate
consequence of Holder’s inequality 6. The second inequality (2) follows by Young’s
inequality 7, together with the fact that, by our choice of «,

lof <{f#0}n{t<0} .
O

Lemma 14. Let D be either an open, smooth, bounded set in R™ or D = R™. For
a given point xy € R? and a unit vector v € R, consider the function

v(z) = hy (2 - 20) = VA sup{0, (z - z0) - v} . (3.2)
Then, provided v € H'(D) is a non-negative function, such that
u=0ondDn{v=0},

it holds that
Fa(urnv,D) < Fy(u, D). (3.3)

satisfying the equality if and only if u=u Awv.

Proof. Without loss of generality, we may assume that o =0 and v = e,.
Let us divide the domain D into the following two parts:

D,=Dn{zxy>0} and D_=Dn{z;<0},

where x4 denotes the value on the d-th coordinate of the point x € R4 We
calculate

Fa(u,D) = Fa(unv,D) =

:/|Vu|2dm—/|V(u/\v)|2dm+A|{u>0}mD|—A|{U/\v>0}mD|
D D

:f |Vu|2dx+A|{u>O}mD_|+/
D_ D

i) (|vul® - |vol*) da.
+Mu Tq

Employing the inequality in Lemma 13, we receive

f{ 7l do Al > 0} 0 g <0)] 2 2VA wdH,
x <0

{=q=0}

where equality is satisfied if and only if u =0 in {z4 < 0}.

14



Moreover, we have

2 2 2
vul|® = |Vov da::f V(iu-v)|"+2Vv-V(u-v)dx.
L+ﬁ{u> Axd}| | | | D+ﬁ{u> A:cd}| ( )| ( )

Owing to the harmonicity of v = VAzg on D,, we get

/ vo-V(u-v)de=—VA udH*t.
D+ﬁ{u> Axd}

{za=0}

We may conclude, that

]:A(u,D)—fA(u/\v,D)zf (- v) >0,

D+ﬂ{u> A:cd}

where the last inequality is an equality if and only if u < v on R<. O]
We are now in a position to prove the Proposition 2.

Proof of Proposition 2. We may assume without loss that v = e; and put
h(z) = he,(z) = VA sup{0, 24} .

For a given R >0, let u e H} (R?) be a non-negative function such that
(u—h) € H)(Bgr). We shall prove that Fa(h, Bg) < Fa(u, Bg), which will give
us the desired conclusion.

As demonstrated in Lemma 14

fA(U/\h,BR) < ]:A(u,BR).

and so we may assume that u < h.
Because h is harmonic in {x; > 0}, we derive that

Falu, Br) - Falh, Br) = fB 1V (u = 1) de = Al{za > 0} 0 {u=0}]

rN{zq>0}

f IV(u-h)] de
Brn{zs>0}n{u>0}

Where the second equality follows from the fact

IV(u-h)|=|Vh|=VA on u=0.

3.2 Radial solutions

In this section, we aim to comprehend two examples of local minimizers of the
functional F,, which are radial functions. We show the connection between the
minimizers of the functional and the class of radial functions and explore, how
symmetrization changes energy values.

15



3.2.1 Symmetrization and Pélya—Szeg6 inequality

The following result is our main motivation.

Proposition 3 (Energy of symmetrized functions). Assume u : R - R is a
function in H'(R?), then

fl(u#aRn) < Fl(“JRn) ) (34)
where u# denotes the Schwarz symmetrization of u.

We refer the reader to Talenti [1994], which is our main source for this sub-
section, for a deeper dive into the theory of Schwartz’s symmetrization.

Definition 8 (Schwartz’s symmetrization). Let Q0 be a measurable subset of R4
and suppose the function u : @ - R wvanishes at infinity, meaning all the sets
where u > 0 have a finite measure:

HzeQ:|u(z)| >t} <oo

for every non-negative t. We shall call these sets the positive level sets of u.
The distribution function of u is defined as the measure of its positive level
sets
po(t) = [z eQ:|u(x)| >t} for t>0.

We then define the decreasing rearrangement of u as
uw*(s) :=sup{t >0: p,(t) >s}.

If Q# is an open ball in R™, centered at 0 and with the same measure as €2,
then the Schwartz symmetrization of u is defined as

u(z) = u*(wp |2]"); 7 e QF.

We formulate several properties of the functions p,(t) and u#, which are
straightforward results.

Lemma 15. The function p,(t) is decreasing, right-continuous and defined in
(0,00). It holds that if we put

pu(t=) = { € Q: Ju(@)| 2 23],

then
(=) = pa(t) = [{a € s u(a)| = 1}]

Lemma 16. The function u* is a decreasing, right continuous function defined
in (0,00) . The level sets

{s20:u(s) >t} = [0, (1))

for all non-negative t. In other words

pu(t) = [{s20:u”(s) > t}] .
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Proof. By the definition of u*, if s is on the left-hand side, then t must be such
that 1, (t) > s, therefore {s>0:u*(s) >t} [0, u.(t)) .

Similarly, by the definition and because ., (t) is decreasing, if s < p,(t) then
belongs to the left hand side of {s>0:u*(s) >t} 2 [0, (1)) . O

Lemma 17. If s is non-negative, then

pu(u”(s)) <'s.

Additionally, for such s that 0 < s < |supp(u)|, we have

pu(u”(8)=) 2 s.

Proof. As established previously in Lemma 16,

pu(u”(s)) = {2 02 u™(§) > u(s)} -

Because u* is monotonically decreasing, we deduce

{€20:u™(§) >u"(s)} €[0,s),

leading to the first conclusion.
Next, taking the left limit of the function pu,, we obtain

pa(u”(s)=) = {€ 2 0: u™(§) 2 u"(s)}] -

Given that u*(s) has a positive value only if 0 < s < |supp(u)|, and as u* decreases
monotonically, we may establish the inclusion

{£€20:u"(§) 2u"(s)} 2[0,s].
The second conclusion follows. ]

The Proposition 3 is a direct consequence of the following theorem, together
with the fact that the Schwarz symmetrization maintains the measure of level sets.
Notice, that the theorem is formulated only for Lipschitz continuous functions.
That is, however, sufficient, as the Lipschitz functions are dense in H'(R¢), and
so the estimate is true for all H'(R?) functions.

Theorem 18 (Pélya—Szegd inequality). Let 1 < p < oo and consider a Lipschitz
continuous function u which vanishes at infinity. That is, for all non-negative t

Hz e R":|u(z)| >t} < o0.

Under these conditions, we may establish the following inequality:

I8

Proof. As u# is a radial function, with the use of polar coordinates and by the
definition of u*, we arrive at the following result

0o * p
f Vu#|pdx:](; (—%(s)nw}/nsnﬁl) ds.

vut|” dxsf |Vul” dx .
Rn
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On the other hand

©(d
f |Vul? dxzf (—f |Vul’ dx)ds,
R™ 0 \ds J{zeRm:ju(z)|>u*(s)}

as the integral

[ |Vul” dx
{zeR™:|u(z)|>u*(s)}

monotonically increases from 0 to the integral [, |Vul” dz as s goes from 0 to oo.
The proof can be readily obtained from the following lemma. m

Lemma 19. Let 1 < p< oo and Q c RY be an open set. Suppose u is a Lipschitz
continuous function in 2 that decays at oo. Then

(i) u* is locally absolutely continuous,
(7i) the inequality

d f p ( du* 1/n n—l)p
— vul" de>|-——(s)nw, s= 3.5
ds {:pER":|u(x)|>u*(s)}| | ds (s) (3.5)

holds for almost every positive s.

We construct the proof in several steps, proving each before moving on to the
next. We will leverage some important theorems during this process, which we
will briefly state hereby for the reader.

(Coarea formula). Suppose u: R?>Q — R is a Lipschitz continuous function.
Let f be a non-negative measurable function on €2, then

[ @ ve@lda= [ [ sy ] VIR

A proof of this formula may be found in Federer [2014]

(Isoperimetric Theorem). If Q is a measurable subset of R? and its measure
is finite, then
HE00) > wy/* (JQ)H

We refer to Burago et al. [2013], where his theorem is treated.

We shall now dive into the main proof.

Proof of Lemma 19. (1) The inequalities

‘/{\xERn'U*(a)>|u($)>u*(b)} |VU| dflj > nw}l/” (u*(a) — ux—(b)) (36)

and

Hz e R":u*(a) > |u(z)|>u*(b)})|<b-a (3.7)
hold if |supp(u)|>b>a>0.

18



Proof of (1).

f |Vu| dz
{zeR™:u*(a)>|u(x)[>u* (b)}

= (by the Coarea formula)

u*(b)
/u*(@ (M { e R™ : Ju(x)| = £}]) dt

> (by the Isoperimetric theorem)

u* (b) 1/n n-l
/ nwy " ([{x e R : |u(z)| > t}|) = dt

*(a)

> (the integrand is a monotone function)
newd" (fz e R [u(@)] > u*(a)}) ™ (u*(a) - w* (b))
> (by Lemma 17)
nwy™ a5 (u*(a) - u* (b)) .

Now, by the definition of u* and the properties of p, we have
[z e R 1w (a) > fu(@)] > w* ()] = () - pa(u* (a)-)

By Lemma 17 follows
po(u*(b)) <b and  p,(u*(a)-)>a.

We continue with the use of the properties of u*. Because by Lemma 16, we
see that

supp(u”) = [0, [supp(u)|]
The previous inequalities show the following
(b-a)esupp |Vu| > nwy™a™ (u*(a) - u* (b)) ,
when |supp(u)| >b>a>0. Hence

1n n-1du*
esupp |Vu| > —nw, " s n

(s)

for almost every non-negative s. O

ds

For almost all s > 0 the following inequality holds

d / 1/71 n-1 du*
— Vul dx > —nw,” s n —(s). 3.8
ds J{zeRn:|u(z)|>u*(s)} vl ds (38)
Proof of (2). For 0 < s < |supp(u)| we have
d .1
— f |Vu| dz = lim — |Vu| dz. (3.9)
ds J{zeRm:|u(z)|>u* (s)} h—0* B J{zeRrur (s)>fu(z)|>u* (s+h)}

Previously, we saw that the right-hand side of the inequality is greater than
or equal to

nwy™s" (u(s) - u*(s+h)) . (3.10)
We have thus shown the proof of 3.5 in the case of p = 1 for almost all
5>0. [
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(3) We desire to prove 3.5 for all 1 < p < co. Without loss of generality, we can
suppose that u* is strictly decreasing in a neighborhood of s (otherwise there
is nothing to prove).

We claim that
h={zeR":u*(s) > u(x)|>u*(s+h)} (3.11)
for small enough positive h.

Proof of (3). Take the distribution function p, of u. Then

h = p(ux(s+h)) = p,(u*(s)). (3.12)

By Lemma 15, we know that

pru(t=) = pru(t) = [{€ 2 02w () = £}] .

By the properties of pu, in Lemma 17:

pru(ux(€)) <€ < pa(ux(§)-),
if 0 <& <|supp(u)|. The claim follows. O

Now

1

- \Vul” dx
h J{zeRru (s)2[u(z)|>u* (s+h)}

> (by Jensen’s inequality 8)

1 p
& dx) .

(E f{xeR":u* (s)z|u(z)|>u*(s+h)}
Consequently

d » d P
= vaf do> (- [ vl dz) .
ds J{zeRn:|u(z)[>u*(s)} ds J{zeRn:|u(z)[>u*(s)}

The proof is now complete. O

3.2.2 Radial minimizers

Let B, be the open ball in R? centered at zero with its radius set to r > 0. We
consider the following minimization problem in the exterior domain R¢\ B,

mm{/d V(u)| dz+|[{u>0}] : ue H(R?); u=1in Br} : (3.13)
R
The interior version of the problem reads as
mm{f V() da+ |{u> 0} : we H(B,): u=1in (?BT} | (3.14)
B,

We will prove that the problems 3.13 and 3.14 admit unique solutions, which
can be explicitly calculated.
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Proposition 4 (Optimal exterior solution). For every r > 0, there ezists a unique
solution wu, to the problem 3.13 in Re. The solution can be expressed as

1 in B,
u,(z) =1h.(x) in Bp~B,,
0 in RI~ B,

where the radius R > r is determined by r and the dimension d, and h,. is a radial
function, specifically given by

|:L.|27d _ R27d

1 -1
hr(l’) = 2_‘1—_R2_d Zf d >3 and hr(.T) = M
r —

] =2,
Inr-InR i d

Proof. By Proposition 3, taking Schwarz symmetrization u# of every function u

gives that Fj(u# ,R") < Fi(u,R?). Thus, there is a minimizer of F; which is a

radial function. First, we seek to minimize F; in the class of radial functions.
Let d > 3. For every 0 < r < R, consider the function

1, if x| <,
2-d_ p2-d .
urp(x) = %7 if r<|z[ <R,
0, if |z| > R.

Function u, g is the unique harmonic function in the set By \ B,. Therefore,
every minimizer of F; among the radial functions must take the form of a function
Uy g, for some 0 <r < R.

Now, taking the functional

|z[2-d — R2-d

r2-d — R2-d
we wish to find the optimal radius R.
d(d-2)

Considering the function f(R) = m=r—ps= + R we see that it is strictly convex,
since

2

-2
dLL’+|BR|: d(d )
r

N\ 2] d
2—d_R2—dwd+wdR >

fl(ur,Ra Rn) =

BR\BT‘

Y= (a2 de‘l), -
9 R272d d72
=2d(d - 2) m+d(d_1)3

is greater than zero for d > 3 if R >r > 0. Moreover
hl{im+ f(R) = }lzim f(R) =+00 (3.15)

and so f(R) has a unique minimum R, > 7.
Let d = 2. For every 0 <r < R, we select the function

1, if x| <,
_ ) Injz|-InR .
U r(7) =\ T, i r<|z|<R,
0, if |z| > R.
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which is the unique harmonic function in B \ B,.
We take the energy

fl(ur,RaRn):‘/B B \Y
RNDr

As in the case of d > 3, there exists a unique minimizer of the calculated energy
R..

Finally, we show that the functions u, r, are the unique minimizers of F;
among all admissible functions.

Assume u is a minimizer of F; which is not a radial function. By 3, the
symmetrized function u# is also a minimizer. As a radial function, u# has the
form u# = u, g, in its corresponding dimension d and we note that in particular
{u>0}[ =Bk,

Now, with v and u# both optimal, by Lemma 12 are the functions v := u A u#
and V = u v u# also minimizes of F;. Since u is not radial, we have either

2

dx +|Bg| = T+7mR%.

(ln|w|—lnR)
Inr-InR

2
In(R/r)

[{v> 0} # B,

or [{V>0}|#|Bg,

Because their respective symmetrized functions v# and V# are optimal as well
by 3, we necessarily have the identity v# = u# = V#. In particular

{v >0} =[{V >0} =Bk,

Y

which is a contradiction.
In conclusion, the functions u, g, are the unique minimizers of F;. O

Let us investigate the relationship between R(r) and r a little further. We
make several observations, based on the previous Proposition 4.

Corollary. The following statements are true for d > 2.

(i) The radius R(r) from 4 is a continuous function of r, such that

r<R<r+1.

(ii) It holds that
lir% R(r)=0.

(iii) The gradient of the radial function h, is of the form

||

V()] = (ﬁ) .

Proof of corollary. (i) We remember the result given in Lemma 14, which im-
plies that the optimal slope of the solution w, to 3.14 is 1. Therefore, we
may conclude that u, has bounded support. Specifically, u = 0 outside of
the set B, + B.

22



(i)

(iii)

Let d > 3. Consider the optimal radius R,, minimizing the function f(R).
Since R, is minimum, we have the identity

0=f'(R.)

0=-d(d-2)? (L;;d)z
(d-2)?RI4 = RI1 (¥ - R274)2
d-2=RI(r¥d - R29),
With this, we obtain a very nice, continuously differentiable implicit function
I(R,r) = R = Rri? — (2 - d)r®™? (3.16)
in Rt x R+,

We are now interested in the behavior of R(r) as r - 0. By the Implicit
function theorem (see Rudin [1964]), R can be presented as a single-variable
function of r of the class C!, that is R =~(r).

We notice that since Z(0,0) = 0, we have y(0) = 0. Remember the definition
of the first derivation of a single-variable function in the point r = 0:

7(0+h) -~(0)

(0)_1

h—0 h
. (h)
= lm =

On the other hand, we may differentiate the implicit function:

dy  § ri3(R(d-2) - (d-2)?)
dr % (d-1)R*+2 —pd-2 7

where we treat the resulting function as a function of the variable r.
Combining the identities, we get
R
13 < gy 1)y )
h—0 T—>0 r

which implies, that R(r) — 0 as r approaches zero. (All limits in 0 were
taken from the right.)

Let d = 2 and consider the optimal radius R,. By the same process as for
d > 3, we obtain the identity

R.(Inr-InR,)=1 (3.17)
and the associated implicit function
I(R,r) = rel/® - R,

which is continuously differentiable in R* x R*.

Since we necessarily have that Z(R,r) = 0, even for those r which are close
to zero, the function Re'/% must also go to zero. This means, that the decay
of R(r) must overpower the growing term e!/%. That is, R(r) = 0 as r — 0.
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(iv) Let us now calculate the norm of the gradient of h,. We describe the steps
for d > 3, as in two dimensions the process is analogous.

First, we find the partial derivatives:

Oh, _ Oh, O|z|
Ox;  Olz| Ox;
1 T
= (2-d)|z['1=
72—d _ R2—d( )] 2]
1 ZT;
T y2d_ ped (2-d) z]?
Then, the euclidian norm of Vh, = (ghr, cee ghr ):
1 T4

1 1 [\
il = - = ()

where in the second equality we utilized the identity 3.16.

Now, we move to the interior version of the problem.

Proposition 5 (Optimal interior solution). For every R > 0, there exists a di-
mensional constant Cy > 0 such that for every R > Cy there is a unique solution
ugr to the problem 3.14. Moreover, the solution can be expressed as

1 m GBR,
ur(z) =< hg(x) in Bgr~\ B,, (3.18)
0 m BR,

where hr is a radially symmetric function, specifically given by
|2~ — y2-d
R2-d _ y2-d
Proof. Once again, we notice that by Proposition 3, for every function u there is
a radially symmetric function u# with lower energy. Let us consider a function

v =1-wu and its Schwarz symmetrization v#. We now redefine the function u#
as u# =1 -v# and take the energy functional

In|z|-Inr

InR-Inr i d=2.

hi(z) = if d>3 and hg(x)=

Fi(u*,Bg) = —/;; ‘Vu#|2 dz +|Bg| + |[{u* > 0} n B
R

= |VU#‘2 dz + |Bg| + [{v* <1} n Bp|

<|vol? dz +|Bg|+|{v < 1} n By

<|vul’ dz+|Bg|+ |[{u< 1} n By

= Fi(u, Bgr) .
Therefore, we know there exists a radially symmetric function «# which minimizes
Fi. Because by 9, u# is harmonic in {u# > 0}, it has necessarily the form of the

unique harmonic function ug in By \ B,, defined by 3.18. That is, u# = ug for
some 0 <r< R.
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Let d > 3. Now, for a given r € (0, R), we calculate the functional

|z|2d — p2-d
v -
BpB, ( R2-d _ y2-d )
d(d-2)

= Wwd + U)d(Rd - Td) .

2

Fi(ur, Br) = dx +|Bg ~ B,

Consider the part of the energy, which is dependent on r, as the function

0=

As we may observe,

lim f(r)=0 and li_{%f(r) = +00.

r—>0+

Furthermore, if we take R large enough and r = £, then we find that f(R/2) < 0.
Now, we calculate

d(d—-2)?rt-d
fi(r) = (T(Q—d _ ;g;—dy —drth

It is easy to check, that
J(1)=0 = g(r)=(d-2)-r+r1R*=0,

therefore we will focus on the function g(r).
Upon rearranging the equation

(d-2)-r+r¢tR¥ =0

pa-1 r—(d-2)
R2-d
we see that on the right-hand side of the equality is a linear function. The
equation g(r), by its polynomial nature, has at most d—1 zeroes. However, since
the term 791 can meet the linear function at most twice, the number of possible
solutions of ¢g(r) =0 is reduced to two.
Now, if we take again a large enough R, then

g(d-1)<0 and g¢g(R-2)<0,

and we also have
9(0)=g(R)=d-2>0.

Therefore, the equation g(r) = 0 has exactly two solutions
r1€(0,d-1) and rye(R-2,R).

Let the my be the minimum of f in the interval [0,d — 1]. Then, for a large
enough R, we have

gy dd-2)
iR-2) = (=2 (D <
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Hence, there is a unique r € (0, R) that minimizes f and therefore also F, in
(0, R). Moreover, we know that R—2<r < R.

Let now d = 2. For every r € (0, R), consider the function ug as given by 3.18.
Let us take the energy functional

In|z| - Inr\[° 27
Bgr) = ———— || de+|Br\B,|=——— 22
Fi(ur, Br) Br B, v(lnR—lnr) v+ |Br Bl lnR—lnr+7T(R ™)
Similarly to before, we set
2 2
f(r) = ———— 1% with f'(r)= 2r.

" InR-Inr r(nR—-Inr)?

Next, we take
g(r)=1-r(InR-1Inr).

As above, g(r) = 0 can have at most two solutions in the interval (0, R).
For a large enough R we then have

g(1)=1-InR<0 and g(R—Z):l—(R—Z)lnl—R2

<0
-9 ’

meanwhile
9(0)=g(R)=1.

Consequently, the two zeroes of ¢ are in the intervals (0,1) and (R -2, R), re-
spectively,
Let us, again, take a large enough R, then we have

_ 2
_ln(1+%)

Thus, for a large enough R there is a unique r that minimizes f in (0, R) and
R-2<r<R.

The uniqueness of the solution is proven analogically as in Proposition 3.14.

O

f(R-2) ~-(R-2)?<-1< f(1).

By almost the exact same process as in Proposition 4, we may deduce the
magnitude of Vhg.

Corollary. For d > 2, the gradient of the radial function hpg is of the form

|$| 1-d

Vha(a)l = (1)
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4. Existence of solutions

In this chapter, we will prove that there exist local minimizers of the functional
Fr. We then move on to discuss several qualitative properties of these functions.

4.0.1 Existence by direct method

The main result of this chapter is the following proposition.

Proposition 6 (Existence). Let A >0 and D c R? be a bounded open set. Con-
sider a fized boundary value function g € H'(D) such that g is non-negative in
D. Then, there exists a solution to the variational problem

min{F(u,D) : ue H' (D), u—-ge H}(D)}. (4.1)

As we aim to prove the existence of a solution to the minimization problem
4.1, we follow the structure of the direct method of calculus of variations. The
method consists of three steps:

(i) We find a minimizing sequence (u,,) along which F, converges to its infimum
on D.

(ii) We show that (u,) admits a subsequence (u,, ) which converges in H'(D)
an element w.

(iii) We prove that u is indeed a minimizer of Fjy.

The third step (iii) depends on a specific property of the functional Fy, called
sequential lower weak semi-continuity with respect to weak convergence. We
continue to show this property.

Lemma 20 (Lower weak semi-continuity). Let Q ¢ R? be a bounded open domain.
For any sequence of non-negative functions {uy}ren in H'(2), converging weakly
in HY(Q2) and strongly in LP(Q)), 1 <p< oo to a function uw e H'(QY), it holds that

Fa(u, ) < hin inf Fa (ug, Q) (4.2)

We base the proof of Lemma 20 on the work of Arama and Leoni [2012](the-
orem 2.2). In the second half of the proof we rely heavily on a corollary of the
well-known Hahn-Banach theorem, which states:

If X is a normed space and x € X, there exists p € X* such that

p(xo) = |zol| and |p(z)| < |z| for all x e X . (4.3)

This statement together with the Hahn-Banach theorem can be found in Rudin
[1991] (chapter 3, p. 56 - 59).

Proof. Consider a sequence of functions {u, },«y conditioned as above. Taking
the energy functional of w,

Fan, D)= [ (191 (@) + Xu,00 )
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we note that the sequence {X{u,>0}}nen is bounded in L'(€2). Because L'(£2)
is a separable function space, by Banach—Alaoglu (4), we may find a function
e L>(Q),0<¢ <1 and extract a subsequence {uy} along which convergence
occurs:

X{uk>0} —*‘f in LOO(Q)

We show that & > x{us0y. Having uy - v in Lj (Q) and x{u,-03 L g in L=(Q),
we pass to the limit £ — oo in the identity

A uk(l - X{uk>0})dx = 07
which yields
fuk(l—f)dx=0 for all 7> 0.
Q

Since ug >0 and 0 <& <1, we arrive at the conclusion
u(1-¢)=0 a.e. in Q.

Hence
£=1 a.e. in the set {u; >0}

and thus
X {up>0} = & 2 X{u>0) -

The proof will follow by lower semi-continuity of the H! norm (with respect
to the weak H' convergence).

We define closed balls B(«a) := {u € H1(Q) : |u|g < a}. We see that the
norm is lower semi-continuous if B(r) are weakly closed for every a > 0.

Let {u,} be a sequence in the set B(«), o > 0 weakly converging to u € H'({2).
Then, by 4.3, there exists a linear functional p € (H!(€2))* such that

p(u) = |ulgr and  |p(un)| < |y for all u, € B(a).
Due to weak convergence,
ful s = pC) = Jim pCa) < i nf L <
Therefore
Fa(u,D) = L(Wu(x)f + X{us0}) d <
< [ (vu@)P+&) do <

sliminf/ [V, () do + limfx{un>0} dx = liminf Fp (u,, D).

Now, we are equipped to prove the existence of a solution to 4.1.

Proof of Proposition (6). (i) The functional Fj(u, D) is non-negative,
i.e. bounded from below by 0 on D. Therefore, it has an infimum greater
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(i)

(iii)

than —oo and by the definition, we may consider a sequence {u,} € H'(D)
where

gi_glofj\(un, D) =inf{Fx(u,D): ue H' (D), u, —ge HY(D)} > -oco. (4.4)
We call this sequence a minimizing sequence.
Without loss of generality, we may assume that
Fa(tn, D) < Fa(g,D) < 00 (4.5)
We also assume by 11, that u, > 0 for each n € N.

We wish to show the functions u, are uniformly bounded in H'(D) By
definition of the H! norm, we have the identity

[l = V| 22 + [un] 22 - (4.6)

We notice, that the first term of 4.6 comes from the shape of the functional
and is therefore bounded by Fj(g, D), according to 4.5.

Now we want to gain control over the second term as well. Because u,—¢g =0
on the boundary of D, we have by Poincaré’s inequality 5

lun = glz2 < C(d, D) | Vun = Vg 12

where C(d, D) is independent of the function w,. Therefore u, is bounded
in HY(D).

Because H!(D) is compactly embedded in LP(D), 1 < p < oo by Rellich-
Kondrachov 3, the minimizing sequence contains a subsequence {u,, } which
converges weakly in H'(D) and strongly in LP(D) to a function u € H(D).

Now we have a sequence {u,, } in accordance with the conditions of 20,
which gives us weak lower semicontinuity

FA(U’ D) < limianA(UmD)v

and so, u is a solution to 4.1.

4.0.2 Properties of solution

Definition 9 (Subarmonic function). Let D c R? be an open set. A continuous
function w on D 1is said to be subharmonic, if for any ball B.(x) c D and for all
functions ¥ harmonic in B.(z), it holds that

ifu<i on OB, (x) then w<v in B.(x).

Lemma 21 (The minimizers are subharmonic functions I.). Suppose D c R? is
a bounded open set and the function ue H'(D) is a minimizer of Fp in D. Then
u u is non-negative, and subharmonic in D (or, in other words, Au > 0) in the
sense of distributions:

For every ¢ € C>(D), such that ¢ >0 on D, holds the identity

fVu~Vgodx£O.
D
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Proof. The fact that u > 0 stems straight from the Lemma 11.

Now, consider a given non-negative function ¢ € C*(D). Suppose that ¢ > 0
and v = u—tep. Then when have that (vv0) < u. We may integrate on the support
of

.’FA(u,D):f|Vu|2d:c+A|{u>0}mD|
D
S/|V(vv0)|2d:)3+A|{(va)>O}mD|
D
£f|Vv|2dx+A|{u>()}mD|.
D

By this reasoning, we have that

f|Vu|2de/|V(u—tgo)|2dx
D D

:f|Vu|2dx—2t[ w-vwdmt?fmolzdw,
D D D

The claim immediately follows by taking the right derivative at ¢ = 0. O

It is an interesting result to show, that we may weaken the conditions on the
optimality of u, and still receive subharmonicity for those non-negative functions,
which are harmonic on the set where they are strictly positive. We formulate the
precise statement in the following Lemma.

Lemma 22 (The minimizers are subharmonic functions II.). Suppose the set
D c R? is bounded and open and the non-negative function v € H'(D) is harmonic
in the set Q, = {u>0}. That is

/|Vu|2datsf|Vv|2dx for every wve HY(D)
D D

such that u-ve H}(D) and v=0 on D\Q,.

Then, u is subharmonic on D, Au >0, on D in the sense of distributions.

Proof. Consider a given non-negative function ¢ € C=(D) and let p. : R - R be
given by

0 if v <5,
pe(w) =42 - if $<x<e,
1 itez>e.

Now, let us consider the function v := u — tp.(u)y, which is of the class H!'(D)
and we may compare it to v on an energy level. Then, for small enough t > 0, it
is true that

{u>0}={v>0} and /|Vu|2dmsf|Vv|2da:.
D D

Also,

fDW"’Vde:fD|V(U—tps(u)<p)|2da;

- fD |VU|2 = 2tVu-V(p-(u)p) + t2|V(pa(u)g0)|2
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Therefore, .
[ v v <5 [ 9o

and by passing t - 0, we get

02 [ v V() = [ u- (pL(w)eTu s p.(u)ve)
= [ prelval + po(w)vu- v
Z[Dpa(u)Vu-Vgo.

since p.(u) is increasing and, as we notice, differentiable almost everywhere, which
is sufficient in our case.

Notice that p.(u) converges to the characteristic function x (-0, as € = 0,
since:

(i) if z € {u =0}, then p(u(x)) = p=(0) = 0,

(ii) if z € {u > 0}, then there is £y > 0 such that u(z) > g and then for all ¢ < &g
we have p.(u(z)) = 1.

Now, let us prescribe a function g := |Vu- V| > |p.(u)Vu- Ve|. Since it holds that

fgdxzf|Vu-Vg0|dx£[|Vu||Vg0|dx
D D
< Vel [ |vulda <

1/2
< elo= ( [ IvuPds) " ViDl< oo

by Hoélder inequality 6. Now, we may conclude by Lebesgue’s dominated conver-
gence theorem (see Rudin [1964]), that

/Vu-VgdeéO.
D

The proof is completed. n

Lemma 23. Let D c R? be an open set and u € H' (D) be a subharmonic function.
Then take any xo € D. Then, the functions

re f(r):= wdH*Y and rw g(r ::][ udzx .
(OES S o=,

are non-decreasing. We obtain two properties of u as a consequence:
- u 18 locally bounded, u € L° (D),

loc
- for u there exists a function u: D - R

1
w=lim — u(z)dx for every xzp€D. (4.7)

=0 |BT'| By (w0)

such that u >0 and u=u almost everywhere in D
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Proof. We show the monotonicity of the function f(r), as the case of g(r) is
analogical. Notice, that by substituting y := =2, we obtain

1 1
_— d'Hd 1__ - / d-1 der—l'
di-1 ./;BT(mO)U(x) a1 aBl(o)u(xO Hry)r

We wish to examine the derivative of f:
fi(r) = [ u(xg +ry)rttdH?
0B1(0)
= [ Vu(zo +1y) -y dH™
0B1(0)

@ [ u(zo +ry) dHT!
31(0)

: , d d-1
rd 1 fBT(wo) u() dH

1
- di
gy . iv(Vu)
1
=— Au >0
rd=1 JB, (o)

The equality (1) follows by the fact that, in our case, y serves as the unit normal
vector to 0By (0). Step (2) then applies the Divergence theorem (see Evans [1998])
]
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5. Lipschitz continuity of the
minimizers

In this chapter, we examine the regularity property of minimizers. We will prove
that the local minimizers of Fj are locally Lipschitz continuous functions. The
contents of this chapter are based on Velichkov [2023] (chapter 3, p.29-31).

Our aim is to prove the following result.

Proposition 7. Let D be an open set in R* and u € H. (D) be a non-negative
function. Suppose that u is a local minimizer of Fp in D. Then, u is locally
Lipschitz continuous in D, i.e. for every x € R™ there exists a neighborhood U of
x and a constant L, such that

lu(z) —u(y)| < Lz —y| forall yeU.

The proof of Proposition 7, which we shall present, was originally proposed
by Alt and Cafarelli in Alt and Caffarelli [1980], and divided into two steps by
Velichkov in Velichkov [2023]. In the main proof, the Lipschitz continuity of u
will come as a consequence of an estimate on the growth of the function u at the
free boundary. The following Lemma 24 holds the precise statement.

Lemma 24. Let ue HY(D) be a non-negative function under the following con-
ditions

1. w is harmonic in the interior of the set Q, = {u >0},

2. u satisfies the inequality:

1
_— udH* <Cr  for every 0O<r<r
HA1 0B, (x0)| JoB-(z0) i Y ’ (5.1)

and every xg € 08,

uniformly with constants ro > 0 and C' depending on the distance to the
boundary OD.

Then, the gradient of u can be estimated as

Ju LY(Ds)y

IVu| g, < Ca (C’ t s ) for every 0 < § < g,

where Cyq is a dimensional constant and, for all r >0, we put
D,:={xeD : dist(x,0D) >r}.

Therefore, the set ), is open and the function w is locally Lipschitz continuous
in D.

Remark. For simplicity, we will be writing the averaging integral ﬁ /o as £, from
here onward.

Proof. We choose the point zy from different parts of the domain and reason
accordingly.
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(i)

(i)

(iii)

Suppose g € 02, N D. In the estimate 5.1, we may pass to the limit r - 0,
which gives us u(z) =0 and so g ¢ 2,. That implies 2, N0, = and Q, is
an open set.

Let zg € Ds such that dist(x,0Q,) > %, then either u = 0 or u is harmonic

in the ball Bsjy. The gradient of a harmonic function in an open set can
be locally estimated, as shown in Evans [1998](chapter 2, p.29), by the

(unsurprisingly) so-called gradient estimate

Cy
v s—f dr,
IVu(ao)| < 5355 f, - ude

where C; is a constant depending only on the dimension of the space.

Let xg € Ds such that dist(x,0€,) < g. Suppose the distance to the bound-
ary is realized by a point yo € 0€,, which simply means that |z — yo| =
dist (g, 0€2,) = min{|zg - y| : y € 90, }. Let us denote this distance as r.

Because u is harmonic in B,(xg), we may again estimate the gradient as

Cy Ca
IVul@o)l € TT [y 0y “ S 7T 5, gy 0TS C

where the second inequality holds, because u is positive and the balls are
nested, B,(zo) ¢ Ba.(y0). In the last inequality, we use the estimate 5.1
together with the fact that, by the use of polar coordinates,

2r
f uwdx = f / wdHT dt .
Bar(yo) 0 9Bt (yo)

O

With Lemma 24 in mind, we now embark on proving the estimate 5.1. We
structure the original arguments by Alt and Caffarelli in three comprehensive
steps as follows:

(1) In Lemma 25, we compare the energy F, (u, B.(x)) of the function w in the
ball B, (x¢) with the energy of its harmonic extension h in B,.(z() and receive

/Br(xo)|V(u—h)|2dxéA|{u:0}mBT($O)| _ (5.2)

(2) In Lemma 26 we estimate from below the left-hand side of the inequality

above for v e H(D)

1 2
— = B, ][ d d_l) < f -h 2d .
= {u=0}n B.(x)| ( o o) udH Cy . |V(u—-h)"de (5.3)

(3) If g € O, then [{u =0} n B,(x¢)| # 0. Combining the previous two inequal-

ities, we obtain

r

1][ wdH < /O .
OBr(z0)

Let us move on to the proof itself.
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Lemma 25. Suppose u € H. (D) is a local minimizer of Fa in the open set

D c R?. Consider the harmonic replacement of w in B,, that is the function
h e H'(D) which is harmonic in B, and also h =u on OB,. Then it holds that

/ |V(u—h)|2dx:f |Vul? = |Vh[?dr < A{u =0} n B,(x0)| .
BT(IO) BT(IO)
Proof. We analyze the integral furthest to the left
f IV (u-h)de = / Vul® — 2Vu- Vh + [VA?) do (5.4)
Byr(z0) Br(z0)
Now, we the integral

0= Ah(h-w)de = [

h-u Vh-u—/ Vh-V(h-u),
By (z0) aBr(xo)( ) B ( )

(20

where the first identity is caused simply by the harmonicity of A, and in the
second equality we employ the Divergence theorem (see Evans [1998]), with v
being the normal vector to the boundary.

Now, since on the boundary we have h —wu =0, it necessarily holds that

f Vh-v(h-u)=0
Br(z0)

f Vh-w=f Vh-Vh. (5.5)
Br(wo) BT(IO)

The first equality of 25 follows. Now, since u is optimal, we have that

vul?dz + Al{u >0} n B, (x g/
o [l Alu> 0y 0 Byl < [

T

and therefore

: IVh[2dx + A|B,(10)] .
T

The claim follows immediately. O

Lemma 26. For each non-negative uw € H'(B,) we may estimate the following:

1 d-1 2 2
ﬁ|{u:0}mBr|(]gBrudH ) stfBT|V(u—h)| da
Here, Cy is a dimensional constant and h is the harmonic replacement of u, that

is a harmonic function in B, with h =u on 0B,

Proof. Consider the function vn € H!(B,) which is a solution to the minimizing
problem

min{f \Vol*dz : u-ve H)(B,), v>u}.
By

Then, v is harmonic on set {v > u}, and we claim it is also super-harmonic on
B,. We prove this by variation of minimization:

Let ¢ € C=(B,) be a non-negative test function and ¢ > 0. Then by optimality
of v, we have

f |Vv|2dx§f V(v +tp)de
B, B,
=fB (Vo +2t Vo Ve + 2|ve]?) do,
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therefore, by taking derivative at ¢ = 0 we get super-harmonicity

Og/ Vv -Vedzx.
By

Let us rescale the functions u, v in the following way:
For every |¢| < 1, we set the functions

u(x) =u(z+ (r—|z))t) and v(x):=v(x+(r-|z)t).

The rescaled functions uy,u, still belong to H'(B,.), and their gradients are con-
trolled from above and below by the gradients of their respective functions u,v.
Now we define a peculiar set .S; as

r
Sy={¢eR?:|¢]=1 and {p: gSPsm u(p€) =0} + o} .
For almost all £ € 9B;, and therefore for almost all £ € S, are the functions

prVu(p€) and  pr Vo (p)
square integrable, since the gradients of u;,v; are L? functions. For those &, we
may consider an equation
P2
((ue(p28) = ve(p28)) = (ue(p1€) = ve(p§))) = f §-V(u(pS) —vi(p€)) dp (5.6)

P1

and suppose it holds for pq, ps € [0,7].
Moreover, if we now define for the suitable & € S;

. T
re = 1inf{p : g SPET ur(p§) =0}

by plugging the pair r¢,r into 5.6 and the fact that h = v on 0B5,, we obtain the
estimate

T T 1/2
w(r) = [ €9 ~ (o)) dp < /—g( S 1w —ut(p£>|2dp) .

Now, suppose that h is the harmonic function such that h = u(= v) on 9B,.
Since v is super-harmonic on B,, we have that

U(ZL‘) > h(ZL‘) _ r? - |‘T|2 —/8 u(y) de—l(y)

dwgr  JoB, |x -yl

oD ) e,

> Cd(r - |517|) L faBr u(y) der—l(y) = ¢y (T - |37|) wdH4! 7

r rdl r OB,

where in the first equality we applied Poisson’s formula for the harmonic function
h. Taking
x=(r—-re)t+ri€

we have

ca (r—re)
2 r

u(re€) = v((r = re)t +1,6) > udi ]g up
B, -
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By combining the two acquired inequalities, we have

7"—’/“5

(£, vtn) <cu [ 9069 -ulo) .

r2

We follow by integrating over £ € S; ¢ By, obtaining

/;t r ;27“5 dé (][(;BT ude—1)2 <Oy '/831 /;" 19 (0s(p€) = w(pE) P dp dt

and, by the bounds ¢ <re <7, we get

2
% {u=0}nB. Bi(rt)| (][ ud?-[dl) < C’d/ |V (ve —ug)|* da
r OBy B

< C’d[ |V(v—-u)Pdr.
B,

Now, we integrate over t < % and conclude that

1 1)’
_7“2|{U:O}mBT|(]gBTUdH 1) SCd_/BrW(v—u)de.
Il

Lemma 27. Let ue H. (D) be a local minimizer of Fy in the open set D c R?.
Then for each ball By(x) ¢ D we have

[fu=0} 0 B(wo)l (VEA -5 £

Specifically for xo € O, this means that |{u =0} n B,(x¢)| >0 and so

ud?—[d_l) >0.
(7o)

1
- ][ wdH <\JCA .
T JOBr(z0)

Proof. Suppose that xo =0 and let h € H'(B,) be a harmonic function such that
h =wu on dB,. Now, combining the results of both Lemma 25 and Lemma 26, we
immediately receive the inequality

1 2
S lw=005, (]gB ucmd—l) <CA[{u=0}nB|.
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Conclusion

In this thesis, we have discussed an engaging topic of the one-phase Bernoulli
problem, which may serve as a pleasant introduction to the free boundary regu-
larity theory. We transformed this problem into a minimization problem of the
functional F,, which allows us to gain a better grasp at understanding its solu-
tions. Afterward, we studied two examples of minimizing functions, which can
be explicitly expressed, and which suggest that the Lipschitz property is opti-
mal. We then described the proof of the existence of generalized solutions to the
minimization problem. Finally, in the last chapter, we showed the solutions are
Lipschitz regular. This was the most intriguing result of this thesis.

Working with the mathematical text of Velichkov [2023], which discusses this
absorbing topic, proved challenging in places. The proofs often assume a high
level of prerequisite knowledge and mathematical intuition of their reader, while
a bachelor student would dearly welcome a more detailed approach. For example,
in the case of radial solutions in Chapter 3, the original text declared one more
interesting property of the solutions, which, unfortunately, proved difficult to
understand without any added arguments. Therefore, we did not elaborate on it.

In conclusion, the subject of the one-phase Bernoulli problem and the free
boundary regularity theory offers many more interesting topics for further study.
We highly encourage the reader to delve further into this branch of mathematics,
where they might encounter its surprising beauty.
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