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Abstract

We will deal with a paper of Luis Silvestre [14] that is based on his Ph.D. Thesis. He worked on the
following problem:
For a given function ¢ and s € (0, 1), he tried to find the solution u of the following obstacle problem:

e u>¢pin R”

e (—A)’u>0in R"

o (—A)*u(z) =0 for x such that: u(x) > ¢(z)
e lim, o u(z) =0

Our main goal will be to understand the paper and fill the gaps in his proofs. We will focus on the
basic properties of the Operator (—A)®, the existence of the solution of the beforementioned obstacle
problem when ¢ is continuous and has compact support and his first regularity results, especially the
proof that the solution is continuous.
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Chapter 1.

Introduction

The first chapter will deal with the statement of our problem and its mathematical classification.

1.1. From the Dirichlet Problem to the Obstacle Problem
It is well known that the Dirichlet problem for the Laplace operator

—Au=fin Q
u =g on 0f)

in the Sobolev space W12(€2) is equivalent to a minimum problem for the energy functional

() :% /Q > lowue)fde - /Q F@)u(z)dz.

But let’s go a bit into details

1. The boundary value problem

—Au=finQ
u =g on O0f)

has, for given f € Ly(2) and g € W12(Q), exactly one weak solution u € W12(Q). That means
there exists exactly one u € W12(Q) with u — g € W, %(Q) and

a(u,v) = /Qzajuajvdx = /Qf(x)v(x)dx = b(v) for every v € Wy?(Q). (1.1)

This is also called a variational equality.

2. The above u is the solution of the following variational problem

. _
gleng(u) !
with .
1 ke
J(u)zf/ |8-u|2dac—/ fudx
2 Q; ’ Q
and

A={veW'(Q):v—ge W ?(Q)}.

We note that A is a affine subspace of W2(Q). In the case g = 0, we get A = W,*(2), that is
the space of W12(Q) functions with generalized zero boundary values.



1.2. Regularity

The physical interpretation is that € is the idle state of a membrane that is fixed on 9 (in the case
g = 0). This membrane is subjected to an outer force f and we are looking for the equilibrium position
U.
Now we assume there is an obstacle described by a function 1 on an open set €, C 2. This obstacle
forces the membrane to stay above it, i.e. the height function u must satisfy the unilateral condition
u > 1 on .
We suppose that g = 0. In the presence of the obstacle v, instead of

: _
min J(u) =!

we now consider the restricted minimum problem
min{J(v) : v € K} (1.2)

where K = {v € Wy*(Q) : v > ¢ a.e. on Q;}. Then a necessary and sufficient condition for u € K to
be a solution of (1.2) is the variational inequality

/ Zajuaj(v —u)dx > / f(v—wu)dx for all v € K
Q5 Q

or, in an abstract setting
a(u,v—u) > b(v —u) for all v e K (1.3)

where a is a bilinear form and b is a functional. Both problems are called variational inequality. Remark
that (1.3) is a nonlinear problem even though the differential operator involved, i.e. (—A), is a linear
operator.
Let us also consider the variational inequality (1.3) where the data f, g are given as above while K is
given by

K={veW"Q):v>0ae ond}

This problem is called a variational inequality with thin obstacle since the dimension of 92 C R™ is
n — 1. In contrast, sometimes the constraint u > v on 2y is called a thick obstacle. Thin obstacle
problems are in general more involved than thick obstacle problems.

In case of elasticity, the corresponding problem is called Signori’s problem.

1.2. Regularity

In case of variational equation we, roughly spoken, have the following regularity result for the solution
of (1.1).
feWr2(Q) = uec WH22(Q).

Thus by Sobolev-Morrey embedding theorem, for k large enough, we may get classical (smooth) solu-
tions.

This is definitely false for the variational inequalities. There is a threshold for regularity that cannot
be surpassed in general. For thick obstacle problems we have in general u ¢ C?, see |6, p. 47]. In fact
the optimal regularity is W2, see [12, p. 163|. For thin obstacle problems there is a counterexample
by Shamir that the threshold is C'2, which is cited in [12, p. 279].

Regularity is not only interesting from a mathematical point of view, but also for users (physicists,
engineers, ...) who want to know how good their solutions are. Also numerical algorithms converge in
general faster for regular solutions.



1.3. Fractional Laplace Operator

1.3. Fractional Laplace Operator

Now we will ask the question why fractional powers of the Laplace operator are of any interest. We
will briefly discuss a classical example that leads to (—A)%, the Dirichlet-to-Neumann-operator, in the
case of the upper half space.

The key is Green’s formula: Suppose u,v € C*(€2). Then

Z 0;ud;vdr = a—uvdS — | (Au)vdz.
77T P)
et aq on Q

If Au = 0, this reads as

[ i (280 »

J=1

Here (.,.) denotes the duality pairing between W~22(9Q) and Wz2:2(9€2). This immediately leads to
the idea to write the Dirichlet form a(u,v) = [, Z?=1 O0ju0jvdx as a bilinear form on 2. From now
on () shall be the upper half space R’l. We consider the following classical Dirichlet problem:

For given g € C§°(R" 1) find uw € WH2?(R%) with

Ay = 0in R} (1.5)
u =g on IR} = R™L.

Then we define Pg = g—ﬁ on OR’}. Partial Fourier transform with respect to 2/ € R"~! shows that the

bounded solution of (1.5) is

') = G [ @ €
Thus
/ 0 / 1 iz’ & ¢t / /
(Po)a') = =52 0) = gy [ eIl e

Therefore P : C°(R"~1) — C°°(R" 1) can be viewed as a pseudodifferential operator with symbol |¢’|.
Because —A is represented by |¢/|? in the Fourier space we denote P = (—A)z2.

When we apply this approach to the thin obstacle problem with = R” and K = {v € WH2(Q) :
0 a.e. on AN} we get a thick obstacle problem on G = 90 = R" ! with K; = {v € W22(Q) :

0 a.e. on G}. The variational inequality reads as follows

v >
v >

(Pu,v — u) > b(u—v)

for every v € K;. The price for that is that we replace our well-known Laplace-Operator with a hard
to handle pseudodifferential operator P.
Now we want to briefly discuss the reasons why the fractional Laplacian got so much attention in the
past years. To do that we cite [13, p.2].

"Recently, a great attention has been focused on the study of fractional and non-local oper-
ators of elliptic type, both for the pure mathematical research and in view of concrete appli-
cations, since these operators arise in a quite natural way in many different contexts, such
as, among the others, the thin obstacle problem, optimization, finance, phase transitions,
stratified materials, anomalous diffusion, crystal dislocation, soft thin films, semipermeable
membranes, flame propagation, conservation laws, ultra-relativistic limits of quantum me-
chanics, quasi-geostrophic flows, multiple scattering, minimal surfaces, materials science and
water waves."



1.4. Conclusion

Next we want to give a brief impression of the diversity of problems containing the fractional Lapla-
cian.

e In [13] "equations driven by non-local integrodifferential operators [.. .| with homogeneous Dirich-
let boundary conditions" [13, p. 1] are discussed and, among other results, an existence theorem
for the problem

(=A)Yu—Au= f(z,u) in Q
uw=01in R™\Q

is derived.

e In [19] Vazquez "describes two models of flow in porous media including nonlocal diffusion ef-
fects"[19, p.1]. In the first model he uses the inverse of the fractional Laplacian and gives, among
other things, an application for the obstacle problem, see [19, 5.2]. The second model is a nonlinear
heat equation with fractional diffusion, i.e. an equation of the form

Ou+ (—A)°(u™) = 0.

For the applications we quote Vazquez

"Interest in studying the nonlinear model we propose is two-fold: on the one hand,
experts in the mathematics of diffusion want to understand the combination of fractional
operators with porous medium type propagation. On the other hand, models of this
kind arise in statistical mechanics when modeling for instance heat conduction with
anomalous properties and one introduces jump processes into the modeling..." ([19, p.19]

e In [22] the author derives lower bounds for an integral involving the fractional Laplacian and uses
that to prove existence and uniqueness of solutions of the generalized Navier-Stokes equation, i.e.
the equation

Ou+u-Vu+ VP =—-v(-A)u

in Besov spaces.

e In [9] the author proves the existence of global weak solutions in time for the 2D critical dissipative
surface quasi-geostrophic equation, i.e. the equation

0i0(z,t) +u-VO+ (=A)20 =0
where 6 is the potential temperature and
u = (77?,20, Rle)

where —R; is the Riesz transform.

1.4. Conclusion

Now we face the task to examine the variational inequality and to some extend its regularity when we
exchange the Laplace operator with (—A)®. In the case s = % we can orientate ourselves by the work
of Frehse, Kinderlehrer, Uralzeva and Caffarelli.

The approach of Caffarelli and Silvestre is to use and improve potential theoretical methods that orig-
inate from Landkof.

In chapter 2, we will investigate basic properties of the operator (—A)®, among other things we will get
a representation as a singular integral, find the fundamental solution of (—A)*, which we will modify to
get a bounded C'! function I that is easier to work with and lastly we will characterize supersolutions



1.4. Conclusion

of (—A)".

In chapter 3 we prove the existence of a solution for the obstacle problem of (—A)® if the obstacle is
continuous and has compact support. To accomplish that we use a variational ansatz in an appropriate
Sobolev space and show that this solution is also continuous. Then we prove regularity-like properties
for the case of stricter requirements on . One of the main results there will be to prove the existence
of a supporting plane with an error of 1 + « in the case that ¢ € C1¥(R"™).

The first two appendices will be used to gather facts about rapidly decreasing functions and the Fourier
transformation that will be used throughout the work. The 3rd appendix consists of a couple proposi-
tions and lemmas used in chapter 2 and in the 4th appendix we try to work around the problem that
(—=A)?® cannot technically be viewed as a pseudodifferential operator.



Chapter 2.

Properties of the Fractional Laplace
Operator

In this chapter we will adress the definition and some properties of the fractional Laplace operator.
It basically is defined using the Fourier transformation as a Fourier multiplier similar to a pseudod-
ifferential operator, but the multiplier |£|?* is not smooth in & = 0. For the usual definition as a
pseudodifferential operator, one has to use a cut off function. We will further examine this in appendix
Ad4.

For the later application, a integral representation will be more useful. Thus we will establish a repre-
sentation as a principal value integral and a representation using a "normal" integral, where we have
to use second differences.

The basic idea is to use the fundamental solution ¥(x) = Iw\% of the fractional Laplace operator.
The singularity in « = 0 complicates the work with the before mentioned integrals. Lankof had the
idea to simply cut off the fundamental solution around zero. We will do it differently. We will modify
U in a neighbourhood of zero to get a function I', which is still C*! on R”, a fact that is not proven
by Silvestre, but we will show it. This will have the advantage that (—A)°T is a continuous function,
which we will use instead of the fundamental solution. For that reason we will investigate it closely.
Lastly we will characterize supersolutions of (—A)®, i.e. functions u such that (—A)®u > 0, for that the
function I' will play an important role. In the course of that, we will find a generalization of the mean
value property of superharmonic functions and some kind of comparison principle.

2.1. Definitions and Properties

First of all, we want to motivate the definition of the operator (—A)*u. Using proposition A.2.3 we
have for f € S:

Applying this to the Laplace Operator, we get:
Fl-Af] = [€PFf]-
To finish it off, we apply the inverse Fouriertransformation and get in the end:

—Af = FHEPFIAE)
Therefore, we define:

2.1.1 Definition. Given s > —% and f € S we define (—=A)*f as

(=8)*f(@) = FH[IEP(FIDE©)] (@)

This definition is strongly reminiscent of the definition of a pseudodifferential operator, compare
A.4.2. Unfortunately, the multiplier |£|?® does not fulfill the necessary smoothness criteria. We will go
into detail later on. In this context we would like to refer to the book of Abels [1].

For starters, we will check whether or not this definition is reasonable. To do that, we need the
following two propositions.
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2.1.2 Proposition. Fors € R withs > —% and f € S we have for g(§) = [£|** F[f](§) that g € L1(R™).

Proof. (i) First s > 0.

lolEr (R = [ 1€Pe LA I

s 1
€] 1+ |£|)2[s1+n+1d§'

< Co,z(s]+n+1(]:[f])/

n

Here we used the fact that f € S implies F[f] € S; see proposition A.2.5. [s] is the ceiling
function, so the smallest integer that is not smaller than s.

Now we’ll use spherical coordinates.

p2s

= 5(”)00,2rsl+n+1(]:[f])/0 an_ldp
e o] p2s+n—1
(n)CO,Zfs-\+n+1(J:[f])/0 de

[e%s) 2s+n—1
(n)CO,2[s'\+n+1(]:[f])/0 mWrmdﬂ 1)

(1] (1]

(1]

(n)Co,zsznH(]—'[f])/l p2s+n—1—2(5]_n_1dp

[1]

(Tl)OO,Z[s'\-i-n.;_l(}—[f]) /1 p2(57(s]),2dp'

An integral of that type converges if the exponent is smaller than —1. So:

—1>2(s—1s])—2
— 1>2(s—1s])

The last inequality is true since (s — [s]) < 0. The estimate in (1) is admissible because s > 0
implies n — 1 4+ 2s > 0.

In the end we get ||g|L1(R™)|| < oo.

(ii) Now s € (—%,0). Then we have:

lg|L1(R™)|| = /Rn EPoFL1(6)|de
_ /| _ JeIEA© e + / P LA de. o

|z|>1

We have for the first integral:

/ A < Coo(FLS) / €2de

lz[<1

1
= Z(m)Con(FIf) [
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Again we were using the fact that from f € S it follows that F[f] € S and after that we changed
to spherical coordinates.
The integral we get exists if the exponent is bigger than —1.

—1<2s+n-—1
<— 0<2s+n
<— —n<2s

<:>n<
——= <s.
2

This is true by our assumptions.
For the second integral we have:

i
T+ g

/ €L FLA(E) € < Coraronss (FII) / : de
|z|>1 |z|>1

(e’ p25+n—1
(n)Co,z[anH(]:[f])/l de

(1]

0o p23+n—1
(”)Co,z[s1+n+1(]:[f])/l de

IN
(1]

(1]

= (n)CO,Q[s]+n+1(]:[f])/ p25+”_1_2[ﬂ—"—1dp_
1

The convergence of this integral was already shown in (i).
Finally we have seen that both integrals in equation (2) exist and, therefore, we conclude that
lglLy (B < .

O

2.1.3 Proposition. For s > —% we have

(=A)* S — CY(R™).
This especially means that there exists a constant ¢ = c(f,n) such that |(—=A)® f(z)| < ¢ Vo € R™.

Proof. In proposition 2.1.2 we have seen that g € L'. Thus F~1[g] € CP(R") by Proposition A.2.2.
This allows us to conclude

(—A)f=F""[g € CYR).
O

2.1.4 Remark. Proposition 2.1.8 shows us that the definition 2.1.1 is reasonable. But in our application
we are mostly interested in the case s € (0,1), alternatively s € (—1,1), as we will see in a minute.

2.1.5 Remark. We will shortly discuss the regularity of the operator. Unfortunately (—A)*f ¢ S,
because its Fourier transform, i.e. the function ||*F[f](€), is not in S. The problem here is the factor
|€|%%, at least its second derivatives have a singularity at the origin. So |£|?*F[f](€) lacks differentiability
and this translates into a lack of rapid decay of (—A)® f, according to remark A.2.4. Luckily, (—A)*f
is still in C°°, we show that in A.J.

2.1.6 Proposition. We can form the composition of the Operator:

(A)" o (~A)7 = (~a) .
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Proof. Let f € S be arbitrary. Then
((=A)™ o (=A)*2)f = F~H[[efP FIF €2 FLAE)]] 1)

We showed in Proposition 2.1.2 that |£[*2F[f](€) is integrable, in proposition A.1.5 that L'(R") C
S'(R™) and finally in proposition A.2.11 that Fourier inversion is true on &’. This gives us

FIFHIEP=FIAN = 1€ FIf]
and therefore

(1) = F~* [lel* |¢f 1]
= F |lePer 2 Fle)|
_ (_A)sl+sQf.
O

2.1.7 Remark. We deliberately formulated the last proposition a bit vaguely, i.e. we did not specify
what s1 and sy are allowed, because we won’t actually need the composition of the operator. Except at
one point to derive the fundamental solution and there we have s1 = —s3.

The definition for the fractional Laplacian might be sensible, but it is not easy to work with. We
need a representation that allows us to make actual computations and estimations. For that purpose,
we will derive a representation as a singular integral. In the proof we will need n-dimensional spherical
coordinates in direction of a vector £ € R™, so we will briefly review their definition without going too
much into detail, see [§].

2.1.8 Remark. Let xz € R™, then it’s components are given by

1 = |x| cos(61)

o = |x|sin(61) cos(6s)

Tp—1 = |z|sin(fy) . ..sin(b,—2) cos(d,-1)

Ty = |z|sin(6r) .. .sin(f,—1).
Where we choose 01 to be the angle between x and £&. We have 0 < 0; < 7 fori=1,...,n—2 and
0 < 0,1 < 2m. The Jacobian is given by J(f) = |z|"~sin™2(6;) sin3(6s) . . . sin(6,_2).
2.1.9 Proposition. If f € S and s € (0,1), then:
f) 1)

—A) f(x) =cp PV
Ay 1) =PV [ FE

where PV stands for the principle value of the integral and is defined as

PV () = fy) dy = hm/ f(x) = ) dy

re |7 —y|" T2 e=0 B.(z) [T —y["T?s

For n > 2s > 0 we can also compute:

@Arvuwu%ﬂ/
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Proof. We start by proving the first equation, which is also the more important one for us.
For starters we note, by using Fourier Inversion, as seen in A.2.6

f@) =2 [ e Fif(e)de flo+2) =(n)F [ et A s

This leads to
flat+2) = f() = (@m 4 [ e (- 1) Flf(€)de.

Now we divide by |z|"*2¢ and integrate z over K, o, = R™ — B(0), with € > 0:

fatz)—flz) 2= (2m)" % e”f@ .
/Kmo 2|t 2s dz = (2m) /Kmo </n s F[f1(&)de | d=.

We first note that:
<2 / / W% FFUA© g,

s ( [ ||d+> ([ 17inea).

1) (2)

1z§ )

z:vE [
|Z|n+25

€)dedz

n

(1) converges since € > 0 and n + 2s > n. (2) converges because of proposition A.1.2. So Fubini allows
us to change the order of integration.

St 0@y [ e [ o1,
Jo S e [ (/K |Zn+zsd>f[f](£)d€

n , ‘ 28
— (2 ¥ [ e ( / Wdz) Flrl€)de.

Now we take a closer look at the integral

eiz& -1
/ Skt T8
K. o [E]7%]2]" 128

We will see that it is independent of £ and real valued. To do that, we first use the substitution
w=z- |£|7 for 5 7é Oa that giVeS us dw = |€|ndz

/ -1 / VT — 1 ;
—dz = 5. aw
K. .o [§[7%]2]" 128 Koo [§]7728]2]7 128
eiw% -1
- / e M-l
Keoo ‘w|n+28

We start with the imaginary part of this integral, we first state that:

i £
sm(wm)d _ 1 p
P Y A T

10
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We want to check what happens when e goes to zero. The main problem is obviously the fact that
|w|™+2% is not integrable around zero. On top of that, we would need a term of at least second order in
the numerator to "alleviate" this singularity.

To bypass these problems we will use the fact that we are integrating a product of the odd function sin
and the even function |w|~"72¢, therefore the integral must be zero. We will use the transformation
z = —w with dz = dw.

sin (wﬁ) sin ((—z)lg—l)
/Kwo —\ & dw:/Kwo B VA dz

|w‘n+25 | _ Z|’I’L+28

: S
Sin (Z*)
_ / sin Zrer)
Ke oo

|Z|n+2$

and thus

sin (w%)
2/ —————2dw =0.
Ke oo

|w|n+2s
Therefore we get
sin (w%)

Next we will turn to the real part. The integral

cos (wﬁ) —1
/ I€] d
n+2s w
R"\ B,.(0) |w|

exists for the same reason like the imaginary part.
The real problem lies in the singularity in zero. But unlike the imaginary part, we have that
cos(w%) -1
|w|?

2
is bounded if [w| < 1 because: The series Y 7~ L]

converges by ratio test, since

231
25!
lim Antl) _ lim 4 = lim ———— =0
n—oo | an n—oo (2§ +2)!  n—ooo 452+ 65+ 2
and since
23 w 2
o (ife) | pup
25! - 257
because \‘uﬁlgéll <1 by Cauchy-Schwarz and |w| < 1,
0
oo || (wi£> !
n [wl[€]
S )
i=1 I
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converges absolutely by comparison test. So we can conclude that

(o) o[ )’

W— .
€ = 25!
o |l (p)
w
<=5
j=1
oo
jwl?
<) o
j=1

It finally follows that:

with some constant C. Now it’s easy to see that

1S £
/ cos (U}E> — ldw _ / ‘cos <wm> — 1‘ 1 "
B1(0) ~ JBi(0)

‘w|n+2s |w|2 |w|n—2+25

1
<C —————dw
B1(0) |w|n72+25

1 n—1
0
(n)/ — e dp
0 pn72+2s

L |
(n) /O pE=rill

C

[1]

C

(1]

The last integral exists because —1 + 2s > —1.
We want to show that the real part is actually independent from £. If we choose spherical coordinates
in direction of £, as described in remark 2.1.8, we get:

/ cos (w%) _1dw:
K

|w|n+23
fe’e] e s 27
01)) —1
/ / / / COS(W:Z(Q;)) "L sin2(0,) sin™ 3 (0) . .. $in(0p_o)drd0y - - - dby,_.
r=e J6;=0 On—2=0J6,_1 r

The right hand side of the equation is obviously independent from the choice of £. So we can assume
that ¢ points into the direction of the first unit vector and we get:

/ f<w|+|>+—f<>d:</K |w(l|u+)_1d“’> (/ne”{ISIst[f](S)dé)-

€,00 €,00

Now we let € go to 0 on both sides. The limit

-1
lim o8 — - (w1) dw
=0 k. |w]|nt2s

12
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exists, because we already showed that

5 -1
/J@ﬂ@L4Qw<m

|w‘n+25

Therefore

py [ LSy [ S S,

|Z|n+23 e—0 Koo |Z‘n+2s

—en® ([ T ) ([ e rie)

We substitute y = = + z with dy = dz and get

n

(-ay s = n) [ e

1)~ ),

= C,nquV y|n+25

re T —

with

1 — cos (wq) -t
Cn,s = </ﬂ "U}7|n+23 dU)) .

To proof the formula for (—A)~*, we simply refer to [3, Definition 6.1.1]. For the sake of completeness
we note that )
n—zs
2Ly ( 2 ) )

Cp,—s = w2
Ly (s)
Here I'f stands for the Gamma function. O

2.1.10 Remark. We should note that the integral representation is not really singular in the case
s €(0,3). In that case and for u € S we have

R )
Br(z) |z —yl Br(z) |z — yl
1

[

Br(z) [T —y[rT2st

R n—1
P
(n)/O pn+2571dp

f
(n)/ 5o dp < 00.
o P

[1]

L

L

[1]

Because now, 2s < 1. L is the Lipschitz constant of u.

There is another integral representation for (—A)*u that is not singular, but in that case we have to
use second differences.

2.1.11 Proposition. Let s € (0,1) and f € S, then we also have

(—A)gf(.%‘) — CLQ,S/n Qf(x) _f(r;/rnfg)s_ f(m_y)dy

Ve € R™.

13



2.1. Definitions and Properties

Proof. See [18, Proposition 3.3] O

2.1.12 Conclusion. Let s € (0,1). We can use the formula from proposition 2.1.11 to define (—A)*® f
for f € CYL,if f is bounded, i.e. supyegn |f(2)| = M.

Proof. Since f € C%! constants Mj, ..., M, exist such that
10; f(x) — 0 f(y)] < Mj|z —y| Vx,y € R" and for 1 < j < n.
So we can estimate:

lf(z+y) = f@)+ f(x—y) = f(@) = V(&) y— V&) yl=1(VI(&) - V) yl
<|VF(&) = V(&)Y

n

D103 £(E) = 0P| v

j=1

=

IN

n
M7 6 = &llyl
j=1

2

<2(> M7 | P
j=1

Where we defined & = x 4 61y and & = x — 0oy for 61,02 € (0,1) and so we can conclude |1 — &o| =
(61 + 02)y| < 2[yl.
This ensures the existence of the following integral for » > 0

/ If(x+y)+f(x—y)—2f(x)ldy
B,.(0) |y|m+2s
because
flx+y)+ fx—y) —2f(z - 1
/ IV e W < 0

B,.(0) |y = B,.(0) |y

Because f is bounded, we can conclude
—y)—2
[ Vsl ot gy L
7 —B,.(0) |yl R"—B,.(0) |y
In summary we have seen that
(=A)*f(z) < o0

for all x € R™. O

We can use the representation of the inverse operator in 2.1.9 to find the fundamental solution of

(—A)".

2.1.13 Proposition. Let s € (0,1). The fundamental solution of (—A)® is given by ¥(x) = |;|"7:2
This means (—A)*(¥ x f)(x) = f(z). Where (¥ x f) is the convolution of both functions.

14



2.1. Definitions and Properties

Proof.
(@)@ = [ 1% =iy
— / Oy

oo Jo— g%

= (=A)7" f(2).

As seen in proposition 2.1.9. By using propostion 2.1.6 and remark 2.1.5 we get:

(=A)° (W f)(x) = (=4)*(=A) " f()
(=8)°7"f(x)
(=2)°f(2) = f(2).

O

For our application it will not be enough to have (—A)* defined for functions in C':!. Thus we will
further extend the domain of the operator.

2.1.14 Lemma. For z,y € R™ and s > 0 we have
(Il +Jy)™ < A+ |z +y))
Proof. We begin with

(I +]z—y) < (T +]z[+[y)

<
< (T 2+ lyl + [=]ly])
= L+ 12D+ [y,

where z € R™. Thus
(L4 lz—yD)* X+ [y)) ™" < (1 +]z])"

Now when we define z = = + y we get

M+ 2>+ ly)™ < A+ [z +y))

2.1.15 Proposition. For f € S we have

sup (1+ 2" 2 [(=A)* f ()] < oo
zER™

See [14, p. 73].

Proof. We will use the representation formula given in 2.1.11 and show that

(1+|x|)n+25/ 2f(x)—f(x—|—y)—f(x—y)

|y|t2s

sup
z€R™

dy| < oo.

n

From this the proposed follows since

(L + J2"2) < e(1 + |22,

15



2.1. Definitions and Properties

We begin by integrating over all y with |y| > 1. We will show that
2 _
(1+ |x‘)n+25/ lf@)+fz+y)l+|f(z—y)

PIREE

dy < const.
ly|>1

To do that we estimate the individual integrals.
Because |y| > 1 we have that

1+ |yl
vl = —5
and therefore
1 <o ) 1
T SN S) o0
ly|m 2 (1 [y[)r+2s

Thus we have

1 n+2s 1 n-+2s
JI L CEX Py g (S T CELI P
ly|>1 |y|t2s ly|>1 (1 + [y[)+2s

<e / (L4 2+ o)™ 2| f (@ + )\dy
ly|>1

(1+ ]z

N R O e Eets

< ClCO,Qn+3(f)/ !

—d
e (L4 2]

= const.

Here inequality 2.1.14 was used in the second line and in the 4th line the fact that f € S and that
2s < 2. Analogously one can show that

/ (1 + |z)"*[f(z — y)|
ly[>1

Pl

dy < const.

because one can simply exchange y with —y in 2.1.14. Finally we have

(1 + |2))" 25| f ()] / 1
. dy < Conta(f ~dy
/y>1 ly[+2s sl ly|>1 ly[+2s

= const.

All that is left to show is that we can find an estimation for the integral over the ball. For that we will
use that one can find a § € (—1,1) that depends on z,y such that

[27(x) ~ f(x+) — fo —y)| < ca(n) | max_10:0;f(x + 8y)| |y

4,j=1,
So now we have

(1+‘x|)n+25/ |2f(x)7f($+y)7f(x*y)|dy

i< ‘y|n+2s
) i,j= n |0:0; 0 °
<eo(l+ \$|)n+2b/ O] n+j2{(x+ o)l dy
lyl<1 i
1
= co(1+ |z)" T2 sup max |0;0; f(x + 0y)| / mdz
ly|<1 i,5=1,....,n |z|<1 |Z‘

— ca(nys) sup (14 [2))™2° max  |8:0;f(x + 8y)|
|y\<1 i,7=1,...,n

16



2.1. Definitions and Properties

(1)

< cs sup (L+[0y)" > (1+ |z + 0y)" "> max [0,0;f(x +0y)

lyl<1 B =200

< calm,s) sup (1+ o+ 09" max (0,0, f(x +0y)]
ly|<1 i,j=1,....,n

< ca(n,s) sup (1+ |2))""*° max [9;0;f(2)|
zERN 1,j=1,...,n

yeue

<calns)  max | sup (1-+ )" 210:0,£(2)
s3J=dyee M o n

(2)

< 04(7175)”131&?5 ncmj,n+2(f)

= const.
In (1) we used inequality 2.1.14 again but now in the form
(L4 ]2 < (14 |0y])" 2 (1 + | + Oy|)" T2

In (2) a;; € N§ with |a;;| = 2 and it can be understood as e; + e; where the ej are the unit vectors
that are zero in every entry except in the kth position where they are 1.
To summarize we showed that

(1+|x|)n+zs/ 2lf (@) +f @+ )|+ 1f(z = y)|

2 dy < const.

for every z € R™ and therefore we proved that

sup (1+ | 7)|(=A)* f(z)| < oo.
zER™

O

2.1.16 Remark. The last proposition allows us to extend the definition of (—A)*® to a larger class of
functions. With Ly s we denote the space of all functions u for which ||u|L1 || < oo, where

_ |u(z)]
[[u Ly,s|| = /Rn de.

Now we define (—A)*u as a tempered distribution then for every f € S we have
(=A)%u, f) = (u, (=A)*f).

The expression on the right side exists because

[(u, (=2)*f)] S/ u(@)|[((=A)*f)(z)|dx

Rn

= [ ey @l
[u(a)

e 1+ [t 2s
= CllulLy,s]|-

<C

It should be noted that this coincides with our old definition in the case that u € §. We will show that
in 2.1.19.

So now we want to show that
(=A)°u, f) = (u, (=A)*f)

is always true when f,u € S.

17



2.1. Definitions and Properties

2.1.17 Lemma. Let f € S and s € (0,1), then |{|>f(£) € La(R™).
Proof.

[ 1615 @Pde < Cones [ Teft(1+ le) 2
Rn an

00 p4s+n—1
==(n)Co.n ———d
(n)Co, /0 (11 p)2n+e P

oo
S0)Con [ (14 )y
0

IN

_ E(n)CO,n/ p4(571)717ndp'
1

The integral exists if the exponent is smaller than —1, which it obviously is, since (s — 1) < 0. O

2.1.18 Conclusion. For s € (0,1)
(—A)S : S — L.

Proof. We know that F[f] € S, when f € S, see A.2.6. This means |£]2*F[f](¢) € La(R™), by lemma
2.1.17. Lastly, when we use conclusion A.2.12 we get that (—A)*f = F~! [[[**F[f](€)] € L2(R™). O

2.1.19 Proposition. For any f,g € S we have

(=A)°f,9) = (f,(=A)%g).

Proof. First we will check whether the expressions ((—A)®f, g) and (f, (—A)%g) are well-defined. f,g €
Lo by proposition A.1.2 and (—A)*f, (—A)*g € Ly by conclusion 2.1.18. So the Ly scalar products are
well-defined.

We will use the formulas from Proposition A.2.9.
(=A)*f,9) = (FHIEPFIAE)] 9)
€12 FL11(), Flgl(€))

(1€ FL1£1(6)) Flgl(€)de

n

o~ o~

FIAE)(IE]*Flg](€))dE

n

FL1(E), 61 Flgl(€))
£, FHIEP Flal©)n)
f,(=4)%g).

I
T~

o~~~

Next we will show that (—A)® commutes with the translation operator p,(u)(x) = u(x + y).

2.1.20 Proposition. For y € R"™ fized, we have
(=A)[u(z +y)] = [(=A) u](z + y)

i.e. the operator commutes with rigid motions. To clarify, x is variable of the function and y is the
rigid motion.

18



2.2. Removal of the singularity

Proof. To prove this we use the actual definition of (—A)*. First we note that

Flu(- +)(€) = (2n)" / (a1 y)da

:(271')7%/ e ey (2)dz
Rn
= U FLul(e).

Here we used the transformation z = x + y with dz = dz. Now we get

(A [ue+)) = @)} [ el rul + (€

n

— (2t [ e Flu (€

= 2mF [ g €
= (&)l +)

2.2. Removal of the singularity

We want to work with the fundamental solution of the operator, but the singularity in = 0 hinders us.
Because of that, we are going to define a function I' that coincides with the fundamental solution ¥ for
|z| > 1 and if || < 1 it should be a paraboloid . The function we get should be at least continuously
differentiable, but we will even get Lipschitz-continuity of the first derivatives. See the picture below
to get an idea what it should look like.

/
Jepix)

Figure 2.1.: The modified fundamental solution.

2.2.1 Proposition. Let ¢ € R be arbitrary. Then

c(n—=2s) 11 2 . <
F(x) = S (U= z?) 4+ fir |z] <1
< fir |z > 1

|x‘n72s

is a continuously differentiable function.

19



2.2. Removal of the singularity

Proof. The functions p(z) = @(1 —|z|*) +c and ¥ (z) = [7F=z= are at least C? in their respective

domains. Therefore, we focus on what happens if |x| = 1. In order to do that, we choose 2° € R™ with
|2°| = 1, we get:

lim (z) = M(l -1)+c lim ¢(z)=c

4
z—a30,|z|<1 2 z—z0,|z|>1

= C.

This proves the continuity, let’s look at the first derivatives:

c(n — 2s)x;

Oz, () = —c(n — 2s)z; 0z, (x) = BT
Again we choose z° € R” mit |z°| = 1 and obtain:
. _ 0 . _ 0
:1:%3}(1’1,1\;|§1 0z, 0(x) = —c(n — 2s)x; a:~>a}‘lJI,I|?r\>1 Oz, 9(x) = —c(n — 2s)xj.
This is true for 7 = 1,...,n and so all partial derivatives of I' are continuous. O
2.2.2 Remark. 1. But the second derivatives of I' are mot continuous along the unit sphere. For
1 # j, we have
c(n—2s)(n—2s 4+ 2)z;z;
amixj SD(:E) =0 arlﬂﬁ]w(x) = |$|n_25+4 7

However 0,41 (x) is not identical 0.
We will see that we at least have Lipschitz continuity of the first partial derivaties of ', so altogether
recth

2. Landkof had a similar idea when he studied superharmonic functions of fractional order, see [7, p.
112]. But he was a bit more drastic by cutting off the fundamental solution on a neighbourhood of
the origin in order to avoid the singularity.

We need the following Lemma to prove that I' € C'1.
2.2.3 Lemma. We have:

(i) |Oz,z,0(x)] < Cy for all x with |z| <1 if1<4,j <n.
(ii) |Op,e;0(x)| < Co for all x with |x| > % if1<i,7 <n.
Proof. (i) First we note that:
Oz, () = —c(n — 25)0;
and so apparently

|0, p(2)| < [ef(n = 2s).

(ii) Now note:
_c(n—2s)(n— 25+ 2)xiw;  c(n — 2s)d;;
O, ¥(2) = |z|n—2st4 - |2tz

20



2.3. Supersolutions and Comparison

Thus

el(n = 2)(n — 25+ 2) [l oy |el(n — 25)
Oz, ., < A/ LT A
|0z 2, 10(2)] < |25 +2 2| |z] |z[n—2s+2

<222 e (n — 28)(n — 25 4 2) + 277252 ¢ (n — 25)
_ 27L—28+2|C‘(n _ 28)(71 — 2s + 3)

Keep in mind that |z;| < |2| is always true and that & < 2.

|]

2.2.4 Proposition. T' as defined above is in C1:1.
Proof. Let’s review the definition of T’

(n=28) (1 _ |2 _ ; <
Fay=] 2 G-l +e=e() firlal <1
leﬁ = () fiir || > 1.

Our goal is to use propostion A.3.3 on the first derivatives of ¢ and 1.
Lemma 2.2.3.(i) shows us that the second derivatives of ¢ are bounded on B;(0) and since this domain
is convex we can apply proposition A.3.1 to the first derivatives of ¢ and get

|02, 0(2) = O, p(y)| < 1|2 — 9|

foralli =1,...,n. Next we use lemma 2.2.3.(ii) to see that the second derivatives of ¢ are bounded for
|x| > % so by proposition A.3.2 we have Lipschitz-continuity of 9., for i = 1,...,n as long as |z| > 1.

At last all the requirements of proposition A.3.3 are fulfilled and we can conclude the Lipschitz-
continuity of 9;,I' forall i =1,...,n. O

2.2.5 Remark. From now on we denote

T(z) = %(1 —|2?) + s = @(x)  fiir x| <1
s = U(2) fiir |z > 1

where ¢y, _ is the constant mentioned in proposition 2.1.9.

2.3. Supersolutions and Comparison

We start this section with a closer investigation of our newly found function I' but we will quickly focus
on the function (—A)*T because it will give us an approximation of the identity and thus play a vital
role in our characterization of supersolutions.

2.3.1 Proposition. For A\ > 0 we define: T'\(x) = /\F(fi) Then:
1. T'y € chl,

2. T\ coincides with the fundamental solution ¥ (x) outside of the ball with radius A around zero.

3. T'y is bounded and
Cn—s(n+2(1—3))
sup I'y(z) = — .
mERR” A( ) 2)\n—2s
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2.3. Supersolutions and Comparison

Proof. 1. First we note that I' € C"!'. Then we compute 9;I'\(z) = 9;T'(%)smr=s and since
o;I" € C° for any j, also ;' € C° for any j.
Since also 9;I" € C%!, i.e. for every j there exists a constant L; such that |['(z)—I'(y)| < L;|lz—yl,
10;0A (@) = O 0A W)l = ==

()]0 ()

< Y=z 1@ Yk

1

So also 9;I" € C%!. In summary we have I'y € C1:1.

2. We note that I'(z) coincides with the fundamental solution ¥ outside of the ball with radius 1
around zero. So if |z| > A we get % > 1 and

x 1

D@ =T (5) s

v (3) 5=

Cno—s )\n—2s

= |x|n—25 >\n—25

= U(x).

3. Outside B;1(0) I'y is a decreasing function and inside B;(0) it is continuous and thus bounded.
By taking a look at the picture above one quickly realizes that the maximum must be attained in
0 and the value in 0 is
Cn,—s(n+2(1—5s))
2\n—2s '

L'A(0) =

2.3.2 Proposition. If Ay < A, then for every x € R™ we have T'y, (z) > Ty, (x).

Proof. The inequality is fulfilled if || > Ag, since both functions coincide with ¥(z) there.

First the case A\ < |z| < Ay. Here I'y, already coincides with ¥ but Iy, is still a paraboloid. So we
just show that W(z) > pa(z) for |z| < A with px(z) = 75w (£).

Because ¥(z) = U(|z|e1) and ¢(x) = ¢(]z|e1), we can further simplify the problem by studying the
functions ¥(t) = ¥(te1) and ) (t) = pa(ter), where e is the first unit vector.

By definition of the functions we can immediately conclude that ¥(A) = @ (\). Next we check the first
derivatives:

t

1

\I}/(t) = _C(n — 2S)WTH ["25N

From ¢ < X follows
1 1 t

tn—2s+1 2 )\n—2s+1 Z )\n—25+2'
So we conclude that W'(t) < ¢ (t) for t < X. Together with the fact that U(A) = ¢x(X), proposition
A.3.5 yields that ¥(t) > pa(t) if t < X and thus ¥(z) > @x(x) if 2] < A.
Next is the case |z] < Ay < A2. Here both Ty, and T, still coincide with paraboloids ¢y, and @,,.
We again reduce this to a one-dimensional problem by defining @y, (t) = @a,(te1) for j =1,2. We just
showed that ¢y, (A1) = ¥(A1) > pa,(A1). Since

t > t
—2s5+2 — —25+2
NpTEEE S g

we have ¢!\ (t) § ¢4, (t) and again, by using proposition A.3.5, ¢y, (t) > @i, (t) for t < A; and thus
P () = o, (@) 1f [a] < Ar O
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2.3. Supersolutions and Comparison

2.3.3 Proposition. The function (—A)*T is positive. See [14, Proposition 2.11]
Proof. In propostion 2.2.4 we showed that I' € C'! and because of conclusion 2.1.12 and proposition

2.3.1 we can use the formula in proposition 2.1.11 to compute (—A)*T.

(i) For starters, we take a look at the case zg = 0. T attains its maximum in z, this means of course
I'(0) > T'(y) for every y € R™. So I'(0) — I'(y) is positive for every y € R™ which gives us

> 0.

(i) Now x¢ & B;. Obviously, I'(zg) = ¥(z0), where ¥(x) = =5 was the fundamental solution of

Z[n—2s
(—A)?®. For every other x we have I'(x) < ¥(z) and especially I'(z) < ¥(z) for x € B1(0) so we
get:
cns [ 20(wo) — T'(wo +y) — (wo — y)
—A)°T =2 d
( ) (1’0) 2 /};n ‘y|n+23 Y
Cn,s 2\11(x0) — \Ij(x() + y) — \IJ(:EO — y)
: d
— / [y|nr2s Yy

—~

AU ().

(iii) At last we consider zy € B1\{0}. We use the function F'(y) as defined in proposition A.3.4 and we
know that F(zg) = I'(zg) and F(y) > I'(y) for every y € R™\{zo} because of conclusion A.3.11.

s _ Cngss QF(‘TO) — F(xo + y) — F(‘TO — y)
()T = %5 [ b dy
Cn,s 2F (x0) — F(xo +y) — F(x0 — y)
> 2 /n |y‘n+25 dy
Cn,s / 20 (Axg) — U Axo +y) — V(Azp — y)
— s dy
2 n |y‘n+2s

(=A)"¥(Azo)

= (AT |
|1’0|n72s+1

(iv) Now we will apply the results from (ii) and (iii), where we set o =
positive function ¢ € C°(R™ — {0}) and have

[ cartwemay= [ arTwewdr+ [ (A Twewd

B1(0) B§(0)

n—2s+2

noeyT > L We choose a

> /B AWty + /

B (0)

d
[ carvwemas [ career () S
B1(0) B (0) |z|==T ) |z|=-T
= 0(XB,(0)) + I(BXBe(0))

(o (1) ety

V

=0.
Where 8(z) = ¢ (I lal) | |1°"1 . We used the substitution z = #, then |z| = Iv\% or |yl =
z o — z o — -
L thusy = z|y|* = o Z=—. This substitution gives us dz = % or, by the beforementioned,
o] 2|
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2.3. Supersolutions and Comparison

dy = ‘ ‘difnl )

To summarize we have seen that [, (—A)*T(y)¢(y)dy > 0 for every positive ¢ € C2°(R™ — {0}),
this means that (—A)*T'(z) > 0 for every x € R™ — {0} because it is continuous. This will be
shown in the next proposition.

O
Our next goal is to show the continuity of (—A)°T.
2.3.4 Proposition. (—A)°T" is continuous.

Proof. To prove this, we take the representation given in 2.1.11 and apply Lebesgue’s Theorem on the
continuity of parameter integrals, see |1, Theorem A.3|, note that I' is C1'! and bounded, therefore we
can use that representation.

We consider the function

21“(%)—1“‘(?!7;’%33.;—1“(%—11) y#0
0 y=0.

Then we still have

2

because we changed the integrand only on a set of measure zero.

f is continuous in x for every y, because I' is continuous. It is also integrable for every y, as we have
seen in 2.1.12. In the proof of that proposition we also found a integrable majorant that is independent
of y, it was given by

(-A)T@) = 5= | fy)dy

- 1 1
Fx) =2 Z MJ2 |y|nt2s—2 XBi(0) T 4M|y‘n+25 XR7™\B1(0)-
=1

Where the M; are the Lipschitz constants of the first derivatives of I' and M = sup,cgn [I'(2)|. This
concludes the proof. O

We denote vy = (—A)°T.
2.3.5 Proposition. The function vy, is also symmetric, i.e. if |x1| = |z2| then v1(z1) = y1(z2).

Proof. Let A be a rotation that maps z; onto 2, i.e. Az = x5 or 1 = A~ 'zy. We will use the variable
transformation z = Ay, then we have dz = dy, because det(A4) = 1 and we get

(@) = 22 /n 20(21) — (@1 +y) — (2 — y)dy

2 |y|n+25
Cn,s / 2T (xy) — (2 + A712) — T(zp — A7 12)
_ tns dz
2 n ‘Z|n+23
 Cnys / 20(zq) =T (A YNz 4 2)) =T (A7 (z2 — 2)) &
2 Jge |z|t2s
Cn.s M (zo) —T(za + 2) = T'(z2 — 2)
= dz
2 n |Z‘n+25
=71 (72).
We used the symmetry of T, i.e. |z1| = |xa] = T'(z1) = I'(z2) and the fact that |[A~12| = |2|. O

The next proposition tells us something about the asymptotic behaviour of ~,.
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2.3. Supersolutions and Comparison

2.3.6 Proposition. For every A > 0 constants 0 < ¢; = ¢1(n,s,\) and 0 < ca = ca(n, s, \) exist such
that ol o

W <n(x) < W
when |z| > 2\. See [14, Proposition 2.12].

Proof. We start with the upper approximation. And we choose x € R™ such that |z| > 2.

() = CnTs / 25 (z) — FAT;;:ZZ —Ta(z—y) dy
_ cg,s {/L 2\ (z) — \If(|§|:+g£ —V(x—y) dy - /n U (x+ y?)f;g‘j(x + ) dy
_|_/n Y(x — y)y%;\(x —Y) dy}
] Mrmagseon, [ S, | ot

= Gne {(—A)S\M:c) +2/n Wdy}
:Cn,s/ Mdy

|l‘ _ Z|n+2$

Here (—A)*¥(z) = 0 by an similar argument like the one in step (iv) of the proof of 2.3.3.
The function ¥(y) — 'y(y) has a compact support, because of proposition 2.3.1.2. Its support is the
ball around zero with radius A. Therefore

/ Y(y) *FA(y)dy:/ Y(y) *FA(y)dy
R B

o=yt 0 lz—y["t

1
< (/B,\(O) (¥ (y) = Ta(y)] dy) <y65;30) =yt yn+zs> :

Because I'y is bounded, we can estimate

[ e -mala < [ 1w+ el
Bx(0) Bx(0)

anfs
< / L2 gyt sup T ()| B
B (0) |yl )

yERn
A

= cn_sE(n) / —5=dp+ sup Ta(y)|By|
0o P yER™

o CnfsE(n)

A% 4 sup I'x(y)|By| < oc.
2s yER™

Here | B (0)| denotes the volume of Bjy(0).
Next we will find an estimation for

1
sup ——————.
yeB (0) [T —y[mt2s

We choose the y € By (0) that is the closest to x, which is y = T‘%“ Then we get

1
su <
yGBF(O) |39 - y|"Jr2s - |x — %|n+2s
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2.3. Supersolutions and Comparison

—~

é) 1
R
(2) 2n+25
< —.
— ‘x|n+2$
(1) is correct by left side of the triangle inequality, i.e. |a — b| > ||la| — |b]|, and the fact that |z| > A.
(2) is true because A < % implies that |z| — A > %l
In summary we have seen that

_ U(y) —a(y)
M(T) = cns / L T =g W

Cn,—s2(1) \ o, ot
< ons (2570004 mp BN P
1
:CQ(’I’L,S,)\)W.

Now to the lower estimation. We first want to explain the basic idea, see the picture 2.2.

Figure 2.2.: The relevant set.

We want an estimation of the form

U(z) —Ta(z) = ¥(x) — sup I'x(y)
yeR™
but the right hand side does not have to be positive for all z € By(0). In figure 2.2 that would be the
interval between C' and D. So we want the set of all points, where it is always positive, which would be
the interval between A and B. As the first step we have to determine the value of I'y in its maximum.
Because I'y coincides with a paraboloid inside By (0), it attains its maximum in z = 0. By definition of

I'y we have

n—2s 1
sup F)\(y) = Cn,—s (1 + 2 ) )\n72s'

yER™

Next we have to find the points zg such that

n —2s 1
‘I’(xo) =Cn,—s (1 + 9 ) m

n—2s

14 n—2s\72 1
= Cn,—s
’ 2 )\n72s
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2.3. Supersolutions and Comparison

n—2s

This is true for those xg with
We denote

note that @ < 1 because n > 2.
Now to the actual estimation:

U(y) —Ta(y) B 0 1
/n ‘(E _ y‘n+25 dy > (/BA(O) [\I/(y) Fk(y)] dy) (yGBf(O) |(E _ yn+2s) :

With

/ W(y) — Ta(y)] dy > / [W(y) — Da(y)] dy
B (0)

BOO\(O)
> / [\y(y) — sup F,\(Z)} dy
Ba)\(o) ZER?
= 2s
_ Gn=sEM)a” 5 sup I'z(2)[Bax| > 0—
2s z€R"

The last expression must be positive because the function we are integrating is positive.
Now

inf 1 1
in
y€BA(0) |z — y|" T2 T |z + ‘/I%‘|"+25
S 1
(e AT
1
— 2n+25|$|n+2s’
because y = —% has the greatest distance to  and A < |z|. So in the end:
Y(y) —Ta(y)
(@) = cn,s/ T =g W
Cn—s2(n)a?s 1
> Cp,s (28/\ s _ Zseuﬂgl T'x(2)|Baxl W
1
= cl(n, S, )\)W
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2.3. Supersolutions and Comparison

2.3.7 Conclusion. The positive function vy is bounded for every A > 0, i.e. there exists a constant
¢ =c(A\, n,s) such that sup g yr(z) < c.

Proof. We just saw that v)(z) < Tz for |z] > 2\ so we conclude that vy (z) < @neF When
|z| > 2.

In proposition 2.3.4 we have seen that ~; is continuous and so is vy, because we obtain it from v, through
scaling.

Thus 7, must be bounded over the compact set B2y (0). So we set

c=ma sup (Y),
= max W) S |-
YEB2x (0) (272
O

2.3.8 Remark. We further want to analyze the appearing constants. Our main goal is to see their
dependency of \. For instance

Cn,—s2(N)

ca(n, s,A) = ¢ s ( A%+ sup F,\(y)|B,\|> onts,

2s yER?

We have already seen that

n—2s 1
r =cph_s|1 _
) = (1457 5

The volume of a n-dimensional ball with radius r is given by

N3

s

1By =" ==
Ii(5+1)

Here I'y is the actual Gamma-function.
Now we can conclude that
sup T (y)|Bx| = ¢(n, s)A**
yER™
and finally
C2 (na S, )‘) = C2 (TL, S)Azs

Cn.—s2(n) n —2s T3
=c, 5 . 1 2n+25.
ca(n, ) = e o ( 2s “n,— < 2 ) Ff(g—i—l))

with

And we get analogously
C1 (na S, )‘) = (nv S)A2s

( ) cn.—sE(n)aZs 1 + n—2s Oénﬂ'% 1
cin,s)=cps| ——————— —Cp.—s .
1 ) s 28 3 2 Ff(n + 1) 2n+25

2

with

2.3.9 Proposition. For all A > 0 v\ € L1 (R").

Proof. In proposition 2.3.6 we have seen that for |z| > 2\, we have
C2
0 < (x) < W
This allows the estimation

C2
(olde < [ 2 <.
»/"BQ/\(O) "‘732)\(0) ‘xl 12
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2.3. Supersolutions and Comparison

Because ) is continuous, it is bounded on Bgy(0) and therefore

/ [ya(@)|de < sup  a(z)|Ba2x(0)] < 0.
BQA(O) ZGBQ)\(O)

This concludes the proof. O
2.3.10 Remark. We have I'y,¥ € L; ;.

Proof. We note that ¥ € L; , because

U (x) ¥ ()
WLl = [ e [
B1(0) | Beo) 1+ |7
)\
g/ \I/(:U)dx+/ éﬁsdx
B1(0) B£(0) |

<[ e [ St
B4 (0) |z] B£(0) |z|
2571 —n
_ = P _|r
—cn7_su(n){[28]0 { n ]1 }

< 00.

Since I'(x) < ¥(z) for every & € R™ we also have

[T L sl < [ La s || < oo

2.3.11 Conclusion. (—A)°T' € L1(R™) and additionally

/”(_A)Sr(x)dx =1

Proof. We consider a smooth cut off function 7 such that 0 <
all z € B1(0) and ©n C By(0). Then we denote nr(z) = n(%). We start with ((—A)°T',ng), this
converges to [, (—A)*T'(x)dr when R — oo by the theorem of dominated convergence. Remember
that (—A)*T" € L; as seen in 2.3.9 and that |((—=A)*T)n| < [(—A)*T|. We also have ((—A)*TU,ng) =1
for every R > 0. So we get

n(z) <1 for all x € R™, n(z) =1 for
7)-
f

[ CAPT @)z~ 1= fim (~A)FTyne) ~ Jim (~8)°T,ns)

= lim ((—A)°T — (~A)*¥, ng)
= lim (T — ¥, (=A)*ng).

R—o0
We used the the fact that I, ¥ € L; 4, see 2.3.10, and the definition of (—A)?® for these functions in the
last line.
The function I' — ¥ is in Ly and has compact support so we will study the behaviour of (—A)*ng on
compact sets when R goes to co.
Let K be a compact set, then there exists a constant k such that |z| < k for every x € K, choose R > k.
So for every « € K we have ngr(z) = 1.

s nr(@) = nr(y)
< (— = _—
0< (-8 nala) =, PV [ B,

n
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2.3. Supersolutions and Comparison

1 —
= 0PV / 777’1(32)3 dy
wi>r |z =yl

1
< ey PV / S —
>R |7 =y

(é) / 1 J
= Cngs Tl nt2s WY
ly|I>R (ly| — k)rt2

ele] pn—l
Cn.s2(n —d
=0 [, G g

= [ C—
=c,.s2(n
’ R (p _ k)1+25 (1 _ E)ﬂ*l P

= Cns o (R — k)ntas—1°

0 < (—A)*nr(z) is true because nr(z) — nr(y) > 0 for © € K and y arbitrary. In (1) we see that the
integral is not singular anymore and used that |y — x| > ||y| — |z|| > ||y| — k|-
(2) is true because

p=R
k k
= 1—=>1-=
p R
-1 -1
(1-5) <(-%)
p R
We see that
=(n) R

for every z € K. This means

IN

sup (—A)* .
52}3( )nr(@) < = (R— ke

This enables us to finally show

lim (T'— ¥, (—A)°ng) = lim (T'(z) — Y(z))(—A)’nr(z)dx

R— o0 R—o0 Rn
3) .. s
@ lim (T(z) — ¥(z))(—A)’nr(z)dz
R—o0 B1(0)
< lim ( sup |(A>SnR<y>|> [ @ - v
0 \yeB1(0) B1(0)

< lim (Eég) 7 _1’?;;251) IT — Ly (B, (0))]

(3) is true because O(I' — ) = B;(0) by definition of I'. The integral

/ (P(x) — U(z))dx
B;(0)
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2.3. Supersolutions and Comparison

exists, because I is continuous and ¥ is integrable over By (0). At last we see that

/n(fA)SF(:c)dx —1= lim (' = U, (-A)°ng)

R—oco
=0.
O
2.3.12 Conclusion. We also have fRn Ya(z)dx = 1.
Proof. We will check the rescaling properties of vy = (—=A)*Ty.
(@) = [(~A)Ta] (@) = (-4 (55l (5) ) @)
)\n72s A
_ 1 e [ 20(5) T () -T(5Y)
-2 9 | [yn+2s dy
- )\n72s 2 n |)\Z|n+28 )\25
e [ TETGE T,
A2 n |z|t2s
1 z 1 T
A () - ()
(8 () = 5o
Where we used the transformation z = ¥ with dy = A"dz.
Thus we have
x\ dx
[ i [ ()
_ / ()t = 1.
We again used the transformation ¢ = £ with dt = 42, O

A AT

The properties up to now were more of a general nature. From now on we will have our later
application in mind.

2.3.13 Lemma. For functions u € L_2n_(R") the integral
[,
R 1 + |x‘n+25

2n
n—2s

does exist.

2n
n+2s’

Ju(z) / ’ / 1 .
_ I g < p -
/R" T [ drx < lulPdzx o U T 22 dx
. 1
<umc%/m>.
e ey

Where we used the fact that there exists a constant C such that

Proof. The idea is to apply the Holder inequality for p = and thus ¢ =

(14 [a]"2)7 = O(1 + o] "F299) = O(1 + [af*").
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2.3. Supersolutions and Comparison

Since

[ armmie= et [ Lo
———~dr = ———dr ———dr
ke (14 [2]?) Bi(0) (14 |z[*") kB, (0) (1+[2*")

1

S\B1(0)|+E(n)/ L
1 P
< o0

/ S LG A

o T a2

we can conclude that

O

2.3.14 Remark. The choice of p = n2_”2q seems arbitrary but this L, space will turn out to be the
important one for our application.
The fact that

[

o T+ [afr s

will interact quite nicely with the asymptotic behaviour of vy we derived in proposition 2.3.6, which we
will see in the proposition 2.3.20.

2.3.15 Remark. By what we have seen in remark 2.1.16, we are now able to define (—A)*u for
u € L%(R”).

(=A)%u is a tempered distribution and for every f € S we have

(=4)%u, f) = (u, (=4)*f).

The existence of the expression on the right hand side follows from the beforementioned remark since
L’ 27n2 - (Rn) C Ll’S(Rn).

Now we can sensibly define what it means for a function u € L_2._(R™) to be a supersolution of

n—2s

(=A)® in an open set ).

2.3.16 Definition. We say that u € L 2n_ satisfies (—A)*u > 0 in an open set  if for every nonneg-

ative test function ¢ with Q¢ € Q,
(u,(=4)°¢) = 0.

This definition is hard to work with since one would have to test against all possible test functions,
so our next goal will be to find a characterization of supersolutions that is a bit easier to deal with. We
would like to derive something similar to the mean value formula for superharmonic functions, see the
following remark.

2.3.17 Remark. Let Q C R™ be an open set, u € C?(Q) be a superharmonic function in Q, i.e.
(=A)u>0inQ, z€Q and r > 0 such that B(x,r) € Q, then

1
w(z) > T u(y)dy.
|B('T7 T)| B(z,r)
The next proposition shows us that the functions v, plays an important role for us.

2.3.18 Proposition. Let v € L,(R™) for any p > 1 then the v approzimate the identity in the
following sense:

lim (u  y\)(2) = lim - u(y)n(z —y)dy = u(z)

for almost every x € R™. See [14, Proposition 2.13].

32



2.3. Supersolutions and Comparison

Proof. The existence of the convolution will be proved in 2.3.20. We have already seen in 2.3.12 that

SO ES
and

/ Ya(z)dz = 1.
The rest follows from [16, 6.1.(16)] O

2.3.19 Proposition. Letu € L . If (=A)*u is continuous at a point x € R™, then

(—A)u(z) = lim o (u(x) — (u* 1))

A0 A29
with C = C(s,n).

Proof. We choose a g € Ly (R™) with compact support, i.e. there exists a ball Br(0) with Og € Br(0)
and Og is always closed. We want to show that

tin [ (-8 u(e—9) 550 (4) dy = (-Arut) [ g 1)

A—0 Rn

This means that for every € > 0 we can find a A such that

[ 18 ute =) - (-ayut)lglo (4) ldy < e

Since (—A)*®u is continuous in z, there exists a ¢ > 0 such that |x — y| < § implies

< €
g L]l '

Again we use the transformation z = § with dy = A\"dz and get

[y ute = - aru@igls (L) ldy = [ 187 ut - 32) - (-8) u(@)g(:)ldz

We only have to integrate over ©g
/‘K—Afww—A@—%—AVUWNw@Wh=iL [(=A)%u(z — Az) = (=A) u(x)]|g(2)|d=.
n g
We know that |z| < R for every z € Og, so if we choose A < % we obtain

0R
— Az — | < —=9§
o= Az —al = x| < 2 =5,

i.e. x — Az € Bs(x) and so we conclude that there exists a A > 0 with

g(2)ldz = €

[ N8y =20 = A u@ g < e |

for a given € > 0. So we proved (1).
Now we want to apply this to g(y) = ¥(y) — I'(y), then

5o (1) = [ () - (5)]
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2.3. Supersolutions and Comparison

1 A" cp—s AT
= — | — 2 — 71—‘
\n [/\25 =2~ 2 A(y)
1
=\ (W(y) — Ta(y)] -

We insert this into (1) and get

(~A)u(e) = Clim [ (~A)'u(e —y)g; () ~ D) dy

—0 Jrn )\25

2 tim <= [ uta = )-8 [0 - Tato)] dy

= lim % (u(z) — (u*y\)(x)).

In (2) we used the definition of (—=A)*u for uw € L 2, and in (3) the fact that ¥ is the fundamental
solution of (—A)*. The constant C' is given through C' = ([, ¥(y) — F(y)dy)fl. O

2.3.20 Proposition. For u € L 2. (R") we have

/n u(y)a(z —y)dy < oo

Vx € R™.

Proof. We start off by summarizing what we know about the functions. We saw in proposition 2.3.13
that )|
uly
—————dy < >
/R Lt [yl

and the positive function vy (z — y)(1 + |z — y|"2%) is bounded for |z — y| > 2\ by Proposition 2.3.6.
So we will deal with

u 1 4 n+2s n4-2s
/R (y) 19l (1+ |z — y["?* ) (z — y)dy.

n 1 + |y‘n+2s 1 + |(E _ y‘n+25

To continue, we will investigate the behaviour of

Lty
W) = T = g

It is obviously a nonnegative, continuous function and

1+ _ 1
| ‘n+23
Lx(y) = ) ! n+2s
1 x _ Y
2 Tl T Tl
This implies
lim ¢, (y) =1
ly|—o0
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2.3. Supersolutions and Comparison

So there must exist a R > 0 such that ¢, (y) < 2 for all y with |y| > R. Without loss of generality, we
assume that Bgy(z) C Br(0).
Now we integrate over Br(0):

lu(y)| 2
< — (14 [y[""** )z — y)dy
/BR(O) L+ [y[n+2s

/ u(y)ya(r — y)dy
BRr(0)

u(y)|
< (1+ R"t?s sup Ya(z / 7|
( )zER" (2) Br(o) 1+ [y[mt2s

< (14 R"**%) sup ya(2)||ulLys |-
z€ER™

Where we used the fact that «y, is bounded, see Conclusion 2.3.7 .
Next will be rest of the integral

u(y)| os
/"—BR(0> win ) R"—Bg(o)lﬂ‘lx—yln“s( | " )
= July)|
< ca(n, s, A / B T
( ) R BR(0) 1+ |7 —y|" T2
|u(y)| 1+|y‘n+25

=co(n,s, A dy.
2( )/anm T o[ T 1 o — g ¥

(1) is true by Proposition 2.3.6.

n+2s
/ ML L | wwl g
R R

n_Br) L Y"1+ o —y|rH2e n_Br(0) 1+ [y|" 2

< 2[Ju|Ly s]|-
All in all
lu(y)| e
[y~ dy < a5, ) [
/nBR(o) Rr— By () L+ [Y["T25 1+ |z — y|nF2s
< 2¢a(n, s, A)||ulLq sl
and

Lt vl = [ el [ e -l

Br(0)

< [202(71, s, A+ (1+ R"+2S) sup 'yA(z)} llu|Lq s
zER™

O

2.3.21 Remark. The way we proved that u * vy is finite seems cumbersome. Using Hélder inequality
would be the natural ansatz. The advantage of our approach is the fact that we found an integrable
magjorant that is independent of x, which we will need in the next lemma.

2.3.22 Lemma. For every u € L 2n (R™) the function u 7y is continuous for A > 0.

Proof. We want to use Lebesgue’s Theorem on continuity of parameter integrals, see [1, Theorem A.3.].
We have to show that

(w12 (y) = / (@) (y — 7)dz

n
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2.3. Supersolutions and Comparison

is continuous in y. We denote f(x,y) = u(x)ya(y — ).

We saw in Proposition 2.3.20 that f is integrable for every = € R™. It is continuous in y, because y
only appears in the argument of ), which is a continuous function.

Lastly we need some kind of integrable majorant that is independent of x. But we have already seen in
the proof of Proposition 2.3.20 that such a majorant does exist. We choose:

u
F(y) = 1_|_|(yz|/,)1+25 ((1 + Rn+2s) s;lﬂ& WA(Z)XBR(O)(Q) + 202(71757/\)XRW'\BR(0) (y)) .

R was defined in Proposition 2.3.20 and we refer to the proof of that proposition for the details.
Finally we can conclude that the function

9(y) = - flz,y)dy = (u*v2)(y)

is continuous. O

Now we are ready to derive the characterization of supersolutions. But we first want to gather some
facts about lower-semicontinuous functions because these will play an important role.

2.3.23 Definition. A function f : R™ — R is lower-semicontinuous if
{z e R"|f(z) < a} is closed for every a € R

or
f(z) < liminf f(y) for any z € R".

Yy—x

Upper-semicontinuity is defined analogously.

2.3.24 Remark. The first definition says that {x € R"™|f(z) > a} is open. This means especially that,
for a fized xg € R™ and € > 0, the set {x € R™|f(x) > f(x¢) — €} is an open neighbourhood of xg.
So we derive a e-6-definition for lower-semicontinuity in xg:

Ve > 039 > 0 such that |x — xo| < 6 = f(x) > f(xg) — €

The next proposition will contain some facts about lower-semicontinuous functions that we will use
later on.

2.3.25 Proposition. Let u,v be two lower-semicontinuous functions then

(i) min(u,v) is a lower-semicontinuous function.

(1) u—+ v is a lower-semicontinuous function.
Let (un)nen be an increasing sequence of lower-semicontinuous functions then
(#i3) uw(z) = limp, o0 un () is a lower-semicontinuous function.

Proof. (i) and (ii) can be found directly in [5, Lemma 4.2.1], so we only have to prove (iii). By
[6, Lemma 4.2.1] we get that w(z) = sup, cyun(x) is lower-semicontinuous. But in the case of an
increasing sequence, the limit and the supremum coincide. Because Ve > 0 there exists an ng such that
u(x) — un, (r) < € and this is equivalent to u(z) — € < up,(x), which is the definition of the supremum
of the uy,. 0O

2.3.26 Proposition. For u € L 2o, we have (=A)*u > 0 in an open set Q iff u is lower-semi-
continuous in Q0 and

u(xg) > /n u(z)ya(z — z9)dx

for any xo € Q and A < dist(xg, Q).
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2.3. Supersolutions and Comparison

Proof. Let (—A)’u > 0. For r > A1 > Ag, we form I'y, — I'y,. This is a nonnegative function by
Proposition 2.3.2, beyond that it is also a C*! function with support in B,.. If (—=A)%u > 0 in B,(x),
then

(=A)°u(x),Ix; (z — x0) — ', (z — 0)) > 0.

This is true because we interpret (—A)®u as a nonnegative Radon measure. Next we use the definition
of the operator for functions in L; ; to get

(u(@), (=A)°T'x, (x — o) = (=A)°T, (z — o)) = 0.

One should note proposition 2.1.20.
Now we rewrite this as

<’U,,’}/)\2 (3’5 - x0>> 2 <U, o8t (.’E - l‘o))
(wxyag) (o) = (uxya,)(20)-

Next we take g € Q with (—A)®u > 0 in Q. Let r = dist(€Qg, 0Q2). Then if r > Ay > Ay > 0, we have

(uxyx,) = (uxya,) (1)

everywhere in €.
We know that -y, is an approximate identity, so u * vy — w a.e. in Qg as A — 0. We saw in Lemma
2.3.22, that u *x vy, is continuous for every A. So w is the limit of an increasing sequence of continuous
functions. This means that u is lower-semicontinuous, see proposition 2.3.25.(iii).
Lastly we take A2 — 0 in (1) to get:

u(zo) = (u*x)(zo)
for a.e. xg € Q and A small enough. Keep in mind that we can modify u in a set of measure zero, we
can set u(zg) = (u*yx)(xo) in those x¢ where u * v, does not converge. So we finally get that

u(o) > (uxvx)(wo)

is true for every zp € R™.
The other implication follows from |7, Lemma 1.10]. O

2.3.27 Proposition. Let C be a constant, then we have that
u(z) > u*yp(x) — CA*

for every x € Q and X < dist(x,00) iff (—A)*u > —C in Q, i.e. (—A)*u+ C > 0 in the sense of
definition 2.3.16.

Proof. We assume that € is bounded, because f > —C locally in € is the same as f > —C' in all of Q
for every distribution.

We define v = C'U x xq, then v(x) is lower semicontinuous. (—A)*v = C'xq which means that (—A)%v
is continuous in ) and we can apply Proposition 2.3.19 and get for z €
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2.3. Supersolutions and Comparison

(1) is true because O(¥ — I'y) = Bx(0). The function (—A)®v is constant on By (z) iff A < dist(z, 0€)
and then:

1 1
@) e n@) =C [ o (0T
©) 1 -y
2 o n(xp—r)( )dy
B/\(m) )\ A

= C/BI(O)(\I/ —T)(z)dz.

We showed (2) at the end of the proof of Proposition 2.3.19. As we can see, the right hand side is
independent of A\, so we conclude

C= %(’U(m) —vxyy(x))
iff A < dist(x, 00).
Now if we use that, we see
u(z) > (u*yy)(x) — CA*
= u() + CA® + (v )(2) > ((u+v) *1)(@)
— (u+v)(x) > ((u+v)*xyx) ().

Proposition 2.3.26 tells us that the last line is equivalent to (—A)®*(u+wv)(x) > 0in Q,i.e. (—A)°u> -C
in Q. That is what we wanted to show. O

The next proposition will be our variant of a maximum principle.

2.3.28 Proposition. Let 2 C R" be an open and bounded set and u be a lower-semicontinuous function
in Q such that (—A)*u >0 in Q and v > 0 in R™\Q. Then we have u > 0 in all of R™ and if u(xz) =0
for one x € Q, then u =0 in all R™. See [14, Proposition 2.17]

Proof. We assume that u(z) has negative values in some points. These points must then lie inside €,
since u is nonnegative outside of €2. Because u is lower semicontinuous on a compact set in R™ it attains
its minimum in that set (we needed to require semicontinuity in ) since we can’t assure it). So this
minimum must be negative and we suppose it is attained in xg € 2. By Proposition 2.3.26 there must
exist a A such that

u(zo) > / u(z)ya(r — x0)de.
Since ) has integral 1, this is equivalent to
0> / (u(z) — u(zo))yalr — xo)dz.
This is impossible because u(z) — u(xg) is positive outside of Q and v, is always nonnegative. So our

assumption must be false, this means, that u(z) is always nonnegative.
Now we assume that u(xg) = 0, again by using Proposition 2.3.26 we get

0> /n u(z)ya(r — zo)de.

But, since u(z) is nonnegative, we also have

0< /n u(z)ya(r — zo)de.
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So in total
0= / u(x)ya(z — x0)dz.
By positivity of v, we obtain u(x) = 0. O

The next proposition shows that the minimum of two supersolutions is again a supersolution. This
fact will be needed in the 3rd chapter.

2.3.29 Proposition. If ui,uz € L_2n_ fulfill (=A)*u1 > 0 and (=A)uz = 0 in Q then so does
u(z) = min(uy (), uz(x)), i.e. (—A)*u(z) >0 in Q. See [14, Proposition 2.18]

Proof. We choose an arbitrary xg € ). By Proposition 2.3.26 we get

wieo) = [ wjle)n(e— o)ds

for j = 1,2 and A small enough and also that uj, ug are lower-semicontinuous. u(zg) = u,;(xo) for j =1
or j = 2 by definition and u(x) < u;(x) for every other z € R", so

u(xg) > /" uj(z)ya(x — zo)dr > / u(x)ya(x — zo)dx

and u is lower-semicontinuous by lemma 2.3.25, thus (—A)*u > 0 by Proposition 2.3.26. O
We get similar properties for functions u such that (—=A)*u < 0.

2.3.30 Proposition. For u € L 2, we have (—A)*u < 0 in an open set Q iff u is upper-semi-
continuous in 0 and

u(ao) < [ eyl ao)do
for any xo € Q and A < dist(zo,0). See [14, Proposition 2.19|
Also the analogue to Proposition 2.3.27 can be obtained.

2.3.31 Proposition. Let C be a constant, then
u(z) < u*yn(w) + CA*
for every x € Q and A < dist(z,0Q) iff (—A)*u < C in Q.

Proof. The proof works mostly like in 2.3.27. Now we define v(z) = —C'U x xq, then v(z) is upper-
semicontinuous and (—A)*v(z) = —Cxq. Here we get

~C = 552 (o) — v e\ (2)

iff A < dist(x, 02). Then

u(z) < (u*yy)(x) + CA*
= u(@) — ON** + (v ) (@) < ((u+v) *7)(2)
— (u+v)(x) < ((u+v) *1)(2).
This is again equivalent to (—A)*(u + v)(z) < 0 in Q. O

Now we formulate our comparison principle.
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2.3.32 Proposition. Let @ C R™ be an open and bounded set. For two functions u,v € L 2n such

that (=A)*u > 0 and (=A)*v <0 in Q, u > v in R"\Q and u — v is a lower-semicontinuous fu;Lction
in Q), then we have uw > v in all of R"™ and if u(z) = v(x) for one x € Q, then u = v in all R™. See
[14, Proposition 2.21].

Proof. u — v is lower-semicontinuous in Q. (—=A)*(u —v) = (=A)*u — (=A)*v > 0in Q and u — v > 0
in R"\Q. Now we can apply Proposition 2.3.28 to u — v and get u — v > 0, i.e. u > v in R"™ and if
(u—v)(x) =0, i.e. u(z)=v(z), for one z € §, then (v —v)(x) =0, i.e. u(x) =v(x)in all of R*. O

We finally get a similar property for functions u such that (—A)*u = 0 in .

2.3.33 Proposition. Foru € L 2n_, We have (—A)*u = 0 in an open set Q iff u is continuous in
and

u(xo) = / w(z)ya(z — zo)dx
for any xo € Q and A < dist(x,0). See [14, Proposition 2.22]

Proof. We use Proposition 2.3.26 and 2.3.30 simultaneously to see that this Proposition is true. O
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Chapter 3.

Basic Properties of the Free Boundary
Problem

In the first section of this chapter we will turn to the actual obstacle problem. First we will prove
the existence of the solution u in the homogeneous Sobolev space H’ in case that the obstacle @ is
continuous and has compact support. We will furthermore be able to show that u is also continuous.
In the second section we will derive further regularity results.

3.1. Construction of the Solution

First, we will state the problem again that we are going to study.
We take a continuous function with compact support ¢ : R” — R, which will be our obstacle. We will
look for a function u that satisfies:

e u>yin R"”

e (—A)*u>0in R"

o (—A)u(x)(u(x) —p(zx)) =0 for all z € R”
o lim), 00 u(z) = 0.

To construct the solution, we first need to define the space H’. This is the completion of § in the norm

|- [H’||. Which is given by
y)|2
e \// [ L ey

for any f € S. Note that || - |FS|| is usually a semi-norm, but functions f € S go to zero, when |z| goes
to co. That’s why || - || is a norm on S.

3.1.1 Remark. We briefly want to discuss the connections to the fractional Sobolev space H*(R™).
One could deﬁne it as the set of all f € Ly(R™) such that || f|H’|| < oo. In fact H*(R™) is the set of all
functions in H (R™) that are in Ly(R™), see |17, Remark 5.2.3.3].

Furthermore we have the continuous embedding H® C L _2 _2n_, see [2, Theorem 1.38].

The space H’ even is a Hilbert space, see |2, Proposition 1.34], with the inner product

W) (g(x) —9(y)
/” /n |.’17 — y|’ﬂ+2s dxdy

3.1.2 Proposition. For f,g € H' there exists a constant d = d(n,s) > 0 such that

g = dlos) [ 1P FLAO P



3.1. Construction of the Solution

Proof. In [2, Proposition 1.37] it is shown that for every f € H' there exists a constant d = d(n, s) > 0

such that ‘2
/ / . |z—y\n+2s o g trdy = dns) /R leIFLAE) P,

The left hand side is || f|H |2 and the right hand side is ||[£|*F[f]|L2||*. So we can immediately conclude
that ||[€]* F[f]|La|| < oo. So for all f e H™ |||¢|*F[f]| Lzl is finite.
Next we note the Polarization identity for the complex case, see [20, p. 175],

1 . . ) .
(@) =7 (le+yl* = lle =yl +illz +iy[* = ile - iy]?)

which basmally says that a scalar product can be expressed through the norm. Thus we conclude for
frgeH

Sogyme =3 (I + gl = 1 = glF 12 4l f + gl |12~ il f — g |12

= A5 i 1y + gl e P~ gl

&%\H

+ill[E]°FLf +igl| Lal|* = dlllg]* FLF — ig)|L2])
= d(n, )" FL1), I Flgl)
—din,s) [ I FUIEFIEE,

This proves the first equality. For the second equality, we simply note that |£|°F[f],|£|°Flg] € L2 and
apply Remark A.2.9 to get

(€l FILIEPFlalpo = (FHIEFFLUL, FH {181 Flgl) .
={(=A)5f,(-A)2g)L,.

3.1.3 Remark. We wish for a representation of the scalar product on " of the form

<f7 g>ﬁS = <f7 (7A)89>L27

but in this general setup we cannot guarantee that f,(—A)°g € La, so we have to understand it as the
dual paring.
We start with the case f,g € S. We have just seen that then

b = [ PFFIAOFEIOE = (~A)£.(-A)ig)r.

Furthermore we know that |£|* Flg] € La(R™) by lemma 2.1.17 and F[f] € La(R™) by A.1.2. So we get

gt = [ 6P A FIE
= (1,(-A)'g).
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3.1. Construction of the Solution

Now we take f € H', then there exists a sequence f, € S such that f, — f in H . Using [17, Theorem
5.2.3.1] we get that (—A)2 f, — (—=A)2 f in Lo(R™). Thus we get

(=) fu, (=A)2g)1, = (D)2 f,(=A)2g) L,

Because of [17, Theorem 5.2.3.1] we have that (—A)*g € H °, which is the dual space to H’, since
S c H’. So we can understand (fn, (—A)%g) as the dual pairing and since fp, — f in H’, we have

(fn: (=4)%9) = ([, (=4)°9).

Remember that we think of (—A)®*g as a continuous functional on " .

So in total, from

(=8)% fry (=8)2g) 1, = (fur (—A)°9)
it follows that

(A2 f,(=D)2g), = (f,(=A)%9).
And finally

<f;g>ﬁ5:<( );fv( )% >L2

We will find u as the function that minimizes

(@) ~ u(y) -
wem [ By = A

over all functions v in H' that satisfy ¢ < u almost everywhere.

3.1.4 Proposition. The functional J(u) attains a unique minimum in the set U = {u € H : ¢ <
u a.e. }.

Proof. We start with the properties of U. First we see that it is convex. For u,v € U we have
Au+ (1= X)v > Amin(u,v) + (1 — A\) min(u, v) = min(u, v) > ¢ a.e..

It is also closed. We take a sequence (un) € U that converges to a u € H’, remember that H' is
embedded into L,(R™) with p = -22-. Then we can extract a subsequence (unk) such that u,, (z) —
u(z) for almost every x € R™. Since uy, () > ¢(x) for almost every x € R™ this also has to be true for
the limit w.

Lastly we will ensure that it is not empty. We recap that ¢ is bounded and has compact support. There
must exist an R > 0 such that ©p C Bgr(0). By [21, Folgerung 1.2], there exists a function ow € C*
such that 0 < a(x) < 1 for every x € R", a(z) = 1 for x € Op and ©a C Bgr(0). Now we define
Y(z) = a(x) sup,ce, p(y), remember that ¢ is bounded. This function fulfills ¢ (x) > p(z) for every
zeR"and ¢ € C°(R") C S(R*) € H, thus ¢ € U.

Next we check the properties of J. It is continuous. We take a convergent sequence (u,) C H’ that
converges to u € H . This means ||u, — u[H || = 0 for n — co. Thus we get

T (un) = T (u)] = [Jun|[H||* = [lu[H"|?|
=S —=S =S —=S
= [[|un|H[| = [Ju[H[|[([[un[H || + [[ulH )
< e, — ul B |[([[un | H || + [[wlH )
— 0.

Note that the second factor is bounded since convergent sequences are bounded.
J is strictly convex. It is sufficient to show that 8(t) = J(u + t(v — u)) is strlctly convex on [0, 1] for
every u,v € H with u # v, see [24, Proposition 42.4]. So we fix arbitrary u,v € H'

B(t) = J(u+tlv—u))
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3.1. Construction of the Solution

=(u+tlv—u),u+t(v—u))gs
= J(u) + 2T (v —u) + 2t{u, (v — u)) 7.

We see that § is a polynomial of second degree and therefore twice differentiable. So it is strictly convex
iff " > 0 on [0,1], see [24, Proposition 42.5.(d)]. Since

O"(t)=2J(v—u)>0

for v # u, we conclude that J is strictly convex.

Lastly we note that J(u) = ||u|H |2 — oo when ||u[H || — oco. Now we are able to apply [24,
Proposition 38.15], which says that a convex and continuous function, that fulfills the beforementioned
property, possesses a minimum on a closed, convex and nonempty set. [24, Theorem 38.C] ensures that
this minimum is unique since U is convex and J is strictly convex. O

From here on we denote this unique minimum as u. In the rest of this section we will show that u is
the solution to our obstacle problem. We already know that u > ¢ because u € U. Next we will show
that it is a supersolution of (—A)®.

3.1.5 Lemma. The function u is bounded and sup u < sup .

Proof. Let us assume that there is a 2o such that u(zg) > sup g, then there exists a € > 0 such that
u(xg) — € > sup . Thus we get the existence of a § > 0 such that u(z) > u(xg) — € > sup ¢ for every
x € Bs(zg), by the € — § definition of semicontinuity! , see 2.3.24.

Now we define a function
ooy~ [H@) 2 Biwo)
supy x € Bs(xg).

This function is also always above ¢, we will show that it has a smaller norm than u. For that sake we
make the following estimations.

First of all, we notice that v(z) — v(y) = 0 for z,y € Bs(xp). Then that v(z) — v(y) = u(z) — u(y) for
x,y € Bs(x0)¢ and lastly for © € Bs(xo) and y ¢ Bs(xo) we have

lv(z) —v(y)| = [sup ¢ — u(y)|
< Ju(z) — u(y)|.

Now we insert all of this in the norm and get

0|2 >|2d d
[olH || = ‘MS y
—u(y)P
_2/ / n+29 d dy+/ / n+2s d dy
Bs(zo) J Bs(z0)© |x—y| Bs(z0)¢ J Bs(xo)e |33—3/|

< 2/ / n+28|2d dy+/ / n(+2)s|2d dy
Bs(xo0) Y Bs(xo)® |x_ yl Bs(zo0)°¢ / Bs(wo)© |:U— |

< JJulH"|%.

The only thing we have left to show is that v € U. We just saw that its norm is finite, but we have to

make sure that it even is in the space H . For that we use a characterization of H given by [11, (2.3)].
=1

He characterizes it as all functions f in L 2 with [[f|H || < co. Thus it is enough to show that

veL _2n Which simply follows from the fact that u e L _2n and that v = u + (SUp ¥ — u) X B, (z0)-

To sunimarlze We have found a function v € U such tha{ J(v) < J(u), which is a contradiction to
3.1.4. Thus our assumptions must be false. Therefore v must be bounded by sup (. O

IThe semicontinuity of u will be shown in 3.1.7.
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3.1. Construction of the Solution

3.1.6 Proposition. The function u is a supersolution of (—A)®, i.e. (—A)%u > 0. See [14, Proposition
3.1].

Proof. Let h be an arbitrary smooth and nonnegative function with compact support and ¢ > 0. The

=S =S
function w + th is then still above the obstacle and so we can conclude that ||u + th|H || > ||u|H |,
since u was the minimum of J. Therefore

J(u) = (u,u)me < (u+th,u+th)ygs = J(u+th).

Now we define the function f(t) = J(u + th) for t > 0, then f has a righthanded minimum in ¢ = 0.
This means that f (0) > 0 and since

f@) = J(u+th) = (u,u)z + 2t(u, h)z> + t*(h, h)ze
we have
f-li-(o) = 2(u, h>ﬁ§ > 0.

Because of remark 3.1.3, this means
(u, (=A)*h)r, =0

which, by definition, means that (—A)%u > 0. O
In the next two propositions we will show that (—A)*u(z) = 0 for those z with u(x) > ¢(z).

3.1.7 Proposition. The function u is lower-semicontinuous and the set {u > ¢} is open. See [14,
Corollary 3.2].

Proof. We know that u is a supersolution of (—A)*, i.e. (—A)*u > 0 and we have seen in Lemma 2.3.16
that u € Ly 5. This means we can apply Proposition 2.3.26 and get the lower-semicontinuity of u.

The set {u > ¢} consists of all x € R™ such that u(x) > ¢(x), this can also be written as u(x)—p(z) > 0.
u — ¢ is also lower-semicontinuous, because ¢ is continuous®. The set {z € R"|u(x) — ¢(z) > 0} is open
by definition of lower-semicontinuity (see Definition 2.3.23). This is exactly the set {u > ¢}. O

3.1.8 Proposition. We choose o € R™ such that u(zg) > @(xo) and r > 0 such that u > ¢ in B,.(xg),
then (—A)*u(x) =0 in B.(xg). See [14, Proposition 3.3].

Proof. We will argue analogously to proposition 3.1.6. Because we already know that wu is a supersolu-

tion, we only have to show that
(u, (=A)*h) = 0

for every nonpositive testfunction h with compact support in B,.(z¢), because then (—A)%u < 0. Its
support Oh has a positive distance to 0B,(x¢), so u(x) > ¢(x) for every z € ©h. We just saw that u is
lower-semicontinuous and because ¢ is upper-semicontinuous, we get that u—¢ is lower-semicontinuous.
A lower-semicontinuous function attains its minimum over a compact set. So there exists a z € Oh
such that u(z) — ¢(2) = infycon(u(y) — ¢(y)) > 0. Thus, there must exist an € > 0 such that

u(x) > ¢(x) + € in all of Oh.

Now u + th is still going to be above ¢ as long as ¢ > 0 is small enough.
Like before, we see that f(t) = J(u + th) has a minimum in ¢ = 0, thus f/ (0) > 0 and we get that

(u, (=A)°hyr, > 0.
We can do that for every nonpositive test function and thus (—A)*u = 0. O

3.1.9 Remark. The last Proposition means that ©[(—A)*u] C {u = ¢}.

2A function is continuous if it is upper- and lower-semicontinuous
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3.1.10 Remark. Finally we see that u solves the obstacle problem we stated at the beginning. We know
it is a supersolution of (—A)® that is above . The fact that O[(—A)*u] C {u = ¢} means that

(=A) u(z)(u(z) — p(x)) =0
for every x € R™. The decay at infinity follows from general fractional potential theory, see [15].
We use the rest of this section to show that u is continuous.

3.1.11 Proposition. Let v € L_2u_ be a bounded function in R" such that (—=A)*v > 0 and v is

continuous on E = O[(—A)%v]. Then v is continuous in R™. See [14, Proposition 3.4].

Proof. We first note that (—A)*v = 0 in R™"\E and thus v is continuous there by proposition 2.3.33
and since v is continuous on E we only have to check whether it is continuous on JF.
We take a point o € OF and a sequence z; — xg as k — co. We know that liminfy_, v(xg) > v(x0)
by lower-semicontinuity of v. We only have to show that lim sup;,_, . v(zx) < v(zp).
Suppose the contrary is true, i.e. we assume there exists a subsequence, which we call (xj) again, such
that
lim v(z) = v(xo) +a
k—o0
where a > 0. To clarify, we assume that the biggest accumulation point is bigger than v(xg) and (xy)
is now a sequence that converges to that accumulation point. v is continuous in E by hypothesis, so
zk is not in E from some k on. We drop the first elements in our sequence and can thus assume that
xp ¢ F for every k € N.
We call yi one of the points in F, that are closest to x;. So also yx — x¢ for kK — oo and since v is
continuous in F/, we also have
lim v(yx) = v(xo).
k—o0
Let \;, = L;y’“l = 2dist(zx, E), so Ay — 0 as k — oco.
Next, we take a look at the function

2 = 7 (z+e)

with an arbitrary unit vector e. f is continuous and always positive because 7y; is continuous and always
positive. The translation by the vector e becomes neglectable when |x| becomes big because y; behaves
asymptotically like W%, see 2.3.6, this means

lim fe(x)=1.

|z|—o00

This means there exists an R > 0 such that f.(z) > 1 for x ¢ B(0) and there must exist a z € Br(0)

such that 0 < f.(2) < fe(z) for every 2 € Br(0), because f. is continuous. These last two facts allow
us to conclude that

co = wiEann fe(z) > min (;, fe(z)> > 0.

Next we state that ¢y is independent of the choice of e. For given unit vectors ej,es we show that
for every € R"™ there exists an y € R", such that f.,(x) = f.,(y). We simply take a rotation
A that maps e; onto ey, i.e. Ae; = ey and define y = Ax. Then we have |y| = |Az| = |z| and
|z +e1| = |A(x + e1)| = |y + e2|, so by spherical symmetrie of v, see 2.3.5, we get fo, (x) = fe, ().
We take e = “5-2 and get

1 T — Yk T — T
(T = y) = comn (@ —2k) = 5 v ) em (T
k

1 :ckaerkfyk T — X
= — —c
A il M M 071 "
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=N
A

1 (x—xk> a! (x;:k —|—e)

> 0.

Because the difference is nonnegative by definition of cg.
Next we will use proposition 2.3.26 on v(y) to get

v(yk) > /n Ya, (T — yi)v(z)de

= /n coa, (T — zp)v(2)de + /Rn (Vap (T — y) — coya, (@ — zp)) v(z)de

= cov(a:k) + Il + Ig. (1)

In (1) we used proposition 2.3.33 on v(zy) because xj, ¢ E and therefore (—A)*v = 0 in By, (x)). Here
we defined

I = / (M (@ = yi) — cova, (. — 1)) v(2)d
B 5y (k)
and
Iy = / (Var (@ — yr) — cova, (@ — zp)) v(x)d.
Rn\B\/Tk(yk)

Now we take a nullsequence ¢;. For every | € N, there exists a §; > 0 such that |x — 2| < ¢; implies
v(z) > v(xzg) — €, because v is lower-semicontinuous (compare remark 2.3.24). For every [ € N there

exists an k; € N such that Bﬁ(ykl) C Bs,(z0), since yr — xo and A\, — 0. To summarize, there
°l
exists a subsequence (yg,) such that v(z) > v(zg) — ¢ for every x € Bﬁ(ykl).
l
Our next goal is to find proper estimations for I3 and I in case of the subsequence (yi,). We will start

with an estimation for the following integral while using the notation ay = \/%7

/ (1(2) —comi(z +e))dz = / 71(2)dz = co / 71(z + e)dz

R™\Ba, (0) R™\ Ba, (0) R™\Baq, (0)
< ca(n, s) / |Z‘n%dz —cocr(n, 8) / mdz
R"\ Bq,, (0) R"™\Bq, (0)
(1)
P! 1
< ca(n, 8)E(n) / de —coc1(n, 8) / Wdz (2)
o R\ By 41(0)
< ca(n, s)E(n) [_1} h —cpcr(n, $)E(n) {_1] h
2s5p% | 25p% | |
ca(n,8)E(n) \,  coc1(n,s)E(n) A3
- 2s k 2s (14 VAx)2s

Note that 8, converges to 0 when & — oco. We used the upper and lower approximation found in
proposition 2.3.6 in (1). In (2) we used that By, (¢) C Ba,+1(0), the positivity of 47 and the fact that
we substract the second integral.
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3.1. Construction of the Solution

Now moving to the approximation of Is, we will use the transformation z = )\f“ denote e = %
l °l
and use that v (z) = 3571 (%)
I > ~|[v|Loc] (v, (@ = 9) = o, (@ = ) ) da (3)
R"\Bm(ykl)

T — Yk T — Yk + Y — Tk dx

— ool (o0 (5528 ) = o (E =) ) 2

' (yx;) ki ki ki

R”\B\/W
= JolLul / (1(2) — com(z +€)) dz
R\ B, (0)

2 —|[vl Lol Bk, -

In (3), we used that v is a bounded function.
The approximation for I; is very similar. Here we will use that v(z) > v(zg) — ¢ for every z €

B\/g(ykl)

b > (vlan) - ) [ (e (2 = 1) = o, (& — 1)) i
Bm(ykl)

= (v(z0) — @) /B o, () el o) d:

= (v(an) — ) ( L@ -amrondz= [ e -amieto) dz)

> (’U({I?()) — 6[)(1 —Co — 5]61)’

The fact that [p, v1(2)dez = 1 was used here. Now we continue where we left off in (1).

v(yr,) > cov(Tr,) + 1 + Iz
> cov(zr,) + (v(2o) — &) (1 — co — Br,) — [|v|Les || Br,
= cov(zk,) +v(20)(1 = co) — €1(1 = co — Br,) — ||v|Lool| Br, — v(z0)Br,
> cov(ap,) + v(z0)(1 — co) — (1 — co — Br,) — 2[|v|Loo]| B, -

We remember that e, Sx, — 0,v(yr,) — v(zo) and v(zk,) — v(xo) + a as | — co. If we take | — oo in
the inequality we finally get

v(zo) > co(v(zo) + a) + v(xg)(1 — o) + 0
= v(xp) + coa.

But this is a contradiction, because acy > 0. This concludes our proof. O
3.1.12 Conclusion. The function u is continuous.

Proof. We already know that u € L 2._. It is continuous on ©[(—A)"u] because it coincides with the

continuous function ¢ there, see remark 3.1.9. We also know that it is bounded, see 3.1.5. Lastly it
is a supersolution of (—A)?®, see 3.1.6. Thus we can apply proposition 3.1.11 and conclude that wu is
continuous. [
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3.2. Further Results

3.2.1 Proposition. The function u is the least supersolution of (—A)® that is above @, i.e. u > @ a.e.
and is nonnegative at infinity, i.e. liminf |, u(x) > 0. See [14, Proposition 3.6].

Proof. We choose another supersolution v, i.e. (—=A)%v > 0 such that v > ¢ and liminf|;|_, o v(z) > 0.
Let m = min(u,v). We have to show that u = m. By definition we already know that m < u, so we
only need to show that m > u.

We want to use our comparison principle 2.3.32. We first note that m is again a supersolution because
of proposition 2.3.29. It also is above ¢ because v and v are always above .

We choose Q = {u > ¢}, this is an open set, as seen in 3.1.7. In Q we have (—A)*u = 0 because of
proposition 3.1.8. Since ¢ < m < wu, we can conclude u(z) = m(x) for z € R"\Q. We know from
conclusion 3.1.12 that w is continuous and therefore that m — u is lower-semicontinuous. Remember
that m is lower-semicontinuous, because it is a supersolution.

Finally, we can apply proposition 2.3.32% and get that u(x) = m(z) for every z € R™. O

Now we want to show that the solution u is Lipschitz iff the obstacle ¢ is Lipschitz. For that we
prove a proposition, that is a bit more general. But first we need the following definition.

3.2.2 Definition. We say a function f : R™ — R admits a function w : [0,00] — [0, 0] as a (global)
modulus of continuity iff

|f(z) = f(y)| < w(lz —yl)

for every z,y € R™.
Now we can state the following proposition.

3.2.3 Proposition. If ¢ admits w as a modulus of continuity, then so does the function u. See
[14, Theorem 3.8].

Proof. By definition of a modulus of continuity, we have for any h € R™
ez +h) + w(|h]) = ¢(z)

for every x € R™. Since u(z) > () is always true, we conclude that
u(@ + h) +w(|h]) = p(2).

The function u(z + h) +w(]h|) is again a supersolution of (—A)?®, note proposition 2.1.20, that is above
the obstacle ¢. From proposition 3.2.1 it follows that

u(z + h) + w(|h]) > u(z)

for every x € R™. Thus we can immediately conclude that u(z + h) — u(z) > —w(|h|). If we define
y=x+h and k = —h, we get from this inequality: u(y) — u(y + k) > —w(|k|) which is equivalent to
u(y + k) —u(y) < w(|k]). So in total

lu(z +h) —u(z)] < w(|h])
for every z,h € R™. This means u admits w as a modulus of continuity. O

3.2.4 Conclusion. The function u is Lipschitz and its Lipschitz constant is not larger than the one of
@. See [14, Corollary 3.9].

30ur u takes on the role of v in that proposition and m the role of w.
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3.2. Further Results

Proof. ¢ is Lipschitz by hypothesis, i.e. Vz,y € R”

lo(z) — oY)l < Llz —yl.

But this means that ¢ admits w(r) = Lr as a modulus of continuity. Thus proposition 3.2.3 tells us
that

u(z) —u(y)| < Llz -y
Vz,y € R™. So we get that also u is Lipschitz, but there could be a smaller Lipschitz constant. O
3.2.5 Proposition. Take ¢ € CV'. Assume that the second order incremental quotients of ¢ are
bounded below, i.e. there exists a constant C' > 0 such that

p(e +te) + p(a — te) — 2p(x)

972 >-C

for every x,e € R™ and t > 0. Then the same is true for u with the same constant C.

Proof. We reformulate the inequality for ¢ so it looks like this

o(x +te) + o(xz — te)
2

+Ct* > p(x).

Again, we conclude that
u(z + te) + u(x — te)
2

+ Ct? > ().

The function
o) = u(x + te) er u(z — te) T

is a supersolution of (—A)?®, because

x + te) + u(xz — te)

(—A)*v(z) = (~A)* u( : + Ot
_ (A [u(z +te)] + (=A)" [u(z — te)]
2
_ (A [u] (z 4 te) + (=A)° [u] (x — te)
2

> 0.

Compare proposition 2.1.20 and note that (—A)?® "differentiates" with respect to x.

Thus far we learned that v is a supersolution, that it is above ¢, and by proposition 3.2.1 it must be
above u. For the sake of completeness, it should be mentioned that v is nonnegative at infinity because
u is and the constant C' as well as ¢ is positive.

So
o(x) = u(x + te) —gu(x — te) LR > ua)

and this is equivalent to
u(z + te) + u(z — te) — 2u(x)
2t2
This means that the second order incremental quotients of u are also bounded below. O

> —C.

3.2.6 Proposition. If (—A)*p < C for some nonnegative constant C and some s € (0,1), then also
(=A)%u < C. See [14, Proposition 3.11].
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Proof. If © ¢ {u = ¢}, then (—A)*u = 0 by proposition 3.1.8.
If x € {u = ¢}, we use the representation of (—A)*® given in proposition 2.1.11 to get

(—A)SU(Z‘) _ —Cn,s /" U(JZ + y) + ’LL(.TJ — y) — 2U($) dy

2 ly[+2s
—Cns [ ety + el —y) - 2p(2)
< :
— (—AYp@) < C.
We used that u(x £ y) > ¢(z £ y) and that u(z) = ¢(x). O

3.2.7 Proposition. If (—A)*¢ € L= (R"™), then (—A)%u € L=°(R™). See [14, Proposition 3.12].

Proof. From proposition 3.2.6 it follows that (—A)®u is bounded above, because (—A)*¢ is and (—A)*u
is naturally bounded below because it is a supersolution. O

From now on, we will investigate the case of weaker requirements on . To be precise, we study the
case ¢ € C1®. We will start with a general property of C1* functions.

3.2.8 Lemma. For ¢ € CY we can find a constant C > 0 such that
p(z+h) > ¢(z) + Vo(x) - h— C|h['T
for x,h € R™. This constant is independent of the choice of h.

Proof. The proof uses the mean value theorem. With it we get
o(x+h) —p(x) =Ve(x+0h) h
with 6 € (0,1). Now if we additionally substract V(z) - h on both sides we get
lo(z +h) — @(x) = Veo(z) - bl = [ (Ve(z + 0h) = Vo(z)) - Al
< [(Ve(z + 0h) — V() [[A] (1)

1
2

< | D_10j0(a +6h) = d;0()* | |l
j=1

2

> CTOIRD* | | ()

IN

2

=Y _cjo* | |ntte
j=1

Nl

n
<|DoCr| Intte
j=1

= C|n|* T,

We used the Cauchy-Schwarz inequality in (1) and the Holder-continuity of the partial derivatives, i.e.
the fact that |0;¢(y) — 0;¢(z)| < Cjlz —y|*, in (2). We see that the constant C does only depend on
the Lipschitz constants of the partial derivatives. The inequality especially means that

—C|h["* < p(x +h) — p(x) = Vo(z) - h

or

p(x) + Vo(x) - h— Clh"™" < gz + h).
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Our last goal will be to show that a similar statement is also true for u, even though u is only Lipschitz
continuous. To do that, we first need a couple of lemmatas.

3.2.9 Lemma. Suppose ¢ € C*. If we have h; € R" and \; € [0,1] for j = 1,...,k such that
0= Z?Zl Ajh; and Z?Zl Aj =1 then there exists a constant { such that

k k
u(a) < Nu(z +hy) +C Y Ajlhyl e
J=1

j=1
for any x € R™.
Proof. We first apply lemma 3.2.8 for every h; to find constants C; = C(h;) such that
oz +hy) > p(x) + Vp(a) - hy — Cjlhy| T

for every j =1,...,k. We define ( = max;—;, 5 C; and get

.....

o(x + hy) > o(x) + Veo(z) - hy — (b

for every j =1,...,k. So

k k k k
SN+ hy) + ¢ Nl =Y TN () + Vee(a) - hy = Clh ) + ¢ ARy
j=1

Jj=1 Jj=1 j=1
k k k k
= @(@) Y A+ V(@) - D Ajhy = D NI Y N fhy [T
j=1 j=1 j=1 j=1

= ¢(@).

Again we conclude that the function

k k
v(x) =Y Mu(z +hj) + ¢ ARy
j=1

j=1
lies above the obstacle and

k

k
(—A)*v(x) = (=A)° | D M@ +hy) + ¢ A lhy e

j=1 =1

B

k
A (=AY [u(z + hy)l + (A)°[C Y Ajlhy] ]
1 j=1

<.
I

[
™=

Aj(=A)°[u](z + hy)

AV
o .
£

Where we used proposition 2.1.20.
To summarize, v is a supersolution that is always above ¢ and nonnegative at infinity because u is
nonnegative at infinity and ¢, A; > 0. We can apply proposition 3.2.1 and get

k k
v(x) = Z)\ju(as + h;) +<Z ARy P > u(w).
j=1 j=1

That is what we wanted to show. I
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3.2.10 Lemma. For 0 <k < h and o € (0,1) we have

%(k})yﬂl + %(h _ k)lJra < 2kh°.

Proof. We have

%(k)1+a+%(h7k)l+a§2kha
h(k 1+a k 1+a (h - k)1+a <y
“w\n) ) Toame =

— ) ()
— B )=

We only have to verify the last inequality. To do that, we will study the function
val(z) = (1— ) (2 + (1 - 2)")

on the interval [0, 1] since 0 < z = Tli < 1. First we note that v, (z) < (2% + (1 — 2)*) = wu(z) since
0 < (1 —x) < 1. Next we note that w,(x) is monotonically decreasing in «, when x € [0, 1], so we will
attain an upper bound if &« = 0. Then wq(z) <1+ 1 = 2. In total we get vo(z) < 2 and this is what
we wanted to show. O

3.2.11 Lemma. Let f: R — R be a Lipschitz function that satisfies

f(x0+k]3:_f(x0) Sf(m0+h]i_f(x0)+0ha (1)

for 0 <k <h <1, ac(0,1) and a positive constant C. Then the right derivative f (xo) of f in xo
exists.

Proof. We first define k,, = %, choose h = 1 and note that the incremental quotients of f must be

If (@) =)l
-y

bounded since it is a Lipschitz function, i.e. = < D. In this case our inequality looks like this

-D< [f<x0+i>f(xo)}néf(onrl)f(m0)+C’§D+C.

Thus, the bounded sequence a,, = [ f (xo + %) —f (.130)] n must have a convergent subsequence (a,;) =

({f (mo + %) — f(xo)} nj> by the theorem of Bolzano and Weierstrat. We denote the limit of this

subsequence with a, i.e. a,; — a when j — oco.
Next we choose an arbitrary nullsequence (h;) such that 0 < hy < n% < 1. Without loss of generality we

can assume that this sequence is monotonically decreasing, 4 then for every [ € N there exist nll, ”12 eN,

that are elements of the subsequence (n;) we used before, such that % < h < % First we apply
l L
inequality (1) to % < h; to get
1
1 zo+ hy) — f(z
[f(xo+7ll>—f(xo)}nll<f(0 ;l) @) | opp =
1 !

4If it were not decreasing we would define a; = W

and then choose an arbitrary subsequence (alj). From
the corresponding sequence (hlj) we can again extract a monotonically decreasing subsequence (h;) All sequences

f(zo+h;)—f(=zo)
h/

a) = will converge to the same value following the rest of the proof. Then we can simply apply

1
[23, Proposition 10.13] to get the convergence of the initial sequence.
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17 (204 ) = flao)| ok - cnp < L0 RO = 0
n; 1
now we apply it to h; < 77%2 and get
h;) — 1 1\°
Frot b= 100) < [ (a0 ) = st i+ 0 ()

So, when we combine these two inequalities, we get for every [ € N

{f <x0+nll> —f(xo)] nl — Che < f(”“’*h;lz —fl@o) o [f <x0+nlz) —f(xo)} n?+C (Tjg)a

1 l i

The left and the right side of the inequality converge to a when [ goes to infinity so this means

a < lim F@o + M) = f(zo) <a
l—o00 h;

and since this is true for an arbitrary nullsequence we even have

0 < lim f(wo+h) — f(z0) <a
h—+0 h

We see that the limit exists and is equal to a. This concludes the proof.
O

3.2.12 Remark. Of course a similar statement is true for the left derivative f' (xq). In that case, we
need the inequality to look like

f(xo)—f(xo—k) > f(xo)—f@?o—h)

_ o
3 > h Ch

for 0 <k < h <1 and a positive constant C. The proof goes analogously.

3.2.13 Lemma. Let f : R — R be a Lipschitz function that satisfies an inequality like in lemma
3.2.9. That means, if we find h; € R and A\; € [0,1] for j = 1,...,m such that Z;nzl Aj =1 and
Z;nzl Ajh; =0, then there exists a constant ¢ such that

F@) <D N f@+hy) +C Al
=1

j=1
for every x € R. Then for every zg € R
(i) f has a right derivative f' (xo) and a left derivative f! (xo) at zg.
(#) the right derivative is greater than the left derivative.

(iii) for any number a in the closed interval [f’ (x¢), fi (x0)] and every h € R, there exists a n € R
such that
Fzo+h) > f(w0) + ah —nlh*®

where n only depends on the constant ¢ in the beforementioned inequality. See [14, Lemma 3.15].

Proof. (i) Choose zp € R and 0 < k < h. Let x = zo + k, h1 = —k, hgzh—kand)\lz%and
A2 = £. Then
h—k+k

Al"‘)\QZT—l
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and

—k(h—k)  (h—k)k

=0.
h + h

A1hy 4+ Aghe =

By assumption there exists a ¢ such that

) = o+ 1) < 5 flao)+ 1ot 104 ¢ (B 4 k)

< Jwo) + & (Fao + h) — Flzo)) +20kh°.

We used lemma 3.2.10 in the second inequality.
In total, this is equivalent to

f(zo + k) — f(xo) < f(xo +h) — f(x0)
k - h

+2Ch. (2)

Lemma 3.2.11 ensures the existence of the right derivative f’ (xo) when h — 0.
For the left derivative, we set x = xg — k, hy = k, ho = k — h and A1, Ay remain unaltered. Then
we get

) = flan = 1) < 2 flao) + 10— 104 ¢ (LR 4 k)

< Flwo) + & (Flao — ) ~ Flav)) + 20kh°.

That is equivalent to

flay =) = flan) _ o =1 = S00) oy
f(‘fo)—f(xo—k) > f(il'o)—f(xo—h) _2<-ha (3)

k h

and thus remark 3.2.12 ensures the existence of the left derivative.

(ii) We consider hy = h and hs = —h together with A\ = Ay = % By assumption there exists a
constant (7, so that we get

flz) < %f(:r +h)+ %f(m —h)+ G AT
Therefore,
o) =St St =J) oo

Thus, if we take h — 0
fL(z) < fi(2).

(iii) We choose a € [f’ (xo), f (z0)] and start off with positive h € R. We let k& go to 0 in (2) to get

f(@o +h) — f(20)
h

a < fl(z0) < + 2Ch®

which is equivalent to
f(xo 4+ h) > f(xo) + ah — 2¢h 2.
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Next, we want to show the same for negative [ € R. We let k go to 0 in (3) to get

f(@o) — f(zo —h) a
: —2¢h

a> f'(xo) >
remember that h was positive here. From this we get

fwo —h) > f(x0) — ah — 2¢h***
> f(zo + (—h)) > f(x0) + a(—h) — 2¢| — h|' T
— flzo+1) > f(xo) +al —2¢|1]F .

When we define [ = —h, i.e. [ is negative. So in total we have seen that
f(zo +h) > f(xo) + ah — n|h|* T

for all h € R, where 7 only depends on (.

3.2.14 Proposition. If ¢ € C*2, then for every o € R", there exists an a € R™ such that
u(zo + h) > u(xe) +a-h — C|h|* ™ for every h € R™.

The geometric interpretation is, that the function u has a supporting plane in each point with an error
of order 1+ «.

Proof. We choose t; € R, A\; € [0,1] for j = 1,...,m and e € R" such that 337" | \; = 1, 3770 A\jt; = 0

and |e| = 1. First we note that for h; = t;e also Z;n:l Ajhj=e (Z;nzl )\jtj) = 0. We can apply lemma
3.2.9 for z = xg + se with s € R arbitrary and get

w4 hy) + ¢ AR (1)

Jj=1

IA
1
h>/

After defining f(r) = u(xo + re) with r € R, this inequality reads as
<Y NG5 H1) + ¢ Al
j=1 j=1
since « + h; = 29 + (s + t;)e. This enables us to use 3.2.13 and get that
f(s+1) > f(s)+ fiL(s)t — nlt|'T for every s,t € R.
The case s = 0 is enough for us, so
f(®) > £(0) + £L(0)t — n[t|"t™ for every t € R.
This means for the function u
u(xo + te) > u(xo) + f1(0)t —nlt[* . (2)

Let us take a closer look at f (0).

f(t) — £(0)

lim
t——+0 t

f1(0) =
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~ im u(xzo + te) — u(xo)'
t—+0 4

We see that f! (0) is the directional derivative of u in direction of e in the point zy. From now on we
denote it as a, (e).
Next we will deal with the function

c(@) = ag, (

T
]

> || for every z € R™\{0} and ¢(0) =0

which is basically the directional derivative of w in direction of the vector x in z¢, now we allow |z| # 1.
First we note that for every h € R™ ¢ is bounded on a neighborhood of h. Choose k € Bc(h), then
le(k)| < L(|h| + €), where L is the Lipschitz constant of u. We can reformulate inequality (2) using ¢
and get

u(zo + h) > u(x) + c(h) — n|h|* T for every h € R™. (3)
Next, we want to show that c is convex, i.e.
c(Az+ (1 —=Ny) < Ac(z) + (1 — Ne(y) for every z,y € R™.

For that purpose we define \y = A\, Ay = (1 —\) with A € [0,1], hy = (1 = A)t(z —y) and hy = M(y —x)
where ¢t > 0. Then A\; + Ay = 1 and

Athy + Aohe = A1 — Nt(z —y) + M1 — Ni(y —x) = 0.
Thus, if we insert that in (1) for = zg + Mz + (1 — Nty we get
w(xo + Mz + (1= Nty) < Mu(zo + t2) + (1 — Nu(zo + ty) + C AL = A) (1= X + 2] (tz — y[)+e.
We substract u(zg) on both sides and divide by ¢ > 0.

u(zo + ty) — u(zo)
t

u(zo + Mz + (1 — Nty) — u(zo) < )\u(xo + tx) — u(xo)

. < ; +(1-X) + Ct%|x — y| T,

Now we let ¢ — 40 and we see that the quotients are the directional derivatives of u in xq in direction
of arbitrary vectors, so we insert the function c.

c(Az + (1= N)y) < Ae(z) + (1= Ne(y).

Thus ¢ is convex and therefore we can conclude that ¢ is continuous and finite in every point, because
it is bounded in a neighborhood of any point (see [24, Proposition 47.5]). We can conclude that there
exists a vector b € R™ such that

c(h) > c(0)+b-h=>b-h for every h € R".
(Because the subdifferential is nonempty in every point, see [24, Theorem 47.A].) Finally, inserting this

into (3) yields
u(zo + h) > u(zo) + c(h) — n|h|* T > u(zo) + b- h —n|h| T
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Appendix A.

The next two sections in this appendix are just an amalgamation of facts about rapidly decreasing
functions and the Fourier transformation.

A.1l. Rapidly decreasing functions

The rapidly decreasing functions will play a big role for us:

A.1.1 Definition. A function f € C*°(R") is called rapidly decreasing iff there exists a constant
Clo,;(f) for every multiindex a € Nj and j € Ny such that:

0%f ()] < Cay (A +|a])

for all x € R™. We use S as the symbol for the set of all these functions.
We can define a family of seminorms by

[fljss = sup sup (1+ [2])7]0 f()].

|a| <k zE€R™

A.1.2 Proposition. (i) Let f € S, then for every multiindex o € Nij we have

9°f € L(R™).
(ii) Let f € S, then for every k € Ny we have
(1+[z)* f(z) € Li(R").
(iii) Let f € S(R™), then f € Ly(R™).

Proof. (i)

o f112 (R = [ 107 @)l

< Ca,n+l(f)/ (1 + |x|)_(n+1)d$ (*)
R’!L

= Zm)Cannr(f) [ 1+ ()

< E(n)Ca,nH(f) ‘/OOO(]_ + p)—(’ﬂ-i-l)(p + 1)n—1dp

= E(n)C,l,nH(f)/1 p~ "D Ldp

= E(n>ca,n+1(f)/1 Pizdp

< 00.

In (*) we use the definition of rapidly decreasing functions and in (**) we go to spherical coordi-
nates, Z(n) is the constant that arises when doing this.



A.2. Fourier transformation
(i)

11+ |2)* f ()| Ly (R™)|| = /Rn(l + |2])*1£ (2)|da

1+ |z))*
< Cokgnrr(f) /Rn (1(_|_|x||;|2n+1

< Copinir(f) / (1 + Jz)~ "+ e
R’Vl

dx

The rest follows analogously to (i).
(i)
19122 = [ |f(@)Pda

R

< Comsi(f) / (14 |) =20+ Dy

n

< Comni(f) / (1 + J)~ "+ e
]Rn

The rest follows analogously to (i).

The dual of S will also be important for us.

A.1.3 Definition. The space of all linear and bounded functionals f : S(R") — C on S is called the
space of tempered distributions. We denote it with S’(R") = (S(R™))’

A.1.4 Remark. A linear mapping f : S(R™) — C is bounded iff there exists a constant C' and j, k € Ny
such that

[(fr0)l < Cleljms
for every ¢ € S(R™). Here (f,¢) := f(¢) denotes the duality product.

A.1.5 Proposition. We have that L'(R") C S'(R").
Proof. Choose f € L'(R") and ¢ € S(R™). Then.

(ol < [ If@lp@lds

< lplons [ 1f(@)ldo
— |71 ®")

H‘P|0¢0;3‘

A.2. Fourier transformation

The Fourier transformation will be an important tool for us, therefore we will summarize some useful
facts. Let us start with:
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A.2. Fourier transformation

A.2.1 Definition. Let f € L*(R"), we call

FUNQ = Cr)F [ e

n

the Fourier transformation of f and

Fg)(x) = (2m) " # / g (€)de

n

is called the inverse Fourier transformation of g. It is easy to see that
Fgl(x) = Flgl(~2).
Here z - £ stands for the scalar product in R™ so z - £ = Z?Zl x;&;.
A.2.2 Proposition. The mapping F : LY(R") — CP(R"™) is linear and

sup | FIf1()] < [IfIL'(R™)]].
£€Rn

Cy is the set of bounded, continuous functions. The same is true for the inverse transformation.
Proof. See [1, Theorem 2.1.1]. O
A.2.3 Proposition. Let f € S, then

Fl0a, f] = i&; FIf]
and
O, FIf] = Fl(—ix;) ]
Proof. See [4, Satz 43.1]. O
A.2.4 Remark. We now consider a continuously differentiable function that has the property f, 0., f €
LYR™) for j =1,...,n. Proposition A.2.2 tells us that F[f] and &F[f] for j =1,...,n are bounded

that means for every j = 0,...,n there exists a constant C; such that |F[f]| < Co and |§;F[f]| < C;.
It follows:

2

L+ EDIFIE] = [FIAE] + (Z §?f[f](§)|2)

1
2

<G+ ) 7] <c

Jj=1

This implies:
IFIfIE)] <

I

We can generalize this statement the following way:
Let f € C*(R™) such that 0% f € L*(R™) for all |a| < k, then:

c

FUNOI < e

We summarize:
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A.2. Fourier transformation

Differentiability of f implies polynomial decay of F[f](§) as |§] — oo.

This also works the other way round. If (1+|z|)* f(z) € L*(R™) , then the second equation of a modified
version of proposition A.2.3 - see [1, Theorem 2.1.3| - implies that F[f] € C*(R™). We summarize that
the following way:

Quicker decay of f(x) as |x| — oo, means higher differentiability of F|f].
Compare |1, Remark 2.2.].

This remark shows us that the Fourier transformation operates in a natural way on the set of rapidly
decreasing functions - note proposition A.1.2.

A.2.5 Proposition. The mapping F : S — S is linear and sequential continuous.
Proof. See [4, Satz 43.2]. O

A.2.6 Proposition. The Fourier transformation F : S — S is an isomorphism, i.e. F1[F[p]] =
FIF el = ¢, both F and F~' are sequential continuous.

Proof. See [4, Satz 43.3 and 43.4]. O
A.2.7 Proposition. For every f,g € S(R™) we have

f@)g(x)de = [ FIFUEFg](€)de.

R'I‘L Rn
Proof. See [1, Theorem 2.11]. O

A.2.8 Proposition. For every f,g € S we have

(FLf1,9) = (. F gl and (F7'[f], 9) = (f. Flg]).

Proof. This follows from the formula in proposition A.2.7. For example if we insert h(z) = F~1[g](z)
into the right sight of the formula, while using proposition A.2.6, we get

FINF©)de = | FIFI(€)g(€)de = (FIf], 9)

Rn Rn

= | fl@h@)de= [ f(e)Fgl(x)de = (f,F'[g]).
R® R®

A.2.9 Remark. The last two propositions are also true for f,g € Lo(R™).
Proof. See 21, Satz 1.24]. O

We can extend the definition of the Fourier transformation to the class of tempered distributions.

A.2.10 Definition. Let f € §’'(R™). We define the Fourier transformation F[f] and the inverse Fourier
transformation as

(FLfL @) = (£, Flgl) for all ¢ € S(R™).
(F7UfL o) = (f, F o)) for all p € S(R™).

A.2.11 Proposition. The Fourier transformation F : 8’ — S’ is a linear isomorphism with inverse
F~L. F and F~! are sequentially continuous.

Proof. See [4, Satz 44.3]. O

A.2.12 Conclusion. The Fourier transformation F : Ly — Lo is a linear isomorphism, i.e.

1| L2l = [IF1f] Lell
Proof. See [1, Theorem 2.11]. O
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A.3. Some propositions about functions

A.3.1. Needed for proposition 2.2.4

In this section we derive sufficient criteria for Lipschitz continuity for functions we will be using. First
will be the case of a function with bounded derivatives on a convex domain, next up will be the case of
a radial symmetric function on K o, lastly we take a look at a function that is a mixture of both.

A.3.1 Proposition. Let QQ C R" be a conver domain and f : Q — R is differentiable in Q, furthermore
SUpP,eq |0z, f(7)] = Mj < oo for 1 < j <mn, then f satisfies a Lipschitz condition

[f(z) = f(y)| < mlz —yl.
Here we have m = |M| and M = (My, ..., M,).

Proof. The mean value theorem gives us the existence of § € (0, 1), such that

f(@) = fly) =Vfx+0y—2) (z-y).

We conclude
|f(x) = fWl =V lz+0(y—2)) (z—y)
< 10w, fa + 0y — )l (5 — ;)]

j=1
n 2 n 2
<A D 10w, @+ 0(y — 2) > lay il
j=1 j=1
1 1
2
<

n n
DM Xl — | = mle -yl
j=1 j=1

O

A.3.2 Proposition. Let g : R"\{0} — R be a continuously differentiable function, sup |0;g(x)| =
|z >3

M; < o0 for 1 < j < n and g is rotational symmetric, i.e. |z| = |y| = g(z) = g(y). g(z) is then

Lipschitz continuous in R™\ By (0).

Proof. The basic idea is to reduce the problem to the situation of Proposition A.3.1.

Let us start with the case where  and y lie on one line, so |z| > 1 and y = xt, we can assume ¢ > 1 or
else we simply switch the roles of z and y.

We define B = B,(%3¥), where r = ‘12;3" + 1. By construction, z,y € B and BN B1(0) = (. Bis
a convex domain and the partial derivatives of g are bounded in B, by proposition A.3.1 we get the
Lipschitz-continuity of g on B. Therefore, |g(x) — g(y)| < m|z — y|.

Let z,y € R™\By(0) be arbitrary. Again we assume |z| < |y|. We define z = %, and so |z| = |y|.
Using the rotational symmetry of g gives us g(z) = g(y). We now have z = at with ¢t > 1, so we reduced
it to the first case and get |g(z) — g(2)| < m|z — z|.

Beyond that:

_zlyl

| —z| = ‘1‘
||

x| —ﬂflyl‘
||
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A.3. Some propositions about functions

|2]
= ml\xl—lyll
<lz -yl

We can conclude:

l9(z) —9()| = lg(x) — g(2)| < m|z — z[ < mlz —yl.
This shows the Lipschitz-continuity of g. O
A.3.3 Proposition. Let f: B1(0) C R™ — R be Lipschitz-continuous i. f)| < Mi|lz—vy| for

e. |f(z)—
||, |y] <1 and g : R™\B1(0) = R also Lipschitz-continuous, so |g(z)—g(y)| < Ms|x—y| for|z|,|y| > 1,
where f(x) = g(x) for all |x| = 1. Then we get that

1@ forfal <1
h(‘”)‘{g(x) for fs] > 1

is Lipschitz-continuous on R™.

Proof. The Lipschitz-continuity of h, when |z|, |y| < 1 or |z|, |y| > 1, simply follows from the Lipschitz-
continuity of f or g.

Now we have |z| < 1 and |y| > 1. We look at the line from x to y and label the point on that line with
absolute vaule 1 z. For this point we have:

[h(z) = h(y)| = |h(z) — h(2) + h(z) — h(y)|
[h(z) = h(2)[ + |h(2) — h(y)]

=f(@) = F(2) +19(z) — g(y)]

< M|z — 2| + Ma|z — y|

< maz(My, Ms)[|z — z| + |z — 9]

= M3z —y|.

Here |z — z| + |z — y| = |z — y| only is true because all those points are on a line. O

A.3.2. Needed for proposition 2.3.3

In this section, we will validate a construction Silvestre is using in the proof of proposition 2.3.3. We
use the same notations as in proposition 2.2.1.
He uses that for an arbitrary xg € B1(0)\{0} one can shift ¥ in such a way that it touches I" in zy and
is bigger than I' in every other point, see the picture below.

Silvestre is using that without any explanation on how to shift ¥ or why it is always bigger, but we
will prove it in detail.
In the first proposition, we define the shift and prove that it touches I' in zg.

A.3.4 Proposition. Let o € B1\{0} and define
F(z) = (@ — (1= N)zo) +6
n—2s+4+2
with 6 = T'(xg) — Y(Axo) and A = |xo|” »=2s+1 > 1. F(x) then touches T' in xg.
Proof. First we will verify that F(zg) = I'(z).

F((E()) = QZ)(LL'O — (1 — )\)l'()) + 1)

63



A.3. Some propositions about functions

A Y

Figure A.1.: U after the shift.

What remains is to show that 0, F (x¢) = 0;T' (o) for all i = 1,...,n. By definition of I this is equivalent
to BZF(.I'O) = aigﬁ(.lfo). ‘We have

—c(n —28)(x; — (1 — \)xd)

OiF(z) = 2 — (1 — A)ao|n—2+2

So we get

—c(n — 2s)(\xd)
|/\x0|n—25+2

—c(n—2s8)xh A
‘x0|n72s+2 )\n72s+2

—c(n—2s)zfy 1
‘x0|n72s+2 )\n72s+1

_ —c(n —2s)xf n=gotz \ n=2s+1
= a2t (ko] 5557

= —c(n — 28)zh = Dip(wo).

And this is true for every i = 1,...,n. O

Next we want to show that F(y) > I'(y) for every y € R™ — {x¢}. To do what, we first reduce it to a
one dimensional problem by showing that F(tzg) > I'(tzo) for ¢ > 0.
We will break that down into showing that

(i) F(tzo) > p(txg) for t < L

ENN

(i) F(txo) > ¢(txo) for t > ﬁ

To prove that, we first need the following general lemma.

A.3.5 Lemma. Let f and g be two continuously differentiable functions such that f(a) < g(a) for
a € R>O.

(i) If f'(t) > ¢'(t) for all 0 <t < a, then g(t) > f(t) for all0 <t < a.
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A.3. Some propositions about functions

< §'(t) for allt > a, then g(t) > f(t) for allt > a.

(i) If f'(t)

Proof. The proof uses the mean value theorem. We will apply it to the difference h(t) = g(t) — f(¢).
Then we have h(a) > 0.
(i) Let 0 <t < a then there exists a 6 € (0,1) such that
h(a) — h(t) = h'((1 — 0)a + t0)(a — t) =
—h(t) = —h(a) + (¢ — (1 — B)a + t0)(a — 1) -
h(t) = h(a) + (f" = ¢')(1 — 0)a+t0)(a — t) > h(a).
Because (1 — 0)a +t0 € (t,a) and by assumption f'(t) > ¢'(¢) for ¢t € (0,a).
(ii) Let ¢ > a then there exists a 6 € (0,1) such that
B(t) — h(a) = K (1 — O)a + t8)(t — a) .
h(t) = h(a) + (¢’ — ’)(( —0)a+t0)(t — a) =
h(t) = h(a) + (¢' — f)((1 — O)a + t0)(t — a) > h(a).
Because (1 — #)a + t0 > a and by assumption ¢'(t) > f/(t) for t > a.
O

Now we will begin with (i).

A.3.6 Lemma. We define g(t) = F(tzg) = ¥(txg — (1 — X))
Then ¢'(t) < f'(t) for 0 <t <1 and ¢'(t) > f'(t) fort > 1.

Proof. We have:

= ;&cfﬁ(mo)%(mé)

n
= (—c(n - 2s)tad)x)
=1

= (—c(n — 23))t|ao|*

and

n

;a%w ((t — 1+)\)xo)jt((tf
>4

Jj=1

<.

c(n — 2s)(
(£ = 1+ A)ag[n—25+2

c(n—28)(t—14+N\)

=¢((t =1+ N)zo) and f(t) =

1+ M)

(= 1+ X))

0

Z

‘(t_1+)\)|n 25+2|x |n 2s+2

c(n — 2s)

_ 2
T (=14 N2 gy P2 H2 o]
_ c(n — 2s) 1202
(8= 14 ) g 757 et
—2s
— _ ( ) |$0|2.

n—2s42

(¢ = Dol FEHT 4 121
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A.3. Some propositions about functions

At (*) we used that since A > 1 we have (¢ — 1+ \) > 0 even when t is close to zero.
Let us start with the case 0 <t <1

g0 < 1(0) —
c(n —2s)
T D 4 e ol < (el = 26l -
- 1’0 n—2s n—as
1

L e

This is true because —1 < (t—1) < 0 and with this —1 < (¢ —1)|z| "2 < 0 since |zo| < 1. Adding 1
givesus 0 < (t—1)|xo I 4] < 1, so we can also take the absolute value 0 < |(t—1)|zo = E +1] < 1.
Taking the inverse finally gives us

|(t — 1)|xol%§if +17t>1

and so
n—2s42

(t = 1)|zo| 7241 + 1|~ 5241 > 1 > ¢.

Now let us take t > 1. Then we have to show

g'(t) > f'(t) =
1

< t.
n—2s+2
n=2s+1 1|n72s+1

|(t = 1)]zo

Now (t — 1) is positive and thereby |(t — 1)|zg R 4 1| > 1. Again taking the inverse leads to

(t — 1)|zo T 4 1|71 < 1 and finally

n—2s42 n—2s42
n—2s1 4 1|7n725+1 <1<t

|(t = 1)]zo

A.3.7 Conclusion. F(txg) > @(tzg) fort < ﬁ and especially F(txo) > @(txg) fort # 1.

Proof. In A.3.4 we showed that F(z¢) = ¢(z). When we denote g(t) = F(txg) and f(t) = ¢(tzg) this
means that f(1) = g(1). In lemma A.3.6 we showed that ¢'(¢t) < f'(t) for 0 < ¢t < 1 and ¢'(¢t) > f'(t)
for ¢t > 1. Finally applying lemma A.3.5 gives us that g(¢t) > f(¢) for all ¢ > 0 with ¢ # 1 and this is
what we wanted to show. O

Now we prove (ii). We take a similar approach.

A.3.8 Lemma. We define g(t) = F(tzg) = ¥(txg — (1 — Nxo) = ((t — 1+ N)xg) and k(t) = ¢ (txo).
Then g'(t) > K'(t) for t > .

[zol

Proof. We have:

E(t) = Zaz]w(tmo)%(twé)

Jj=1

N ,
_ Z B c(n — 2s)tx) 4
D
c(n — 2s)t

_ 2
= _|t|n—25+2|x0|n—25+2|x0| :
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In lemma A.3.6 we have seen that

c(n—2s)(t—14+ M)

") = — )
q'() [(t— 1+ )| 25T 2[gq|n—25+2 |zo|
g(t) > k()
c(n—2s)(t —1+2) 2 c(n —2s)t )
_ |(t -1+ )\)|n728+2‘x0|n725+2 |370\ > — |t|”*25+2|x0|”*25+2 |x0| —
t—1+N) - t
[t — 1+ A)|n—25+2 = Jgjn—2s+2 —
1 1
(=L A2l = gzt —
t<(t—14+2X)
1<

The last inequality is true by definition of lambda. We should note that ¢ and (¢ — 1 + \) are bigger
than zero. 0

A.3.9 Conclusion. F(txg) > ¢(tzg) fort >

lzol *
Proof. We saw in conclusion A.3.7 that F’ (I%I) > @ (\%\) Since ’\%\‘ =1 we also get that ¢ (%) =

P (Ia%l) because both coincide on the unit sphere. We conclude:

F (wo) - (%) |
|0 |0
Additionally lemma A.3.8 tells us that ¢’(t) > k/(t) for t > X with the notation g(t) = F(txo) and

ol
k(t) = 1 (txo).
We use (74) from lemma A.3.5 to get that F(tzg) > 1 (tzg) for t > . O

[zo|

To summarize, we now know that F'(txg) > I'(tzg) for t > 0 and ¢ # 1. The last step is to conclude
that the inequality is true for every y € R™. The idea is to use the radial symmetry to extend the
inequality F' > T from the line {tzq : ¢ > 0} onto the whole R™. We need the next lemma to show that.

A.3.10 Lemma. Let f and g be 2 c! functions such that for xo € By(0)\{0}:
(i) g(txo) > f(txg) fort > 0.
(ii) fis rotational symmetric to the origin, i.e. |z| = |y| = f(z) = f(y).

(iii) g is rotational symmetric to the point —Bxo with B > 0, i.e. |z + Bxo| = |y + Bxo| = g(x) = g(y)
and monotonically decreasing, i.e. |z + Bxo| > |y + Bxo| = g(x) < g(y).

Then we have g(y) > f(y) for every y € R™"\{txo : t > 0}.
Proof. We choose y € R™"\{txo : t > 0}.
We define z = 2 g6 |2| = |y| and z € {tzq : t > 0}. This gives us

[zol

by (ii) and (i). Then we denote w the point along the line {yt : ¢ > 0} with

|w + Bxo| = [z + Bxo|
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Figure A.2.: Relation of the points.

(iii) then gives us that
g(w) = g(2). (2)
Because |z + Bxo| = |z| + Blxo| = |y| + Blxol|, remember that z and xo are on one line, we have
lyl + Blzo| = |w + Bzo| < |w| + Blzo|
and therefore
lyl < Jwl. 3)
This means that w = yt with ¢ > 1. The last step will be to show that
[y + Bao[* < |w + Baol?
= y[> + 28y - w0 + F|xo]? < Jwf® + 26w - xo + 52|l
= ly[* + 28y - wo < w]® + 2w - .

The last inequality is true because of (3) and the fact that

1
28y - x9 = 26;(@) cxg = 2§w cxg < 2Bw - xg
since t > 1. Lastly, using (iii), this yields
g(w) < g(y). (4)
In the end, using (1), (2) and (4) we get
fy) = f(z) <g(z) = g(w) < g(y).
This is exactly what we wanted to show. O

The last lemma was specifically tailored to our needs, so we can immediatey draw the following
A.3.11 Conclusion. F(y) > I'(y) for every y € R™\{zo}.

Proof. We start off by noting that (1 — X)zg is the singularity of F' and, since I' is always bounded, the
inequality will be true there.

Because of proposition A.3.4 we have F(xzp) = I'(zo) and because of conclusion A.3.9 and A.3.7, we
have F(txg) > T'(txg) for ¢t > 0 and ¢ # 1.

T is rotational symmetric to the origin, F' is rotational symmetric to the point (1 — X)zg = —(A — 1)xg
and decreasing in the sense of lemma A.3.10. Therefore, we can apply lemma A.3.10 and get that
F(y) > I'(y) for every y € R™"\{tz( : t > 0}. O
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A.4. Pseudodifferential Operators

The goal in this section is to find a way to avoid the problems with the singularity of the multiplier.
We will take a smooth cut off function p with ©p C B3(0) such that u(z) = 1 for |z| < 1, then we
consider the multiplier (1 — (£))[¢[**. It will be in the symbol class S75(RY x R™), see below for the
definiton, and therefore we will be able to use the theory of pseudodifferential operators.

A.4.1 Definition. Let m € R,n,N € N. Then Sy (R" x R") is the vector-space of all smooth
functions p : RV x R® — C such that

|0207p(2, €)| < Cap(L+ €)™

holds for all & € N2, 3 € NJ'. The functions p are called pseudodifferential symbols. This is the general
definition, we are only interested in the case n = N. See [1, Definition 3.1].

A.4.2 Definition. Let p € S75(R" x R"), then for f € S

oo Do) 1) = [ eplw ) FUANOde

defines the associated pseudodifferential operator to the symbol p. See [1, Remark 3.2].

In order to show that (1 — u(£))[¢[** € ST%, we need a way to estimate |9¢(¢[**|. The next definition
will prove useful for that purpose.

A.4.3 Definition. A function f : R"\{0} — C is called homogeneous of degree d € R if f(rz) = r?f(x)
for all » > 0 and z # 0.

A.4.4 Proposition. Let f : R"\{0} — C be a continuous function that is homogeneous of degree
d € R. Then

()] < (sup If(y)|> |

ly|=1

for all x € R™. Note that the supremum over the unit sphere is attained, since f is continuous.

#-1(3)

_ ]f <|)‘ < sup 7).

ly|=1

Proof. Because f is homogeneous we have

and thus
f(x)

||

This concludes the proof. O

A.4.5 Proposition. Let f : R"\{0} — C be k-times continuously differentiable and homogeneous of
degree d € R. Then there exists a constant C,, > 0 such that

0% f ()| < Colz|* 1% for all z € R™\{0},
for all |a| < k.

Proof. We have

r10;f (x) = 9; [f (rz)]
=1 [0;f] (rz).
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In total
[0 f1(ra) = r*10; f ().
This means that 0; f is homogeneous of degree d — 1 and thus by proposition A.4.4

10 f(x)] < (lsupllajf(yN) |1
yl=
The rest follows by mathematical induction. O

A.4.6 Conclusion. We have
|8a|§|25‘ < Ca|€|2.s—|oz\.

For a positive constant Cl,.

Proof. Since
[re|* = r¥|gf*,

|€]%¢ is homogeneous of degree 2s and we can apply proposition A.4.5. O

A.4.7 Proposition. Let u € C°(B2(0)) such that 0 < (&) < 1 and especially p(§) =1 if |§] < 1. We
define g(€) = (1= p(€))|E]**. Then g € ST5.

Proof. First off, we note that ¢ is independent of z and therefore we only have to show that
0%g(€)] < Do (1 +[¢])% 1.
Where D,, is a constant, that is independent of £. We will apply the product rule of Leibniz and get
(6% S @ o — S
o (1~ ] = X (501 - we)o’le.
Bl

1st case: |£] < 1. Here 1 — pu is the constant zero function, so itself and all partial derivatives are zero. This
means

0% [(1 = w@)IEl]] = > (a) 9P (1 — p(€))0%€*

Bl B
=0
< Ca(1+[gh .

2nd case: |£| > 2. Here pu is constant zero, so all partial derivatives are also zero, i.e. 9%(1 — u(§)) = 0 if
a # 0, but now 1 — p = 1, therefore

|0 [(1 = w@)IEr]] = > (a) 9°P (1 — p(€))0%|¢*

Bla b

[0 [l€l*] |
< Ca(1 4[> o0,

Here we applied conclusion A.4.6.
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3rd case: 1 < |¢] < 2. We will use the fact that all appearing partial derivatives of p and [£]?* are
continuous on the closure of the annulus K » and thus are also bounded on K 5. We will denote

SUPger, , [0°77 (1 = p(€))| = pra,p < 00 and (s = supeee, , €771 < 4.

0% [(1 - w(©)le>]| = |3 @)a”(lu(s))a%?s > (g)ua,a|aﬁ|5|25|

BLla B<La
! o e

<y (ﬁ>ua,50ﬁ|§|2 <y (ﬁ>ﬂa,ﬁcl3<6

BLla B<a

— 4S8 « S—|«
<3l Z( )Ma,ﬂcﬂ<ﬁ (1+[&[)> el
B<La 5
The last inequality is true because
1 1

<1

CEKrs (1 + [¢])lel=2s — 3lal-2s
in the case where |a| > 2s and

min (1 + |¢[)2571el = 92s—lal 5 1
CEKLQ( I<1)

in the case where |a| < 2s.
Now we define

_2s @
Do = max | Cy, 3171720 3~ (ﬁ>ﬂa,ﬁcl3<ﬁ

BLa

Then
10%g(€)] < Do (1 + €)1,

Thus g € ST%. O
A.4.8 Lemma. Let u be like above and f € Ly, then

Hw) = [ e ePoue) e
is a function in C°.

Proof. The point here is that we only have to integrate over Bs(0), because p is zero outside.
First we define

h(& ) = e [€*° (&) FLI(E) X B 0)-
Where the characteristic funciton x g, (o) is a function in £&. Now h is differentiable in x infinitely often,

because only e**¢ depends on z.
Next we choose an arbitrary o € Nij. Then

|02 h(€, )| = €111 IEONFIFIE) X820
< FILLICNIEP X By 0)-

Where we used proposition A.2.2. The last expression is an integrable function for every a because we
are only integrating over Bs(0).

With that we can apply Lebesgue’s Theorem about the differentiability of parameter integrals, see
[1, Theorem A.4], to every partial derivative of H and get therefore that H € C°. O
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A.4. Pseudodifferential Operators

The next proposition is a standard result about the mapping properties of pseudodifferential operators
on the set of rapidly decreasing functions.

A.4.9 Proposition. Let p € ST (R" x R"),m € R a pseudodifferential symbol. Then
p(z, Dy) : S(R") — S(R™)
is a bounded and linear operator.

Proof. See [1, Theorem 3.6]. O
A.4.10 Conclusion. Let f € S and s € (0,1) then there exist functions g € S and h € C* such that
(-A)*f=g+h.

This especially means that (—A)*f € C°.
Proof.

(~A)°f = (2m) / €78 e [25 F ] (€)de

n

— 0 F ([ eI+ en |
= () EH (@) + (20) 2 9(D2) ().

|25 (1 — u(ﬁ))ﬂf}(&)ds)

n

Here H(z) is the C* function defined in A.4.8 and ¢(D,) is the associated pseudodifferential operator
to the symbol ¢ given in A.4.7 and by Proposition A.4.9 g(D,)f(xz) € S. This concludes the proof. [

A.4.11 Remark. We showed that our operator (—A)® can be written as the sum of a pseudodifferential
operator g(D,) and a smoothing operator.
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List of Symbols

Np The set of natural numbers including zero.

N§ ={(a1,...,a,)|a; € No}

R The set of real numbers.

C The set of complex numbers.

of The support of f, i.e. {z € R*|f(x) # 0}

B () Ball of radius r around the point xg.

K, g ={zxeR":r < |z| <R}

Ko —R" — B,(0)

AeB A C B such that dist(a,0B) > 0 for every a € A.
E(n) Surface area of the n-dimensional unit sphere.

x = .oxf0n for x € R" and o € N}

18] _ZJ 153 for 8 = (B1,...,Bn) € Ng

dij This is the Kronecker symbol.

B < a for o, 8 € N means f; < ajfor j=1,...,n

<) = (@) (3) fora, B E NG,

U(z) The fundamental solution of (—A)®. See 2.1.13

I'(x) See 2.2.5

Ia(x) = 3%

XA The characteristic function of the set A.

S The set of rapidly decreasing functions.

S’ The set of tempered distributions.

Ly (R™) Set of all functions f such that [, |f(z)|dz < oo

Ly o(R™) Set of all functions f such that [g, % < o0
L,(R™) Set of all functions f such that [, |f(z)[Pdz < co

Lo (R™) Set of all functions f such that sup,cp» f(z) < oo.
ci(Q) All functions that are d times continuously differentiable on .
CP(Q) The set of all bounded and continuous functions on (2.
ce ={ueC?: bup$¢yw<oo}for0<a<l
cde ={uecC?: 0% € O for all § € N with || < d}
Ce () Set of all functions that are infinitely often differentiable and have

a compact support that is contained in €.
To(RY x R™)  See definition A.4.1.

(=A)* f(x) The fractional Laplacian, see 2.1.1.

FLf1(€) Fourier Transformation of f in ¢

o;f Partial derivative of f in direction of the j-th unit vector.
o f =0 - aanf

[F1L1(R™)| fRn x)|da

lul Ly = Jpn 1+|f;(ﬁ)+‘2§dx

(f,9) = fR” x)dx, the Lo scalar product.

(f * g)(=) = Jrn [ —y)dy.
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