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1. Introduction

In the thesis we consider variational solutions to equations that involve nonlocal operators of
integro-differential type, such as

Lu(z) = lim (u(z) —u(y))k(z,y) dy. (1.1)

e—0
R4\ Be (x)
We mainly address the following three problems: The well-posedness of nonlocal boundary value
problems for a large class of admissible kernels &, the phase transition from nonlocal to local
equations and the homogenization of nonlocal equations.

Preliminarily, let us fix the terms local and nonlocal. An operator acting on a function u : R* — R
is called local, if evaluating it at a point z € R? (if possible), it is sufficient to know the values
of u in an arbitrary small neighborhood of z. Examples of local operators are the differential
operator Lu(x) = Vu(z) or the Laplace operator Au = 2?21 Oiju. The operator (1.1) is of
different nature. To evaluate Lu(x) we need to know the values u(y) for all y € supp(k(z,-)),
which may be R¢. Therefore we use the term nonlocal. Formally, an operator £ is called local if
supp(Lu) C supp(u) and nonlocal otherwise.

As the title of the thesis indicates, we consider a domain Q in R? and a suitable function f
defined on it. Our aim is to discuss variational solutions u of the nonlocal equation

Lu=f onQ. (1.2)

We emphasize that we do not assume (1.2) to hold pointwise. Further, we note that for constant
u we have Lu = 0 and therefore, to expect uniqueness of a solution to (1.2), we need to prescribe
boundary data. Due to the nonlocality of £ the boundary data has to be defined on the
complement of €2. Thus when speaking about solutions to nonlocal equations, we say that u
solves a nonlocal boundary value problem, with an nonlocal operator L.

Nonlocal operators are closely related to stochastic processes. The celebrated example are here
pure jump Lévy processes, whose infinitesimal generators are nonlocal operators. Moreover
nonlocal operators play a crucial rule in models with long range interactions.

For example nonlocal equations are studied in physics, in particular in the theory of perodynam-
ics. Peridynamics describes a nonlocal, in general vector valued, continuum model including
deformations with discontinuities and is introduced by Silling in [Sil00]. The monograph [SchO03]
deals with Lévy based models of financial markets. In particular, it is shown on the basis of
historical data, that jump processes are more appropriate to model financial markets than
models based only on Brownian motion. Another application in finance is given in [Lev04],
where the American put option is analyzed with a stock return rate following regular Lévy
process of exponential type.

In [GOO08|, Gilboa and Osher use nonlocal operators within the framework of image processing.
They show advantages of the nonlocal approach, which allows interactions between any two



1. Introduction

points in the image domain, in handling textures and repetitive structures to classical PDE
methods.

1.1. Existence and uniqueness of variational solutions

Given an open domain  C R? and functions f : Q — R, g : 02 — R, the classical Dirichlet
problem is to find a function u : @ — R such that

—Au=f in{, (1.3a)
u=g on 0. (1.3b)

More generally, one can replace the Laplace operator in (1.3a) by a second order differential
operator of the form

d
Lu=—>" 0;(ay5(-)u(z) + bi(-)u), (1.4)
ij=1
where a;;, b; are coefficients defined in Q. The operator (1.4) is called uniformly elliptic if there

is a constant A > 0, such that
d

> ag(@)&g = Mg
ij=1
for all ¢ € R? and for all z € RY.

Consider the problem (1.3) with A replaced by £ with coefficients a;; assumed to be only
measurable and bounded and a function f which is not necessarily smooth.

In this case, for the well-posedness it is convenient to use the concept of weak solutions, which
require a choice of proper Hilbert spaces. Here the appropriate ones are the Sobolev spaces

HY Q) = {u e L*(Q) | Vu € L*(Q)}
and H}(Q) = C(‘)’O(Q)”.“Hl(m, where |\u\|12q1(9) = HUH%2(Q) + ||VUH%2(Q). Classical assumptions
in this setting are f € H-1(Q) = (H&(Q))* and g € H(Q).

Let us go back to (1.3) with homogeneous boundary data g = 0. The Riesz representation
theorem implies that there is a unique u € H{(€2) such that

(Vu, V80>L2(Q) = (f, 80>L2(Q) (1.5)

for every ¢ € HJ (). The equality (1.5) is called the weak formulation of the Dirichlet problem
and u € H}(Q) is called a weak solution. If we consider more general operators, the Riesz
representation theorem cannot be applied. In this case existence and uniqueness results follow
from an application of the Lax-Milgram Lemma, or if the bilinear form is not positive definite,
from the application of the Fredholm alternative, see for example the monographs [LUGS|,

[GT77] or [Eval0].

When considering nonzero boundary data g : 9Q — R in (1.3), it is necessary that g admits
an extension § € H1(2), to obtain the existence of a weak solution. Therefore it is natural



1.1. Existence and uniqueness of variational solutions

to assume a priori g € H'(Q). In this case u is called a weak solution of the boundary value
problem (1.3) if u satisfies (1.5) and u — g € H ().

To postulate u — g € HE() is one natural way to interpret (1.3b). If the boundary 95 is
smooth, say 9 is C!, any function ¢ € H'(Q) admits a trace dlaq € H'2(98). Therefore
another interpretation of (1.3b) is

Ujpn = 9|09 (1.6)

in the sense of traces. This interpretation is of course equivalent to the first one, since the trace
operator from H'(Q) to H'/?(9Q) is one-to-one.

One aim of the present work is to extent the classical Hilbert space techniques to nonlocal
analogues of (1.3) for operators of the form

(Cu) (@) = im [ (u(2) - uly)) k(z,y) dy. (L.7)

e—0
B¢(x)

Here k : R? x R? is a measurable kernel. The most common example is given by k(z,y) =
Adg—o |z — y|_d_°‘ for a € (0,2). In this model case £ becomes the fractional Laplace operator —
the pseudo-differential operator with symbol |¢|* — and we denote £ = (—A)*/2. Here Ay _q
is a norming constant that can be defined explicitly in terms of the Euler I' -function. When
considering the limit cases & — 0" or a — 27 it is important to note, that Ay _» < (2 — «),
see Subsection 2.1.2.

Note that in (1.7) there is no lower order term, such as b; in (1.4). Nonetheless, when considering
possibly nonsymmetric kernels, as explained in Chapter 3, we assume

2
sup / Fa(,9) dy < oo, (1.8)

z€RC kS (:Bv y)
{ks (xﬁl/)?éo}

where for an arbitrary kernel & its symmetric and antisymmetric part are defined by

(b 9) + k(7)) and  ka(z,9) = =

N

ks(z,y) =

Therefore by (1.8) the antisymmetric part is of lower order and thus can be interpreted as an
analogue to b; in (1.4).

Formally, we call an operator of the form (1.7) uniformly elliptic of order « € (0,2) , if there is
a constant A > 0 such that for every z € R? v,(A) = [ 4 k(x,y)dy is an a-stable measure and

[ m P vaan) = Al (1.9)
B1

for all ¢ € RY. A sufficient condition for ellipticity of order @ € (0,2) of a nonlocal operator
(1.7) is

A2 —a) |z -y < k() < A2 —a) o -y 0 (1.10)
for some constant A > 0. We also use the term elliptic of order a € (0,2), if the kernel k is

comparable to (2 — «) |z — y]d_a in an integrated sense, see Section 4.1. Note that it is not
clear, whether the integrated comparability on all scales implies (1.9).
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u = g on 052

Figure 1.1.: Illustration of local vs. nonlocal Dirichlet boundary data

As already mentioned above, by the nonlocal character of £, to evaluate the operator at any
point = € R, one needs to know a function u : R* — R in any point. On this account, when
replacing the local operator in (1.3b) by a nonlocal operator of the form (1.7), we need to
prescribe the boundary data on the complement of a given domain 2. Nevertheless, to avoid
the term complement value problem, we use the term nonlocal boundary value problem.

Now for given functions f : 2 — R and ¢ : Q2° — R, the nonlocal Dirichlet problem is to find a
function v : R — R, such that

Lu=f inQ, (1.11a)

u=g on°. (1.11Db)

We develop a Hilbert space approach to solve (1.11), which is similar to the classical theory for
second order PDE’s. Let us look at the model case of the fractional Laplacian with homogeneous
boundary condition g = 0 to explain the Hilbert space approach in the nonlocal setting. Under

this assumptions a proper Hilbert space is given by the fractional Sobolev space of functions
that vanish outside 2:

Hg/z(Rd) ={u¢e Ha/Q(Rd) |u =0 a.e. on Q°Y,

HY2(RY) = {u e L2(RY) | // d+a)2 dxdy}

R4 R4

where

is the fractional Sobolev space of order /2 on RY. Note that functions in Hg/ 2 (RY) are defined
on R% If we define the associated bilinear form & : H o/2 (RY) x g/ 2 (R%) — R of (—=A)*/2 by

£(u,v) = —Ad o // )(Z(fa)_v(y)) dz dy,

ey -y




1.1. Existence and uniqueness of variational solutions

the Riesz representation theorem implies the existence of a unique u € Hg/ 2(Rd), such that
E(u,0) = (f, ) (1.12)
for f € (Hg/ 2(Rd)) . The equality (1.12) is called the weak formulation of the nonlocal

Dirichlet problem and u € Hg/ 2 (R9) is called a weak solution.

If we consider nonzero boundary data g € H*/?(R%), we can reduce the problem (1.11) to the
case of zero boundary data by solving the equation

Lu=f—Lg inQ, (1.13a)
u=0 on Q°. (1.13b)

This is possible because £(g, -) is a continuous linear functional on Hy, a/2 (R%). If 7 is a solution
of (1.13), then u + g solves (1.11).

But the assumption g € H*/?(R%) implies already certain regularity of the function g everywhere
in R?. Tt seems to be more natural to assume regularity only where the equation holds, namely
on Q. On this account we introduce function spaces V/2(QR?) that prescribe regularity of the
functions in €2 and over the boundary 9€2. To be precise

2
Vet (QRY) = {f e L2(RY) | a(2 // d+a)) dody < oo}
(QexQe)e
Note that (£2¢ x Q)¢ = (Q x Q) U (2 x Q°) U (2° x Q). Thus the singularity of the weight
|z — y\_d_o‘ occurs only on €2 x £ and on J€). Therefore we do not assume regularity outside
Q, but £(g,-) is still a linear continuous functional on Hg/z(Rd) for g € V*/2(Q|R%). For
fixed o the norming constant a(2 — ) can be suppressed, anyhow it affects the asymptotics of

V/2(QIR?) as o — 27, see Subsection 2.2.4.

As in (1.6), one could suppose that it is sufficient to prescribe the boundary data on the
(nonlocal) boundary of €2, i.e. on Q°. Actually it turns out that there is a nonlocal analogue of
the trace space H'/? (89) for sufficiently regular domains €2. Consider a function f: Q¢ — R.
Then f can be extended to a function f € V/2(Q|RY), if

U@ -1V
// Tl e <

where 0, = dist(x, ), see [KD16].

We examine the solvability of (1.11) under various assumptions on the measurable kernels
k:R? x R? — [0,00]. Such as operators of the form (1.4) are natural generalization of —A,
operators of the form (1.7) constitute a natural generalization of (—A)®/2, if the kernel k is
comparable to Ag_q |z — y\_d_o‘ in an integrated sense, i.e. if there is A > 0, such that

Mo // dm S dyde < // () 2k(z, y) dy dz

(QexQe)e (QexQe)e

<\ lAy // ))2d d
d,—a d-i—a ydx

(QexQe)e
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for all u € L2(RY).

Under these comparability assumptions, Hg/ 2(Rd) turns out to be an appropriate space to solve
the nonlocal Dirichlet problem with homogeneous boundary data zero. In order to deal with
a wider class of kernels, we use the given kernel k, or precisely its symmetric part, to define
function spaces in which we solve the nonlocal Dirichlet problem.

For a general kernel k an appropriate Hilbert space to solve (1.13) is given by

HY(QRY) = {u e LX(RY)|u = 0 a.e. on Q° and // (u(z) — u(y))ks(z,y) dy dz < oo}
R4 R

and an appropriate function space for the boundary data is given by

v = {fe 2@ ([ (@) - f0) ke dedy < o).

(QexQe)e

Starting from the Dirichlet problem for second order elliptic operators, it is natural to consider
kernels with a certain singularity on the diagonal and thus generating operators with a differential
character. In addition the nonlocal character of the operator (1.7) allows us to consider integrable
kernels k.

A kernel is called integrable if, for every z € R? the quantity Jra ks(x,y) dy is finite and the
mapping x — fRd ks(x,y) dy is locally integrable whereas it is called non-integrable otherwise,
see Definition 2.37.

If k is integrable the operator £ is a well defined operator on L?. Nevertheless also for integrable
kernels the corresponding function spaces H(])"’(Q\Rd) may satisfy a Poincaré-Friedrichs inequality,
which allows us to prove coercivity of the associated bilinear form. At a first glance, this seems
to be surprising, since the operator (1.7) with an integrable kernel has no differential structure.
A simple example of an integrable kernel is given by k(x,y) = 1p,(x —y). and in this case
H(Q; k) = L2(Q1), where Q; = {2 € R dist(z,Q) < 1}.

Let us comment on related results in the literature. Note that the results of Section 2.3 and
Chapter 3, with exception of minor changes, e.g. Corollary 3.11, are published in [FKV14]. In
contrast to [FKV14] we drop the assumption of boundedness of the domain €2, where it is not
needed in the proofs and simplify some assumptions on the comparability of the bilinear forms.

Advantages of our approach are, that we deal with operators with non constant coefficients,
which are also allowed to be nonsymmetric. Further our approach allows us to deal with
integrable and non-integrable kernels at the same time. We review related results on this part
of the thesis only shortly and refer to the introduction of [FKV14| for a deeper embedding of
the current results.

We should mention that variational solutions to nonlocal problems have been considered within
the theory of peridynamics. Using variational techniques, the well-posedness of a perodynamic
nonlocal diffusion model is proved in [DGLZ12|. [MD13|, Mengesha and Du consider a scalar
peridynamic model involving also sign changing kernels.

In our approach, functions are defined on the whole R? and the equation holds on some domain
Q) ¢ R? and therefore the nonlocal boundary data are prescribed on ©¢. On the contrary, in

10



1.2. Nonlocal to local phase transition

peridynamics, the nonlocal boundary data, which are called volume constraints in this context,
are prescribed on a subset w of a domain D C RY, where |w| > 0. Translating this to our setting
would lead to D = Q\ w and w = Q°.

We would like to point out that we assume regularity of the boundary data only on the domain
Q and over its boundary 0€2. In many works considering nonlocal boundary value problems,
the authors assume regularity of the boundary data on the whole of R, e.g. [HJ96|, where the
solvability of the Dirichlet problem with nonlocal boundary data is addressed or [DCKP14],
where a Harnack-inequality for minimizers of integro-differential operators is proved. Also in
the aforementioned papers from the theory of peridynamics regularity is assumed on the whole
domain D which corresponds to regularity everywhere from our perspective.

1.2. Nonlocal to local phase transition

Consider a sequence of nonlocal uniformly elliptic operators L% of order « € (0,2), indexed by
the parameter «. In the sequel, we explain that a sequence of nonlocal operators can localize in
the limit, i.e. converge in some sense to a local operator £, as the order a 2. We call this
phase transition®.

We illustrate this with an example. Consider the model case k(z,y) = Ag_o |z — y| ™% and
let u € C2(R%). Substituting z —y = h we can rewrite the operator (1.7) in terms of second
differences as
1 —h)—2 h
(—A)*u(z) = —2Ad,a/ lulz ~ 1) ‘hl“éfﬁ LCRELFY (1.14)

Rd

Note that in comparison with (1.1), we can omit the principal value. Now for a fixed x € RY,
the second order Taylor expansion of u in x is given by

d
(w(z — ) = 2u(x) + u(z + b)) = > &idju(x)hih; + o(h?). (1.15)

Plugging (1.15) into (1.14) for small values of h and using the asymptotics of Ag _, we obtain

lim (—A)*?u(z) = —Au(z).

a—27

Thus for fixed u € C2(R%) the operators £* = (—A)*/? converge in some sense to the operator
L=—Aas a 72, or, in other words, there is a phase transition from a nonlocal to a local
operator.

Considering this phase transition a natural question is the following: Consider a family of
nonlocal Dirichlet problems

L0 = f inQ, (1.16a)

uq =g on (1.16b)

Within the theory of perodynamics this phenomenon is also denoted as vanishing nonlocality.

11



1. Introduction

indexed by the parameter o € (0,2). Note that, given « € (0,2) fixed, u, is the solution of the
nonlocal Dirichlet problem (1.16) with an uniformly elliptic operator £*« of order a.

Does the sequence (uy) of solutions converge to the solution of a local Dirichlet problem

d
> 0i(ag()ou(-) = f inQ, (1.17a)
i,j=1
u=yg¢g on Q° (1.17Db)

in an appropriate norm?

We address this question in Chapter 4 for kernels k% that generate uniformly elliptic operators
of order a € (0,2). It turns out that for appropriate boundary data g the sequence of solutions
(uq) converges to the solution of a second order boundary value problem in L?(R¢) and also
in the stronger norm of V/2(Q|R%) for any ag € (0,2), ¢f Theorem 4.2. Moreover the limit
equation can be characterized in terms of the given family of kernels £, namely the coefficients
are given by

agj(x) = lim / / t™ o0k (2, @ + to) do dt.
0 gd-1

Instead of proving the convergence of solutions directly, we prove I'-convergence of the associated
energy functionals

Lo (u(z) — u(y) 2k (,y) dy de — [u(e) f(z)de, if u e V*(QIRY),
Fa(u) — (QexQe)e Q

+00 else,
(1.18)
where Vga/ 2(Q]Rd) is the subspace of functions from V/2(Q|R%), which are equal to g on Q.

Note that minimizers of Fy* solve (1.16) in a variational sense, if we assume the kernel k% to be
symmetric.

Studying the asymptotic behavior of solutions to (1.16) leads us to study the asymptotic behavior
of the underlying function spaces V*/2(QR%). In [BBMO1] it is shown, that the norm of the
fractional Sobolev spaces converges to the W!'P-norm, i.e.

‘u |p a—2" D
d+5p dyde —= Ky [ |Vulf dz,
Q

provided one uses the right norming constant (2 — a) < Ay _,. Using this fact, H*(Q) can be
identified with the intersection of H%/2(€Q), o < 2. The same questions turns out to be more
involved in our setting, namely there is an interplay between the norming constant that behaves
as (2 — a) and the singularity |z — y|_d_a over the boundary of . It is worth mentioning that
pointwise convergence of the functionals (1.18) to their local counterparts fails in general in our
setting, cf. Remark 4.9.

We want to comment on results related to this part of the thesis in detail. The already mentioned
paper [BBMO1] can be seen as a starting point in this line of research. In [Pon04a] the same
question is considered, replacing ||’ by a continuous function and considering not necessarily

12



1.3. Homogenization of nonlocal Dirichlet problem

radial (but still translation invariant) weights. Ponce also connects this to the I'—convergence
of the associated energies. Leoni and Spector [LS11], [LS14| prove similar characterizations of
Sobolev spaces for quantities characterized by two exponents 1 < p < oo, 1 < ¢ < 0o, where the
second parameter ¢ is motivated by some application in image processing. In addition, they do
not need any assumptions on the boundary 0f).

Aubert and Kornprobst [AK09] apply the I'—convergence result proved by Ponce to approximate
variational problems on WP(Q) by nonlocal quantities.

There are several articles in the field of peridynamics, concerning the phase transition from
nonlocal to local. A nonlocal version of the gradient G and divergence operator D are defined in
[DGLZ13| and convergence of this objects to the classical gradient and divergence operator is
analyzed in [MS15].

The convergence of minimizers of nonlocal functionals to minimizers of local functionals is
studied in [MD15], which is closely related to our results of Chapter 4. In contrast to our
approach, the pointwise convergence of the nonlocal gradient G and nonlocal divergence D is used
to obtain the I'-convergence of the associated energies. Note that, as already mentioned before,
also in [MD15] regularity of functions is required in the whole domain D, which corresponds to
R? in our setting.

1.3. Homogenization of nonlocal Dirichlet problem

Homogenization describes the phenomenon that the solutions to a sequence of equations with
highly oscillating coefficients can be approximated by the solution of an effective equation. The
problem naturally arises, when one asks for the macroscopic behavior of models with oscillations
on a microscopic scale. Within this work, we consider the problem of homogenization in the
setting of integro-differential operators of the form (1.7), where the kernels are assumed to be
periodic.

For simplicity, let us start with a simple one-dimensional example for the homogenization of a
second order differential equation. For 2 = (0,1) C R and f € L?(Q) consider the Dirichlet
problem

B, (a(é)@xu(')> —f in (0,1), (1.192)
u(0) =u(1) =0, (1.19b)

where a : R — R is one-periodic. For € — 0, the sequence (u.) of solutions to (1.19) converges
to the solution of

Oy (a*0zu(-)) = f in (0,1), (1.20a)
u(0) = u(l) =0, (1.20Db)
-1
where a* = < fol ﬁ dx) is the harmonic mean of a. This can be seen easily using the

boundedness of the family &, = a(-)d,u(-) in H((0,1)). Also in higher dimension the limit
equation can be completely characterized. In this case the homogenization formula involves a
corrector equation.

13



1. Introduction

We address this problem in the context of nonlocal operators of the form (1.7) for symmetric
kernels k, which we assume to be periodic, i.e.

k(x + eiy) = k(z,y)

for all ¢ € {1,..,d}. Now we define
ke(w,y) ==k (2,2).
g€
Let Q C RY f € L?(Q2) and consider the equation

LFu=f inQ, (1.21a)
u=0 on Q°. (1.21Db)

The questions is, if the family (u.) converges to the solution of a homogenized equation

Ly =f inQ, (1.22a)
u=0 on Q° (1.22b)

where the kernel kg satisfies (1.10) and, due to the e-periodicity of k., depends only on the
differences x — y.

We use an approach based on I'—convergence to face this problem and thus we consider the
associated energy functionals

Rw= [ @) - o)) dyde = Exdu ).
(QexQe)e

Using the compactness property of I'—convergence, we can assume that F, I'—converges
to an abstract functional Fj for a sequence (e,) converging to zero. To obtain an integral
representation of the limit functional we consider F.(u) = &:(u,u) as a bilinear form. This
allows us to use the representation theory for Dirichlet forms due to Beurling and Deny and to
rewrite the limit functional Fy as a Dirichlet form

Eolu,u) = // (ul) — u(y))2J(de, dy),

R4 R4

for some Radon measure J on R? x R\ {z = y}.

Unfortunately, we are not able to find a characterization of the measure J in terms of the
periodic kernels k., which would allow to prove I'—convergence of F; to Fy for any sequence
€n — 0. Therefore Fy may still depend on the chosen sequence.

Let us comment on related results on this part of the thesis. A theory for the homogenization
of second order equations was developed since the late 1960ies, mostly by the Italian, French
and Russian school. Several techniques were developed to prove homogenization results, e.g.
G-convergence and later T'-convergence introduced by S. Spagnolo in [Spa68| and DeGiorgi
in [DGT75|, H-convergence established by Murat and Tartar which is closely connected to the
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1.4. Connection of the three main parts

method of compensated compactness , see [MT97|, or the method of two scale converges due to

[AT192].

There are only very few results concerning the homogenization of nonlocal equations. For
fully nonlinear integro-differential operators Schwab obtained existence of a limit equation and
convergence of a family of solutions in [Sch10] in the periodic setting and later in the stochastic
setting in [Sch13]|.

Homogenization of nonlocal equations in periodically perforated domains is discussed in [Foc(09]
using I'—convergence techniques. Recently, in [FRS16] Fernandes Bonder, Ritorto and Salort
prove H-convergence of an arbitrary sequence of nonlocal functionals by a variant of Murats
compensated compactness technique in the nonlocal setting. They prove a div-curl-Lemma for
nonlocal divergence and nonlocal gradient. Moreover the equivalence to I'—convergence of the
associated energies is obtained, assuming H-convergence. However, even in the case of periodic
homogenization no explicit formula for the homogenized limit is derived.

1.4. Connection of the three main parts

Finally let us comment on the connection of the three main parts of the underlying work.
Consider a family of symmetric kernels (k%) indexed by two parameter € and « and the Dirichlet
problem

LIu=f 1inQ, (1.23a)
u=0 on Q°, (1.23b)
where £2 is an operator of the form (1.7) with k% instead of k.

Assume that for fixed ¢ kY generates nonlocal uniformly elliptic operator of order a with
e—periodic coefficients. By the results of Chapter 3 this problem is well-posed for all « € (0,2)
and € > 0. We prove in Chapter 4 that the sequence (u2) of solutions converges to the solution
of

9i(ai;()9u) = f inQ, (1.24a)
u=0 onQ (1.24b)
where the coefficients inherit the periodicity of k2.

Given a sequence of translation invariant kernels, the corresponding solutions to the boundary
value problem converge to the solution of a second order boundary value problem with constant

coefficients a;‘j .

Since we know that in the local setting homogenization takes place, a result for the nonlocal
analogue considered in Chapter 5 would answer the question if the diagram

e—0
o —=20 kg

Ja%? J{a%2

e e—0 *
(IZ] CLU

commutates. Here the kernels and coefficient matrices are used as substitutes for the Dirichlet
problem with the corresponding local or nonlocal operators.

15



1. Introduction

1.5. Outline

Chapter 2 is devoted to function spaces tailor-made for the study of nonlocal operators on
domains. Starting from classical function spaces on a domain €2, we generalize these spaces to
fit to the existence theory for nonlocal Dirichlet problems. In connection to the phase transition
from nonlocal to local operators, we also study their asymptotic behavior.

In Chapter 3 the solvability of the nonlocal Dirichlet problem is analyzed under various
assumptions on a given measurable kernel k. A variational formulation of the problem is
deduced and basic properties of the associated bilinear form are discuses. From this well-
posedness is proved using classical Hilbert space methods.

The phase transition from nonlocal to local equations is presented in Chapter 4. First,
I'—convergence of the associated energy functionals without boundary condition is proved
and afterwards the compatibility of boundary data and I'-limit is obtained. Subsequently the
I’-convergence is applied to obtain the convergence of solutions.

Chapter 5 deals with the homogenization of nonlocal equations. First, we review the I'-
convergence approach to prove homogenization of second order equations. Then we transfer
some of the techniques to the nonlocal setting. Unfortunately we do not obtain an homogenization
result.

To make the thesis self-contained, we collect basic properties of I'-convergence and Dirichlet
forms in the Appendix. Further, for the sake of completeness we give the definition of regular
domains and collect the proofs of same technical lemmas.
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Abgrenzung des eigenen Beitrags gemifi §10(2) der Promotionsordnung
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2. Function spaces

In the first section of this chapter we give the definitions of Sobolev and fractional Sobolev or
Sobolev-Slobodeckij spaces on a set Q C R? and recall some results concerning the connection
from the fractional Sobolev spaces to the first order Sobolev space. Subsequently we give an
alternative definition of the above mentioned spaces in terms of second order differences.

From this on we introduce function spaces for functions defined on the whole R? that have
certain regularity properties on €2 and in addition some regularity over the boundary of €.
These spaces are obtained as a generalization of the classical spaces by extending the area of
integration. In this context we also examine the connection of this spaces to weighted L? spaces.

In the third part of the chapter we define function spaces with general, e.g. singular or
nonsingular weights, which are tailor-made for the Hilbert space based existence theory for
nonlocal Dirichlet problems established in Chapter 3. Thereunto we give conditions for a
nonlocal version of a Poincaré-Friedrichs inequality to hold on these spaces, in terms of a given
kernel k.

2.1. Classical function spaces

2.1.1. Sobolev and fractional Sobolev spaces

First we give the definition of Sobolev spaces of order one and Sobolev-Slobodeckij spaces of
fractional order s € (0,1) on an arbitrary domain €. There are severals ways to define these
spaces on R, i.e. Fourier transform or interpolation theory. From this it is possible to define
spaces on domains by restriction. To ensure the equivalence of the so defined spaces, one needs
to assume some regularity of the boundary 9€). We use intrinsic definitions that do not need
regularity assumptions on the boundary 92. Since we do not use Sobolev spaces W#P(2) for
p # 2 and k > 1, we restrict ourself to the Hilbert space case p = 2.

Definition 2.1. Let Q C R? be open.

1. Then

H'(@) = {7 € @] [ |V do < 0} (2.1)
Q
and a norm on H'(f) is defined by

11y = 171y + [ 9@ .
Q

2. We denote by H}(2) the closure of C2°(Q) in H(1Q).
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2.

Function spaces

3. We denote by H~1(Q) the dual space of H}(Q). If z € H=1(2), we define the norm

l#ll-1(0) = 5up { (@, £) | 1 € HEO), | Fllney =1}

Next we define Sobelev spaces of fractional order, the so called Sobolev-Slobodeckij spaces.

Definition 2.2. Let Q € R? be open.

1. For 0 < s < 1 we define

[fﬁ{s(g) = Ag,—2s // % dy dz.

PO |
The linear space H*(Q) is defined as
H*(Q) = {f € L*(Q)| [flgs() < o}

and a norm on H*(Q2) is given by

1/2
e (At

2. We denote by H(2) the closure of CZ°(Q2) in H*(2).

3. We define
HERY) = {u e H*(RY) |u =0 a.e. on Q°}.

4. We denote by H*(Q2) the dual space of H{(2). If z € H™*(Q2), we define the norm

ol ey = sup { (@, £ € B, fll ey = 1} -

The seminorm [f] H () is called Gagliardo-seminorm. Here A4 _o, is a norming constant that

ensures that the Fourier symbol of the fractional Laplacian equals [£ ]25. In our context this
constant is important when considering the asymptotic behavior of the spaces H*(2) for s — 17.

Remark 2.3. 1. We would like to point out, that in the definitions above the case = R¢

20

is included.

2. For f € C(Q) | fllgr () = I/l 1 (ray- Therefore we can equivalently define H}(Q) as
the closure of C2°(2) with respect to the norm ||-[| 1 gay. Doing so, functions in Hg ()
are defined on R¢ automatically.

In general this is wrong for the fractional Sobolev spaces, but for Lipschitz domains 2 we
have for s # %

completion o w.r.t. ||| smay = completion o w.r.t. ||+l s .
pl fC°() 1l s ety pl f C°() -l s @)

3. HE(R?) is the subspace of functions from H*(R?) that vanish outside 2. One can prove
that
H¢(RY) = completion of C2°(Q) w.r.t. [RIFFETE

A proof of the last two statements can be found in [McL00, Thm. 3.33].



2.1. Classical function spaces
We want to collect some basic properties of the Sobolev spaces H*(Q2), s € (0,1]. We omit the
proof and refer to [W1o87, Thm. 3.1] and [McL00, P. 87].

Theorem 2.4. H'(Q) and H*(QY) are separable Hilbert spaces. If 2 is a C'-domain, then
C>(Q) is dense in both spaces.

2.1.2. Asymtotics as s "1

The explicit value of the constant Ag 25 can be given in terms of the Euler I'-function, namely

22571 F( dJEQS)

Ag—2s = T2 T(=s)

€ (0,1),d € N.
The constant Ag o ensures that
Mo (e gay = 12 ey > and Hm (]| s ey = 112 (Roy -

We discuss this property in detail below. Within the scope of this work the explicit value of
Ag,—2s plays a minor role. More important is its asymptotic behavior, that is described by

-Ad —2s _ d lim .Advfgs _ 1
s—1- (1—s) |Sa-1) s—0t s |Sd—1]"

We refer to [Fell3, Prop. 2.24] or [DPV11, Prop. 4.1] for more details on the constant Ay 5.

We want to emphasize that even for smooth functions f the quantity

) — 2
[
QQ

may blow up when s — 17. Adding the norming constant (1 — s), Bourgain, Brezis and
Mirunescu prove in [BBMO01] that for smooth domains the above quantity converges to the
H'(©2) norm of f, up to a constant. To be precise, let Q C R? be open and 9 smooth,
f € L*(Q), then

Slir?_ // d+2s dydx KQ/|VU| dz, (2.2)

where both sides are infinite if f ¢ H'(Q2) and Kq is a positive constant depending only on
Q2. In this sense, the left-hand side of (2.2) gives an alternative definition of the Sobolev space
H'(£2). The same holds for general domains {2 under an additional assumption, see [LS11] L.
Maz’ya and Shaposhnikova prove in [MS02a] that for f € (. oq H*(R?)

im s ] %dydstd 1B grey

s—0t ‘x
R4 R4

'IBBMO1] and [LS11] prove these results in the more general case p # 2. Nevertheless we concentrate on the
Hilbert space case p = 2 in this work
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2. Function spaces

The following lemma extends the characterization of H'(£) given by the left-hand side of (2.2)
to the case of a sequence (f,,) € L?(2). The proposition is a direct consequence of [BBMO01,
Thm. 4], but since we use this particular result in the following we would like to fix it, for the
sake of completeness.

Proposition 2.5. Let Q C R? be a C-domain. Let f € L?(Q), (f) € L*(Q), || fn — fllrz2) s
0 and (sn) a sequence in (0,1) converging to 1. Assume that there is A > 0, such that

: (fn(z) — fuly
nIL%O (1—s, // y’d+28n)) dydx < A.

Then f € HY(Q).
For an easier presentation we write

(1—s5) |z —y[P 972" = pu(x — y) + ra(z — y),

where

pu(@ —y) = (1= s5) [ =y Lyppyicay,
ra@ =) = (1= sa) [ =y~ L amyony.
Note that p, € L'(RY) and
/pn(h) dh =1 for all n € N. (2.3)

R4

For the proof we need the following technical Lemma, taken from [BBMO1, Lem. 1].
Lemma 2.6. Assume g € LY(RY), ¢ € C°(RY) and p € L*(R?). Then

[ow [ A= payar <[] D= )0 - g ayas.

ER |
4 (a0 RARd

We omit the proof and refer to [BBMO01, Lem. 1|. As already mentioned the proof of the
proposition extents the proof of of [BBMO01, Thm. 2| to the case of a sequence (f,).

Proof. The inequality (a — b)? < 2(a? + b%) allows us to deduce

fn fn n—oo
// =L, o= ) dpan < O =) Il "5 0
Let ¢ € C3°(€2). Using Taylor’s formula it is easy to see, that

[ Iy Ko@) e

(y—=)-ei

where the constant K can be computed explicitly.
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2.1. Classical function spaces

We extend f, and ¢ to the whole R? by zero outside € and apply Lemma 2.6 with g = f,, and
p = pn to obtain

/fn / W00 o yyayar| < | WW( ) pule = ) dy d

[z —yl
y x ;>0 R4 Rd
//‘f” ") (o — )y
|x Pn yax
+/ / \fn<y>|\¢<y>\wdydx
Q¢ supp(¢)

Holders inequality, (2.3) and a change of variables yields
1/2
(fn(x) — ful
(7/ |x =5, (o ) dyda ¢ (y)pn () dy dh
dQ

(

(fn(z
|ac
Set 0 = dist(2¢, supp(¢)). Then

1/2

1/2
Sn(®))" P (:ry)dydx) 10l 22 -

pu(R)dh = (1 — s) / |h>=25m dh < (1 — ,)C5. (2.5)

|h|>6 |h|>5
By Hoélders inequality and (2.5)
1
i = 5C5(1 = sn) [l fall p2(0) 191l 2 (@) — 0

for n — oo. Letting n — oo in (2.4), dominated convergence implies

K / @) (Vo) - e) dz| < A6l 2y -

Q

This holds for e¢;, i =1, ..,d and thus

5 A
oz, do| < 2 l1llr2q) -

This proves the assertion. O
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2. Function spaces

2.1.3. Further characterizations of Sobolev spaces

Now we give an alternative definition of the above defined spaces. To this end we use an
intrinsic characterization of Besov spaces B, (), s € R, 1 < p,q < oo taken from [Tri06], that
is available for bounded Lipschitz domains €2. In the special case p = ¢ = 2 these spaces coincide
with the Sobolev spaces H*(2). This can be seen easily from the Fourier definition of both
spaces.

Define first and second order differences of a function f by

Anf(x) = f(x) = f(z + h),
A f(z) =2f(z +h) = f(z) = f(z +2h).

We begin with the following

Proposition 2.7. Let Q be a bounded Lipschitz domain in R? and 0 < s < 1. For x € Q define
the set

V(z,t)={heRY: |h| <t and x+71h e Q for0 <1 <2}

Define the ball means of second differences of a function f in Q by

1/2
B f(z)=|t7¢ / (A2 f) (2)]° dh , x€Q,t>0. (2.6)
V(z,t)
Then H*(2) is the collection of all f € L?(Q) such that
1 1/2
(PR Rl 2 e I 27)

0

in the sense of equivalent norms.

Proof. The proposition is a direct consequence of [Tri06, Thm. 1.118 (ii)] with p=g¢= M =
u = 2. (2.7) characterizes the Besov space B35y(£2). For p = ¢ = 2 the Besov space B, ()
coincides with the (fractional) Sobolev space H*(£2). O

In the following we replace the ball means by an appropriate integration over a suitable subset
of 2. For this we define the following set:

vg:{yeRd:yeQande“/eQ}.

This is the set of all points y € €2 such that the middle point L;y is also in . Of course, for any
convex set §), V§ = Q. We end up with a definition of classical and fractional Sobolev spaces in
terms of second differences.
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2.1. Classical function spaces

Corollary 2.8. Let Q be a bounded Lipschitz domain in R?. H3(Q), 0 < s < 1, is the collection
of all f € L*(Q) such that

1/2

_ x+y + 2
1Ly + // dl% IO jyde| <o

QVG

in the sense of equivalent norms.

Proof. Define for z € Q
Viz,t)={yeQ:|z—y| <2t and =Y 2 EQ}

Substituting y = x + 2h and using the definition of V{§ together with Fubini’s theorem yields

// / A2 ane // / ) = 2f(x+h) + f(z +2h)|* dht~42 it

0 V(z,t) 0 V(i)
2
// / ‘ )20 x+y)+f(y)‘ dyt—d—%%dx
Q0 Ve
1 N )
—///’f(x)_zf($29)+f(y) ]1{\xfy\<2t}dyt7d’
Q 0 Vg
//‘f —2f$+y )+ fly tfdeS%dydx
Q Vg
_ 2d+2s }f m+y)_’_f(y)’
T d+2s // | dy dz
QVy
r+y 2
z) = 2f (=) + fy)| dyda.
Q Vg

Since 2 is bounded, the second term on the right-hand side is absolutely bounded by || f ||%2(Q)
This proves one direction in the asserted equivalence of norms. The proof of the inverse inequality
can be obtained in an analogous way using the regularity of 9Q and by adding an L?-term to
get the inverse inequality in the second line of the above computation. O

Remark 2.9. 1. For s = 1 this is a gradient free definition of H'((2).

2. For 0 < s < 1 we get an alternative definition of the fractional Sobolev spaces in terms
of second differences. Note that there is no norming constant (1 — s) in this definition.
Nevertheless it is possible to obtain

Sl_ig{ 1l is ) = Cllf 1) -

25
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2. Function spaces

To conclude this one has to check that the constants in the equivalence of norms in
Proposition 2.7 does not depend on s.

In the next section we use this characterization of H!(Q) to generalize this spaces by replacing
V& with R%.

2.2. Function spaces with regularity over the boundary

In this section we define function spaces for functions defined on the whole R% whose restriction
to a suitable set Q C R? has the regularity properties of H'(Q), H*(Q) respectively. In addition
they also have some regularity over the boundary of €.

2.2.1. Nonlocal generalization of H'(Q)

The following definition is motivated by the characterization of Corollary 2.8.

Definition 2.10. Let © be an arbitrary subset of R%. We define the following linear space:

V(QRY) = {f € L2R)| | flly ) < o},

—9f(%ty 4 2
171 ey = WP+ ff =2 O

where

QR4

We set

(f(x) = 2f(52) + f(y))?
[f]%/(gmd): // | 2 Y dy dzx.

d+2
l’ J—
3y, Yl

Proposition 2.11. V(Q|R?) endowed with the norm [l (mray is @ Hilbert space.

The proof follows analogously to the proof of Lemma 2.19, below. Since we do not use the
Hilbert property of V(QJR?) we omit the proof. For Lipschitz domains €2, it follows from
Corollary 2.8 that Vf € L%(Q) if f € V(QR?). In addition, the integration over differences
where at least one node is in ¢ gives some regularity of the function over the boundary of
Q. Below we will give a second definition of V (Q2JR) containing the H'(£2)-norm. Our next
result shows that we can approximate functions in V' (Q|R?) by smooth functions, at least for
sufficiently smooth domains  c R¢.

Lemma 2.12. Let Q C R? be open, bounded and 0 be C*. Let u € V(QR?). Then there exist
functions u, € C°(R?) such that

n—oo

up "= uin V(QIRY).

Our proof uses the standard technique used to prove that C*°(Q) is dense in H!(2), cf [Eval0,
5.3.3. Thm. 3] and extents it to the nonlocal setting.
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2.2. Function spaces with regularity over the boundary

Figure 2.1.: The shifted point z. and the area of convolution B.(z;)

Proof. We prove that there is a sequence (u,) of functions in C2°(R%) such that the seminorms
[]v(re) of u, converge to u as n — co. The convergence of the L?—norms of u,, follows by
standard arguments, since the sequence (u,) is constructed by translation and convolution of
the function v with a mollifier.

In order to simplify the notation, we define

xr+y

Au(ziy) = ulz) - 2u(* ) + uly). (2.8)

Step 1:
Let 2o € 9. Since 0% is C', there exists » > 0 and a function v : Rt — R, v € C!, such
that (upon relabeling the coordinates)

QN Br(xo) ={z € By(vo)|rqa > v(z1, ..., x4-1) }-

Set x = (21, ..., Td—1,%4) = (¢',2q). For x € B, j5(w0) we define the shifted point
Te = T + 2¢e,.
For small ¢, B.(z:) € Q for x € Q. We define u.(z) = u(z:) and
Ve = Ne * Us

where 7. is a smooth mollifier having support in B.(0).

Step 2:
We prove that for suppu € B,./5(z0)

0
[’US — U]V(Q\Rd) i 0.
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2. Function spaces

We have
[ve — uly(qrey < [Ve — uely(qray + [ue — uly(qrey =1 + I1.

For the term II we estimate:

(Aue(x;y))
[uel? oy = // : eyl " dyde

QRd

Au(x;
// {zn—26>7(x’)}( )< ( |dy_?_)2 d dx

QR4 |
2
< [y opre) -
Vitali’s convergence theorem yields
[UE — U‘]V(QﬂRd) — 0.

Now we look at the first term I:

(Ave(x; y — Aug(x;9))?
[Ua Q|Rd // £ |d+;( )) dydﬂf

QR4

2

< // \R/(Aug(x — 2,y — 2))me(2)dz — Auc(z;y) | o —y| 92 dyda

QR4
2

< | / (Aue(z — ez;y — £2) — Aug(as)n(e) dz | | — 41742 dyde

QR4 ( )
/// (Auc(z —ezyy —e2) — Auc(x;9)? |z — y| 2 n(2) dzdy dz
QxRIxB1(0
/// (Auc(z — 2y — e2) — Aue(z;y)? o — y[ 742 dy dan(z) dz.
0)xQxR4

Using the dominated convergence theorem twice for u.(-) and u.(- — €z) with majorant u gives
for fixed z € B1(0)

/ (Aug(z —ez;y —e2) — Aug(z;y))? |z — y| 7472 dy dz — 0.
QR4

Further, the function
z— (n(2) / (Aug(z — 2y — e2) — Aue(z;y)? |z — y| 972 dy dz

is bounded by 4[U]V(Q‘Rd) for all e > 0 and a.e. z € B1(0). Thus, again by Lebesgues dominated
convergence theorem

/// (Auc(z —ezyy —e2) — Au(z;9)? |z — y| "2 dydan(z)dz — 0

0)xQxR4

28



2.2. Function spaces with regularity over the boundary
for e — 0.

Step 3:
Let u € V(Q|R?) be arbitrary. Let R > 0 such that Q € Bg(0). Let fr € C>°(B3r(0)) with
fr <1and fr(z) =1 for all z € Byr(0). Define ug = fru. Then supp(ur) C Bsr(0) and

R
[U — UR]V(Q|Rd) 1)>O 0.

Step 4:
Let z; € 0Q, r; > 0,7 =1,.., N, such that

N
00 C | By, ja(wi),

i=1
where the r; are chosen small enough, such that (again opon relabeling the coordinates) we can

assume

Qn BQH (.%'Z) = {-%' S Bri (-%'z)‘wd > ")/(.f,)}

for some smooth vy : R¥~! — R as in Step 1. Let Q* = {z € R?|dist(z, Q) > %mini:{l,”’N} i}
and Qy = {z € Q| dist(z, Q°) > %mini:{LwN} ri}. Then

N
U Bri ($Z) UuQruQy = R
=1

Let {ﬁl}f\i 61 be a smooth partition of unity subordinated to the above constructed sets.
We define

u; =& -up for all i € {0,.., N + 1},

and thus
suppu; C By, (x;) for i € {1,.N},
supp ug C o,
suppuni1 C QF.

Step 5:

Let § > 0. Let i € {1,.., N}. By Step 2 there exists a sequence v: € C°(B,,(;)) such that
[ui — V2] (@rey — O

for ¢ — 0. Thus we can choose g9 > 0 such that [u; — vé]v(de) < NLH for all i € {1,.., N}.

For i = N + 1 define v ! = n. x uy, 1 and set 7 = %minie{l’“,N} r;. Choosing € < r and since
suppun,1 C Q* forall z € Q, y € R? and z € B.(0)

Auyii(ziy) = Al Tz — 25y —2) =0 or |z—y|>r
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2. Function spaces
Thus

[ — un ]} qrey = //(Avévﬂ(x;y) — AN () e —y| P dy de

QR4
2

// / Aunii(z — 2y —2) — Aunir(z;y)ne(2) dz | |z —y[" % dady

QR4 \B:(0)
<C, /// (Aunyi(z —ez;y — e2) — Auny(z;y))? dy dzn(z) dz.
B1(0)xQxR4

By the continuity of the shift in L?(R?)

/ (Aunii(z —ezy —e2) — Auyyi(w;y)) dy do — 0.
QRd

Further, for any z € B;(0), the map

2 [n(2) / (Aunsi(z — ez — £2) — Auysa(a5y)) dy da
QR4

is bounded. Thus [pNF! — un+1]y(ore) — 0 by dominated convergence and we find gy > 0,
such that [vNF! — un-+1lv(ord) < NL+2 for all € < g9. We define v? = 7. * ug. Thus for ¢ < r

supp vg € .
The convergence v2 — ug follows by the same arguments as above and we find g9 > 0 such that
[’Ug — UO]V(QHRd) < NL—&-Q for all ¢, gg.
Step 6:

Define v, = Zf\”gl i+ vl € C°(R?). Since up(x) = 25\7”51 u;(x), we have

N+1

[ur — Vely (qray < [Z (&vt - fzu)]
V(QIRY)

1=0
N+1

= Z &ive V(QIRY)

0
<(N+2)——.
s (N )N +2
Choosing R = % in Step 3, concludes

e—0
[u = ve]y(qray < [t — urlyqre) + [ur — vely(oray — O

The convergence in L?(R?) follows from the continuity of the shift in L*(R%). O
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2.2. Function spaces with regularity over the boundary

In the following we introduce an equivalent norm on the space V(Q[R?). This second norm
allows us to examine the relation between V (Q|R%) and the space V*(Q|R?), cf, Subsection 2.2.3.
In Subsection 2.2.2 we use this norm together with the density property of Lemma 2.12 to
obtain the existence of a regular Dirichlet form on L?(R%).

Theorem 2.13. Let Q be a C'-domain in RY. Then an equivalent norm on V(Q|R?) is given
by
1/2

112 ey = [ 1122zt + 19 12y + // M) dyda

Q Qe

The idea of the proof is following. By Corollary 2.8 we can estimate Vu € L?(Q). To estimate
the double integral we proceed as follows:

1. Step: Assume that Q = Ri and that supp f C B,(0).

2. Step: To estimate the double-integral, we use the identity

28 f(z) = Aonf(z) — AR f(z + h),

where z, h € R?. This allows us to rewrite the first differences as second differences plus "large’

first ones. Since we integrate over all differences, we can compensate the ’large’ first differences
on the right-hand side by the left-hand-side.

3. Step: For a general smooth domain 2 we cover 2 and 0f2 by a finite number of balls. Using
a coordinate transformation and the above steps on any of the sets yields the assertion.

We begin with the following

Lemma 2.14. There is C > 1, such that for f € L*(R9)

r)— z) — f(2))?
<f’<x>_yﬂ<+2>> wa<e [ (f() |J;<+2>> e

|z — 2
{0<zg<1} {—zg>yqa>—1} {0<zq<3} {0>2z4>—xq}

The proof of the lemma in the one dimensional case was given by Luis Silvestre. The key idea is
to integrate inequality (2.10), below. This idea is extended to the higher dimensional case by
an appropriate parametrization of the involved integrals. 2

Proof. Without loss of generality assume d = 2. Let x € {0 < xo < 1},y € {—z2 > y2 > 1} and
z,v € R? to be chosen later. By the triangle inequality

[f (@) = F < [f(0) = fW + [f(v) = F)] + | f(z) = f(2)]

and thus by Young’s inequality

L f(z) = fW)I2 _ 1f@) = fF@)° | [f) = fR)) | |f@) - f(2)]
3 Jp—yf! = 2 —y|* " lz — y[* * oyt (2.10)

2There was a mistake in an earlier version of Lemma 2.14, which is corrected in the published version of the
thesis.
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2. Function spaces

Figure 2.2.: Area of integration in Lemma 2.14

Let z € R x (0,1). Then for any y € R x (=1, —x2) we find 71,72 € R and t1,t2 € (0,1), such
that
y:’y(7—177-27t1) and =z :’Y(T17T27t2)

where

v(11,72,t) = (L —t)m0 + t11,—1 4+ 2t), t€]0,1].
Given this parametrization, we choose v = 2z — y and z = (71, T2, t3) €
(v(71, 12,1 — t2), (71, T2, 3_42t2)), which means that t3 € (1 — o, %) For all these point we
have

1
e —yl =5 lv—yl, (2.11)
1
oyl > o], (21
|z —y| > |z — 2. (2.13)

Integrating the inequality (2.10) in t3 from 1 — ¢ to 3_42t2 yields

1) = fw)l _ ) = fw))?

d d
3 o -yt |z — y|9t?

(2.14)

+

1 [ (If(v)—f(7(71772,t3))|2 [f (@) = f(v (1,72, t3))

— +
[y(r1, 72,1 = t2) — (11, 72, 2522)| |z — |4 o — y| ™+
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2.2. Function spaces with regularity over the boundary
Recall that

x = (11, T2, t2),
y = y(11, T2, t1),
v = *y(ﬁ, To, 2t — tl).

In order to prove the lemma, we integrate both sides of the above inequality and estimate the
three terms on the right-hand side. Note that instead of integrating w.r.t x = (z1,22) and
y = (y1,y2) we can also integrate over 71, 79, t; and ty. Then the left hand side of (2.9) becomes

11t2

//// Y(71, 72, t2)) — f(W(Tl,Tz,tl)))Q ’7/(71,7'2,@)’|’y’(7’1,72,t1)|dt1dt2d7'2dT1.

(71, T2s t2) — (71, 72, 1) [*

1
2

We use this notation to estimate the second and third term.
1st term: Since v = 2z — y we have dr = 272dv and by (2.11)

1f 2z —y) — f(y)]?

’(E o y|d+2

dydx
{0<zg<1} {—zg>yqs>—1}
. 2
:2d+227d |f(lv) f(y)’ dyd

v =yl
{0<v<3} {—vq/3>yg>max{—1,—vq}}

2
<4 M dydv.
”U - y‘d+2
{0<vg<3} {0>yqg>—vq}

To estimate the second and third term we first note that
0y(71, 72, 1) = |7 (71, 72, )| = V(11 — 72)? + 4

for all ¢ € (0,1) and for abbreviation we write |y/(71,72|). Next we examine the behavior of
|’Y(7'17 7—27 Sl) - 7(7—17 T27 82)‘

for 0 < s1,s9 < 1. It is easy to check that
|v(71, T2, 81) — Y(71, T2, $2)| = |81 — s2| /(71 — 72)? = [s1 — 89| "y 71,7'2)‘ (2.15)

2nd term: After integrating in 71, 72,t; and to, we obtain

3—21y
4

1 1—t2

/ / / / (2 =) = SO R |
l = o 4 9 .

R0 2 12} H’Y T1,72)|1 . |y (1, T2, t2) — (71,72, t1)|
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2. Function spaces

The change of variables s; = 2t — t; and changing the order of integration yields

1 3ty—1 32 ,
// / l T t / (f(py(’r177—2’8t1)> - f(7<7—177—27ti))) |7/(7_1’7_2)‘2 dt3 dSl dt2 d’7'2 d7‘1
EO |3 ( 2) e |v(71, T2, t3) — (71, T2, 51))|
(212 2 min(=5)
t 1
/// TI,T%SI)) f(7<T17T2’ i») }7/(7-177-2)‘2 / ﬁdtht3dSldTQdTl
21 10 ’7 T177-27t2) 7(7-1;7-27t1)‘ 4 ‘5(5 —tg)‘
R% 5 17=1 max (=, 1—t3)
3—4t3
2
t3)))? 1
= 2// / 1 72 30)) = TOML T2 )]y, )2 / T dtz dtz ds; dr dmy
21 1 |7 7—1>7_27t2) 7(7—1’7—2’751” s |(§—t2)}
R 2 S1 Zts
t 2
< log // / 7—177-2781)) f(’Y(Tl7T27 i))) ‘7/(7_1’7_2)‘2 dt3 ds1 d7'2 d7_1
S e te) = ()]
2
_ 2
— 210g(2) YO Z 7 4, g,

{0<v2<3} {0>22>—v2}

o — 2

Next we estimate the third term on the right hand side of (2.14).

3rd term: After changing to the parametrized integrals, the third term a reads

1 1—to

3—2ty

(f(v(m1,72,t2)) — f(y(71,72,13)))?

R2 1L
2

[ [ vt ]

|’y/(7'1, T2) ‘3 dts dty dto dmo dmy

1Y (71, T2, t2) —7(71,7'2,751)|4

Here we just need to interchange the order of integration between ¢3 and ¢;. Using (2.15) this

yields
3— 2t2 1=ty
// / 7‘1,7'2,t21))1 O, 7 b)) / dth(ﬁﬂ?)’_Q dtgdta dradmy
|3(3 — t2)] Itz
R2 11—t
3— 2t2
7_177-27t2)) — f(7(717727t3)))2 1 / -2
< 8// / y (7—1,7—2) dtz dto dmy dmy
(5 —t2) (2t2—1)3’ |
RZ 1 1t

According to (2.15) we need to show that

(tg — t3)4 =
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2.2. Function spaces with regularity over the boundary

which is easy to check. Thus we obtain

SC// / (f(y(ﬁ’ﬁ’h))Z|,'5,((Z(TIT’)T|2£t3)))Q 1y (1, 72)|” dt3 dta drs dry
1,72

. (@) = FEP

& — 2[*
{0<z2<1} {0>22>—x2}

The conclusion follows by adding these three inequalities. O

Note that the constant is far from being optimal. With the help of the above lemma, we are
able to estimate first order differences on the half space by second order ones. Recall that

Af(z;y) = flz) —2f (54 + £(y).

Lemma 2.15. There is C > 1 such that for all f € L*(RY)

// d+2) dyde < C // Af_:r ngg +Hf||i2(Rd) : (2.16)

Proof. Let us assume that the right-hand side of (2.16) is finite. Otherwise there is nothing to
prove. First note that for § > 0

Wd Qo < 173 (217)

{lz—y[>d}

To switch from first to second differences, consider the identity

20f(x) = Ao f(x) = Ajf(x + h).
Combining this with Youngs inequality yields

MS(HE)MHH%)M

: 2.18
|h? |2h)? € |n? 219

where ¢ > 0 will be chosen later. Substitute y = x 4+ h and using (2.17) with § = 1 gives

(Anf(x
// M d d:c</ / h|d+2 dhd:c+4|]f”%2(Rd). (2.19)

Rd Rd ]Rd {1> hd>xd}
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2. Function spaces

By (2.18) the first term on the right-hand side can be estimated by

[ L Sgen] [ S5

Ri {1>—hg>z4} Rd {1>—hg>z4}

1+/ / Aiffc+h)) W

Rd {1>—hg>z4}

(Anf(x))? dh

=(1+e¢ —
e L

RE {2>—hq>2z4}
2 2
+ (1 + g) / / Mﬂ dx

|h? )
Rgir {1>—hg>z4}

The second differences on the right-hand side have one node in Ri and two nodes in R%.
Substituting h = y — x yields

/ / A?Lf|;+h |h| // Afa:g+2 dy d.

Rd {1>—hg>zq}

Subtracting the first differences with —hg > x4 from both sides we have

[ ] e [ YR

R4 {0>y4>—zq} R4 {—za>yqa>—2}

(Af(z5y))?
1+ // d+2 dy dx.

Rd R4

(2.20)

By Lemma 2.14 and (2.17) there is C' > 1 such that

/ <f<x>—f<>>dd<c/ / ) SO 4y 45+ 7122 e

d+2 d+2
x — x —
RY {—zq>ya>—2} =l 4 {0>yq>—1} = =l
(2.21)
Consequently, choosing € < C we conclude from (2.20)
— f(y))? (AZf(z+h))* dh
/ / |d+2 dydz < 1+ TR A e Wd +C”fHL2Rd .
R? {0>ya>—wa} Y Rd {1>—hg>zq}
Using again (2.21) and (2.20), we obtain
() Af (z;9))
[ [ Y g i " dyde + 1 F e
y\
RY {0>ya>—1}
Combining this with (2.17) completes the proof of (2.16). O
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2.2. Function spaces with regularity over the boundary

We are now in the position to give the proof of Theorem 2.13.
Proof of Theorem 2.13. First we prove that there is C; > 0 such that

Ifllv@ray < C1If IV @ra) - (2:22)

Recall the two identities

F) = 2f (Y + ) = (F) — @) = 2055 = 1)
and vt v
F) = 2f (5 + F) = (F@) = FW) = 20/ (52) = FW)).

If L;y € Q¢ we use the first identity, if IQﬂ € Q) we use the second one. This yields

// — H;J)r;_ U yde < 2// d+2 2dydx

Q Qe
Ly // () =S5 o

’.’E - y’d+2

QxQen
{ITJFUEQ}

(f(z) = f(551)?

+4
|(13 - y|d+2

QxQeN
z+y eqcy

)2
2d+4+2 // d+2 dyda:.

QQe

dydx

If z,y € Q but xQﬂ € Q¢ we estimate by the triangle inequality

(@) =25+ JW i // U@ = W) 4 g

d+2 d+2
QxQn |1: _y|
Q Qe
(T enc)

Further by Corollary 2.8 there is C' > 0 such that
(Af(z;y))
9oy < € [ CLE
QVvy
Altogether we find C7 > 0, such that
HfHV(QURd) <Gy Hf”\q/.(m[@d) .

Now we prove the inverse inequality. We want to apply Lemma 2.15 thus we need to change
coordinates near to a point xg € 2. For § > 0 we denote by €25 the set

Qs = {z € R?| dist(z, 00Q) < 8}.
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2. Function spaces

Since Q is a C'-domain, there is a covering of the boundary by finitely many balls K; centered
in z; € 0Q and C'-diffeomorphisms v; : K; — R? i =1, .., J, with the following properties

V(N K;) C RE
(N K;) C RY.

For the explicit construction of 1; we refer to Appendix C. Let €y be the set
Qo = {z € Q| dist(z,002) > §/2}.

We choose § > 0 such that

oc ().

=1

Without loss of generality we can assume that all balls K; have the same radius r > 0 by
possibly increasing the number of balls. Furthermore we can assume (by possibly decreasing ¢
and increasing the number of balls) that we can divide €5 in J subsets A;, such that 4; € K;
and also the set

o (ly € RY|Vz € ¢i(4)) |2~y < 3diam(y(A:)}) C K.

Now we have

[ s [ R
QQe

_ 2
—1—2 / /‘ ?) y’{l&?) dy dx.

=lona, Qe
By (2.17) the first term on the right-hand side can easily be estimated
)2
4
// m E ayde < S 1171250
Qo Q°

Let us regard i € {1, .., J} as fixed and drop the index in the following. Then

)2
// y|d+2 dyda:</ / d+2 dy dx

QNA Q¢ QNA QNK
W),
|1: d+2 ydr
QNA QeNKe
)2
/ / M aydz -+ | 2aqeo
QNA QeNK

38



2.2. Function spaces with regularity over the boundary

where r = dist(A, K¢) > 0. Define g = f 0 1), according to Lemma 2.15 we obtain

[ ) [ [ e

QNAQeNK REMep(A) RE mp(K

(Ag(z;
< Oy / / g fj+2 dy da + [lgll72 ()

4Ny (K) RENy (K

(Af(z;y))
a | [ / s " dydo+ gy

NK Q°NK

Proceed analogously for all i € {1, .., J}, we have

(Af(x;y))
// y’d+2 dydx =< Cy // — d+2 d dz + Hf”i?(Rd)

Finally by Corollary 2.8 we conclude

(Af(z;9))
11 e < // T "y de 17 e

which completes the proof. O

2.2.2. Dirichlet forms associated to V(Q|R¢)

As a corollary of Theorem 2.13 we obtain the existence of regular Dirichlet form on V (Q2|R?).
To the best of the authors knowledge, a form of this type is not studied in the literature.

Consider a bilinear form & : V(QRY) x V(QR?) — R,

E(u,v) /Zaw )Oiu(x)0jv(x dw—i—// (Ud%)_v(y))a(x,y)dydw (2.23)

i,j=1 QQe

where the matrix a;; is uniformly elliptic and a € L= (R?% x R?) is positive. Using Theorem 2.13
and Lemma 2.12 (€, V(Q|R%)) becomes a regular symmetric Dirichlet form on L?(R?).

Corollary 2.16. Let Q C R? be a C'-domain. Then (£,V () is a regular Dirichlet form on
L%(R%).

Proof. It is clear from the gradient structure of the first integral and the first order difference
structure of the second integral, that £ satisfies the contraction property, Definition B.1(4), see
[FU12, Ex. 1.2.1].

Further by Lemma 2.12 C$°(R?) is dense in V(Q|R?). From this we obtain that (£,V()) is
regular. O
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2. Function spaces

2.2.3. Generalization of fractional Sobolev spaces

We want to generalize the space H*() in the same sense as H!(Q2). Thus we integrate also
over the set 2 x Q¢. This leads to the following definition:

Definition 2.17. Let © C R? be open. For 0 < s < 1 we define the linear space V*(Q|R?) as

VS(Q|Rd) {f c LQ(Rd) | f( ) — f(y) c L2((QC x Qc)c)}

| y|d/2+s
and a norm on V*(Q|R%) by
1/2
f)?
Il = | Wl +50=9) [ P28  dyas
Q(’XQ(’ c

Remark 2.18. 1. Note that
(Q°x Q)= (AxQ)U(Q°x Q) U (Q x 0

and, although we integrate over a set in the product space R? x R?, we use the notation
of double integrals on R? instead of one single integral on the product space.

2. Note that for f € V*(Q|R?) an equivalent norm is given by

2
1122 g + // Ms dy d.

QRd

The two norms are comparable with constant two. The first definition is the natural
definition starting in a variational setup. The second definition is more appropriate in
computations.

The following example illustrates that finiteness of the seminorm on V*(Q|R?) requires some
regularity of the function across 9€:

Example 1. Let Q = B1(0), s € (0,1). Define g : R* = R by

z|—1)P8 if1< |z <2,
o) = {01 = D) g
0, else.

We show that g € V¥(Q|R?) if and only if 8 > 251, Since s is fixed we omit the factor s(1 — s).
Then

[0}y me) = 2 / / (2] = 1)%8|z — 5|~ de dy

B1 B2\By
=2 / (|| — 1)26 / |z — y|*d*25 dydx.
B2\B1 B
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2.2. Function spaces with regularity over the boundary

For 1 < |z| < 2 choose £ = (32_“';‘”‘) x. Then we may estimate

/ o~y dy > / o -y dy > / (2 (j] - 1)~ dy
B1

B(jz)-1)/2(8) B(|z)-1)/2(8)

\d
> 3] () @ el -y

Thus [g]ysqray = C / (Jz| — 1)%*72% da for some constant C' = C(d) > 0. This integral is

By\B;
finite if 28 — 2s > —1. On the other hand, for x € By \ B1, we have

/ lz—y| T dy < / |z —y|797 2 dy < C' dist(x, 0B;) ™%
B (x)\Bs(z)

Therefore, [glys(qray < C’ / (|z] — 1)*72¢ dz, which shows that g € V*(Q|R?) if and only
By\B;
if B> 2571,

In the second order case (s = 1) the function g, interpreted as a function on By \ Bj has a trace
on 0N if and only if 5 > % We note that g ¢ H*(R?) for s > % because of the discontinuity at
|z| = 2. An analogues computation shows that g € V(Q[R?) if and only if 8 > 3.

Lemma 2.19. Let Q C R? be open and s € (0,1). The linear space V*(QR?) endowed with
the norm

1/2
|l ey = (Hinz(Rd) U Syeam)

e =1 )] IO iy,

(QexQe)e vl

where

is a separable Hilbert space.

Proof. The norm on V*(QRY) is obviously induced by a scalar product

(fs9)vs (QRY) — (f.g )L2 R4) [f? ]VS (QIRD) *
The proof of the completeness and separability follows the argumentation in [W1o87, Thm. 3.1].

First we show the completeness of V*(Q2|R?). Let (f,,) be a Cauchy sequence with respect to
the norm |||« (gra). Set

|$ o y|d/2+s

'Un(x7 y) -

Then, by definition of |||y« rs) and the completeness of L*(R%), (f,) converges to some f

in the norm of L?(R?). We may chose a subsequence fn, that converges a.e. to f. Then vy,
converges a.e. on R% x R? to the function

(f(z) = f(y)

v(w,y) = g

|z —
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2. Function spaces

By Fatou’s Lemma,

2
// d+22) drdy < hmlnf // (Un,, (z,y))*dzdy < Zug ankHQLQ((QCXQC)C) .
€
( )

(Q2exQe)e QexQe)e

Since (vy,) is a Cauchy sequence (and hence bounded) in L2((2¢ x Q¢)¢), this shows that
[f, f] Vs (@rd) < OO ie. f€V3(QIRY). Another application of Fatou’s Lemma shows that

[fnk _fa fnk _f VS(Q|]Rd = // |Unk X y ( 7y)‘2 dl’dy

QCXQC c
< hmmf // |, (2, ) — v, (, y)| dz dy LN
QCXQC c

This shows that || fp, — fHVS(QURd) — 0 for k — oo for the subsequence (nj) chosen above and
thus || fr — fllys(qray = 0 as n — oo, since (fy) was assumed to be a Cauchy sequence. The
completeness of V*(QRY) is proved.

The mapping Z
T: V3(QRY) — L2(Q) x L2((Q° x Q9)°), (2.24)

1 - (1 g0

is isometric due to the definition of the norm in V*(QR%). Having shown the completeness of
V#(QR?) we obtain that Z(V*(2JR?)) is a closed subspace of the Cartesian product on the
right-hand side of (2.24). This product is separable, which implies (cf. [Wlo87, Lem. 3.1|) the
separability of V*(Q|R?).

Hence, V*(Q[R?) is separable. O

Lemma 2.20. Let Q@ C R? be open and 02 be C. Let u € V*(QIR?). Then there exist functions
u, € CX(RY) such that
Uy = u i VI(QIRY).

Proof. The proof is analogue to the proof of Lemma 2.12. O

We define the following affine subspaces of L?(R%) and V*(Q2|R9).

Definition 2.21. Let Q C R be open. For g € L?(R?), g € V*(Q|R?) respectively, we define
the following linear spaces:

(i) L3(QRY) = {u € L(R%): u = 0 a.e. on Q°},
(ii) LZ(QRY) := {u € L*(RY)|u = g a.c. on Q°},
(iii) VF(QIR?) :={u € V(QRY)|u = g a.e. on Q°}.
Remark 2.22. Let g € L2(R%), g € V3(Q|R?) respectively. Then LZ(Q\Rd) and Vgs(QﬂRd) are

closed subsets of L?(R%) and V*(©2|R?). This follows directly from the completeness of L?(R%)
and V*(QRY).
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2.2. Function spaces with regularity over the boundary

This definition is useful to encode Dirichlet boundary data in the function space and is used in
the variational formulation of the nonlocal Dirichlet problem.

From the classical compact embedding of the Sobolev-Slobodeckij spaces we obtain the analogous
result for the spaces V;(QURd). Let us recall a classical result about Sobolev-Slobodeckij spaces
from [W1o87, Thm. 7.8|

Theorem 2.23. Let Q C R? open and bounded and let lo < 11, 1,15 € R,. Then the embedding
Hél(Q) — HéQ(Q) is compact.

As a corollary of this we have

Corollary 2.24. Let Q C R? open and bounded, let 1/2 < s1 < s < 1 and let g € V52().
Then the embedding V;l(de) — V2 (QR?) is compact.

Proof. One can write
VA(QRY) = g+ H(RY).

By [McL00, Thm. 3.33] H§(R?) = H§(Q) for s # 3, thus the proof follows directly from
Theorem 2.23. O

2.2.4. Asymptotics for s /1 in the generalized setting

In this section we analyze the connection between the spaces V*(Q|R%), H'(Q) and V (Q|R?). We
have seen in Subsection 2.1.2 that the constant A4 _o5 guaranties that Hf||HS(Q) — K ||f||H1(Q),
where K > 0. This implies that

() H*(Q) = H'(Q).

s<1

If we consider instead of H*(2) the spaces VS(Q\]Rd), we need to examine the behavior of

/ d+23 d dz.

The interaction of the norming constant (1 — s) and the singularity at = = y takes place only on

012 and thus one could assume
s—17
// d +28 dy dz — 0.

Q Qe

This is right for smooth functions — at least C}(RY) functions, see the proof of Theorem 4.6 —
but fails to be true in general, see the example below.

Since V*(QR?) and V(Q|R?) generalize H*(Q) and H'(2) in the same way, another possible
conjecture is
)V (QRY) = V(QRY).

s<1

The following example shows that both conjectures are false in general. We define a function
f : R — R that belongs to V*(QR?) for any s € (0,1), but f ¢ V(QR?). Further the

V#(Q|R%)-seminorm does not converge to the H'(Q)-seminorm.
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2. Function spaces

Example 2. Let Q = (—1,1) and define f : R — R by

fa) = {(m —D)Y? 1< |2 < 2,

0 else.

Of course f € H*(Q) and [ £l g1 () = 0. Let us calculate the V#(Q|R%)-seminorm of f.

2
[f}VS(Q“Rd — 1 - 3 ﬂ 1+22) dy dz

(Q2exQe)e

1—3/ / ]m—y[Hzdedx

+
2<1s>/1< D [" e dady
L

2
=20-5) [ =1 =07 - 172 dy

1—s 1 -
_ Loa, (1—9)3%F (25— 1) + 2242
= 2s S (25+ 1)(28+2)

The second term in the last line goes to zero when s — 17, while the first term goes to % Thus

. 1
lim [f]vs(de) D)

s—1—

Note that f ¢ V(QR), since ||f||V(Q|Rd =

Let us define the following function space.

Definition 2.25. Let Q C R? be open and bounded. We define the linear space V(Q|R%) as
V(IR = {1 € L2 | sup |-y < o0 -
If f € V(QIRY), we define the norm
A ey

Remark 2.26. 1. We can interpret V(Q|R?) as the intersection of all V*(Q|R%), i.e

V(QIRY) = (| V(QIRY).
s<1

2. Since the norm of V*(QRY) dominates the norm of H*(),
Jim 1f1lvs @rey < 00

implies that f € H'(), see Subsection 2.1.2.
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2.2. Function spaces with regularity over the boundary

The above example leads to the following observation. The intersection of V'* (Q~|Rd) is not equal
to V(Q|R?). As a consequence of the next proposition we obtain V(Q|R?) c V (Q|R?).

Proposition 2.27. Let Q be a C'-domain in R%. For any s € (0,1) the space V(QR?) is
continuously embedded in V*(QIR?), i.e there is a constant C > 0 such that

[ullys@ray < C llullyre

for any v € V(QR?). Furthermore the constant C does not depend on s.

Proof. Let u € V(QR?). Note that the function s — s(1 — s) is bounded by % on (0,1). Let
|z —y| > 1, then for all s € (0,1)

s(1—s) /|hyd Z‘Sdh_sl—s/ B dr=—(1 - | <1 (2.25)
1

|h|>1

Thus

// d+25 ]1{|x y>13 dyde < 2s(1 —s) // d+2s ]1{|x yl>13 dy de

QR QR4
2
< Nullz2(ray -

Now for |z —y| < 1

3(1—3)/ / Wdydx<i/ / wdydx

Q QcNBi(x) y’ Q QcNB; (:1:) y|

1
4ﬁ d—|—2 d dzx.

Next we estimate the integral on © x Q. By Theorem 2.13 u € V(Q|R?) implies Vu € L(9).
Since (2 is smooth, there is an extension u of uq to R such that u € H'(R%) and

[l g1 (may < Cllull gy »

see [AF03, Thm. 5.24]. First, let us assume that @ € C°(R?). By the mean value theorem

1
(U(z) —u(x+h))? de = [ |n|* [ (Va(z + th))? dt dz
/ I

Rd
1
/\h\ 2da:/ dt
0
= |h)? /Vu
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2. Function spaces

Now this implies

2 2
s(l—s //ms Ljz—y<1y dydz < s( // d+23 Lyjz—y|<1y dy dz

—u(x + h))?
1—8 // ‘h|d+25 ]l{|h\<1} dhdl’

R Rd
< 2|Vl F1 gy
< O Vultg

For @ ¢ C°(R%) the argument follows from the density of C2°(R?) in H'(R?). Altogether we
obtain

[ullysoray < C llully ora) -
Note that there is no dependence of the constants arising in the proof of s € (0,1). O
We want to fix the relation between H}(Q) and V(QIR?), where we consider H}(Q) =
—  gl(pd
CgO(Q)H ® ), thus a function f € H}(€) is defined on R?.
Proposition 2.28. Let Q C R? be a bounded C*-domain. Then H}(Q) is continuously embedded

in V(QRY).

Proof. Let u € H}(2). By Theorem 2.13 it is sufficient to prove
I 7 s <l
QQe

This is a consequence of the classical Hardy inequality for domains. For z € Q set §, =
dist(z, 0Q2), then by the Hardy inequality

U2 X
/ 5(% ) 4z < CaallVulZzo

for all u € H}(€2), see for instance [KM97] for a concise proof of the Hardy inequality. Now

// 7 y’d+2dydx</ u?(x )/ S drda

*2 (52

<C HVUHLz(Q)
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2.2. Function spaces with regularity over the boundary

2.2.5. Changing the asymptotics

Let us examine the relation between V*(Q[R%) and V(Q|R?) in more details. As mentioned
above the seminorm [-] s () blows up without the norming constant (1 — s). This is caused by
the strong singularity at = y in the double integral.

// d+2s d dz .

QQe

We now look at the integral

This integral has a singularity only on the boundary 9€2 and thus one do not need the norming
constant (1 — s) on © x Q€ to avoid a blow up of this quantity. Motivated by this observation
(QRd) 1 V#(QR%). This norm is equivalent to the standard
norm for fixed s € (0,1) but has a different asymptotic behavior for s — 1.

we introduce a second norm H]HL/S

Definition 2.29. Let Q C R? be open and bounded. Let f € V¥(QR?). We define a norm on
Vo (QIR?) by

1/2
10y = // F)?hale,y) dyda + | R |
(2exQe)e
where kq : (2¢ x Q¢)¢ — [0, 00] defined by

k ( ) (1_S)|‘T—y|7d72s if (x,y) € xQ,
€T =
Y |z — |42 else.

Remark 2.30. Note that for fixed s € (0,1) this norm is comparable to the standard norm
with comparability constant (1 — s), i.e.

t 1 f
(1 - 5) HfHVs(de) < HfHVS(Q\Rd) < m ||f||VS(Q|IRd) .

By a slight change in the proof Proposition 2.27 we obtain the following continuous embedding.

Corollary 2.31. Let Q be a C'-domain in R?. For any s € (0,1) the space V(QR?) is
continuously embedded in V*(QR?) with respect to the norm H‘”;[/s(de); i.e there is a constant
C > 0 such that

HUHT s(Q[R9) <C HUHV(QHR"Z)

for any v € V(QR?). Furthermore the constant C does not depend on s.

Proof. Since

u(z) — u(y))? u(z) — u(y))?
/ / ( |EC) |d4(r21) dydx</ / ( |(x) |d(<i/2)) dydz.
Q2 QcnBi(x) Y Q QenBi(x) 4

The assertion follows analogues to the proof of Proposition 2.27. O
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2. Function spaces

The proof gives even more: We can identify the intersection of all V*(Q|R?) with respect to the
with V(Q|R?).

norms ||HTVs(Q‘Rd)

Proposition 2.32. Let Q C R? be a C*-domain. Then

V(IR = { £ € L2RY | sup 17 ey < 20

Proof. Let f € V(QR?). Then by Theorem 2.13 Vf € L?(Q). Following the arguments of the
proof of Proposition 2.27, we obtain

// MS S yde < OV

for any s € (0,1). Further

J s [ Ry + 1l

Now let g € {f € L2(R%) | sup,4 HfHI/s(de) < oo}. The inequality
Q > 3
21<113 HQHVS(QHRd) = LH% ||9||vs(Q|Rd)
and [BBMO1, Thm. 1| imply
lim [lgllysora) = C() IVl 120

Further it is easily seen that

2
lim lgllysora) = // d+2 dy da.

This proves the assertion. ]

2.2.6. Weighted L?-spaces

If one considers the seminorm of V*(QR%) and V(Q|R?), one may notice that the requirement
that a function f belonging to this spaces needs to be in L?(R?) is a too strong or even artificial
assumption. In this section we point out how this assumption can be weaken in a way that
preserves the Hilbert space property of the afore mentioned spaces.

We introduce weighted L?-spaces as follows.

Definition 2.33. Let v € Ry and w” () = ((1 + |#]) ™47, Set w(z) dz = v7(dz). We define
the w-weighted L2-space as

2R, %) = { £ R 5 R |/l oy < 0 -

where the norm is defined by

1122 ey = / (@) 2w () de.
R4

48



2.2. Function spaces with regularity over the boundary

The next lemma connects the weighted L?-spaces to the finiteness of the seminorms of V*(QR9)
and V(QR?). As a consequence a function f does not necessarily go to zero at infinity to ensure
the finiteness of the seminorms. The idea of the proof is taken from [KD16, Prop. 9].

Lemma 2.34. Let Q C RY be open and let f : R? — R be measurable. Assume
dy dz < 0.
// Ifﬁ - y\d+7
QR4

Then f € L*(R%,17).

Proof. First we prove that following algebraic inequality: Let 0 < a < n < 2n < b. Then
b’ < 4(a —b)2 (2.26)

This can be easily checked, since b2 = (b—a + a)> < 2[(b— a)? 4+ a2] < 2(b—a)* + 2.

Set for n € N
E, ={x € RY|f(z)| < n}

and choose R > 1 such that B N Q # (). Set F,, = E, N Br and choose n € N, such that
|F,,| > 0. Now (2.26) and the fact that |w —v| < R(1 + |w|) for w € R%, v € B, yield

f)?
// y|d+7 dydx> // y|d+’y dyd + // dJm dy dx

F, Rd\EZn Q\EQTL n
1 ) f2(x)
> ——=dyd ————dyd
= AR QAZ T+ Tgh™ YT EAZ a7
n Rd\Egn Q\EQn Fy
LAY R L N
— ARd+y (1+‘x’>d+v
Rd\EQn
Since |f| < 2n on E,, this finishes the proof. O

The next lemma proves that also the inversion of the lemma holds true, if we cut out the
diagonal | — y| < 1 and assume that Q is bounded

Lemma 2.35. Let Q C R? be open and bounded. Let f € L?(R%,v7). Then

// d+3)2 dydz < oo.

QRIN
{lz—y|>1}

Proof. Since Q is bounded, we find R > 0, such that Q C Bg(0). For € BS,(0) and y € Q2

1
=yl > 2| = R 5al .
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2. Function spaces

Now we can estimate

// y’di)) dedy <4 // d+,ydxdy

(S)C QC)C
N{jz—y|>1} f"{\z y\>1}
<10 / () da
Bsr(0)
P
+ |9 / |$d+’y)| dzx
BgR(O)

< CO) 1/l 72rem) -

Example 3. Consider the function f : R? — R defined by

flz)=1al”.
for some 8 > 0. Then f ¢ L?(RY), but f € L*(R%v7), if v > 26:

2 _ |z|
HfHLQ(Rd,V’Y) _/de
R4

1 [e'e]
< C’/rd_lrw dr + C/rd_lrwr_d_7 dr
0 1

1 oo_1_7+2ﬂ
= d.
C’d+25+0/r r

Now the second integral is finite if and only if v > 28 and it is easy to check the reverse
inequality.

Now we can enlarge the spaces V*(Q|R?) and V(Q|R%) as follows. Replacing the L?-norm in
Definition 2.17 and Definition 2.10 by a weighted L?-norm with v = 2s for V*(Q|R%) and v = 2
for V(QIR?) allows a more general behavior at infinity, but does not change the properties of
the before mentioned spaces (at least for fixed s € (0,1) in the case V*(Q2|R%)).

Remark 2.36. For fixed 0 < s; < s3 < 1 it can be easily seen that
VSQ(QURd) — V51(9|Rd).

This is a natural property since the seminorm measures the regularity of a function in 2 and
over the boundary of Q. Replacing the L?-norm by the weighted variant infringes this property,
since a stronger weight allows more grow at infinity.

For this reason we do not change the original definitions, but we point out where we can replace
the L?-norm. In Section 3.3 we will give an alternative approach to allow even more general
behavior at infinity. In contrast to the above approach, this approach is not consistent with the
Hilbert space property of the solution space.
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2.3. Function spaces with a general kernel as weight
2.3. Function spaces with a general kernel as weight

2.3.1. Definition and basic properties

In this section we define function spaces tailor-made to deal with the nonlocal Dirichlet problem
in a very general framework. Starting from the spaces V*(Q|R?) defined in Section 2.2 we
replace the weight |z — y|_d_28 by a general symmetric kernel & : R? x R? — [0, oo]. Adapting
the function spaces to the kernel k£ makes it possible to deal with integro-differential and integral
operators at the same time. For this purpose we introduce two classes of kernels

Definition 2.37. Let k : R? x R? — [0, o0] be measurable and symmetric. We call k integrable,
if for every « € R the quantity fRd k(x,y) dy is finite and the mapping

o [ ke, dy € L (RY,
Rd

If k is not integrable in the above sense, we call k£ non-integrable.

A simple integrable example is given by k(z,y) = 15, (¢ — y). The standard non-integrable
example is given by k(z,y) = |z — y| " for some « € (0,2). Another non-integrable kernel is

_In(z-y))
p—T B (T —y).

We start with the definition of the following linear spaces:

given by k(z,y) =

Definition 2.38. Let Q C R be open and k : R x R? — [0, 0] be measurable and symmetric.
We define the following linear spaces:

(i) Define
VEQIRY = {v: R = R: vlg € LX(9), (v(@) — v(y)) k() € LA(@° x 2)9) ],

[l promn =[] o)~ ulo)] (o) — o)) ko) dy da

(2exQe)e

A seminorm on V*(Q|R?) is given by [U,U}Vk(Q‘Rd).

(ii) In the case Q = R? we write V¥(RYR?) = H¥(R?) and a norm on this space is defined by

ol = NelBagea + ] (o(@) = v(u) ke, 9) dy do.
Re R4
(iii) HY(QR?) = {u € H*(R?): u =0 a.e. on Q°} endowed with the norm || - | 5 (may -
iv) We denote by HF(QR?)* the dual space of HF(Q|RY). If 2 € HE(QR?)*, we define the
0 0 0

norm
HxHH(;)c(de)* = sup {(a:, v) |v e HE(QIRY), H’l)HHk(Rd) = 1} )

Remark 2.39.

a) Note that the properties of a function belonging to V*(Q|R?) depend heavily on the kernel
k.
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2. Function spaces

b) It is clear from the definition that for any Q C R? open
(HS QIR |-l zs ey ) = (@D, I g gy ) (2.27)

and H*(R?) c VF(QIR?). Moreover, if g € VF(QIR?) and g = 0 a.e. on QF, then
g € H§(QIR?).

We want to emphasize that symmetry of k is not needed in Definition 2.38, since the integrand in
the seminorm is symmetric with respect to x and y. Thus, for a general, possibly nonsymmetric
kernel k, its symmetrization ks = 1 (k(x,y) + k(y, z) defines the same function space.

The function spaces defined in this section are use to obtain existence and uniqueness of weak
solutions to nonlocal Dirichlet problems, see Chapter 3 below. Due to the linearity of the
operator one can transform the Dirichlet problem with boundary data g to a problem with
zero boundary data. On this account, we introduce the space HF(QR?) that encodes the
homogeneous boundary data.

Note that a function v € V¥(©2|RY) belongs only to L?(Q). Because of this for general k the space
VE(QIRY) is not a Hilbert space due to the lack of completeness. If & > 0 almost everywhere on
(Q2¢ x Q°)¢, we can prove the completeness of V*(Q|R?) following the proof of [DRV14, Prop.
3.1].

We want to mention two special cases. First we consider a nonsingular example, let k(x,y) =
15, (z —y). Then V¥(QRY) equals L2(£2;), where € is the thickening of €,

O = {z e R?| dist(z,Q) < 1}.

Another important example is given by k(z,y) = A4 _2s | — y|7d725. In this case the seminorm
of V¥(QR?) equals the seminorm of V*(QR?). Because of the L?-part of the norms, the norm
of VF(QR?) is dominated by the norm of V*(Q2JR9).

Let us fix the Hilbert space property of the spaces HE(Q|R?) and H(€; k) for a general kernel
k.

Lemma 2.40. Let Q C R? be an open set and assume that k : R? x R? — [0, 00] is measurable
and symmetric. Then the spaces HE(QR?) and H*(R?) are separable Hilbert spaces.

Proof. The proof is analogous to the proof of Lemma 2.19 when we replace the weight
| =y by k(=,y). O

If Q is a C'-domain and the kernel depends only on the differences = — y, the density of smooth
functions in V*(QR?) can be proven by a slight change of the proof of Lemma 2.12.

Lemma 2.41. Let (2 be a C'-domain and k : R4 x RY — [0, 00] be measurable. Assume there is a
measurable function k : RY — [0, 00, such that k(x,y) = k(x —y). Then for every u € HE(QRY)
there exist functions u, € C°(2) such that

n—oo

up =3 u in HY(QRY).

Proof. Since k is translation invariant, we can apply the proof of Lemma 2.12 with the obvious
changes, namely replace Au(z;y) by u(z) — u(y) and the weight |z — y|~2* by k(z —y). Note
that since v = 0 a.e. on Q¢, the constructed sequence can be chosen from C2°(2) instead of
C>®(RY). O

02



2.3. Function spaces with a general kernel as weight

2.3.2. Poincaré-Friedrichs inequality

Let us formulate a nonlocal version of the Poincaré-Friedrichs inequality in our set-up: There
exists a constant Cp > 0 such that for all u € LZ(QR%)

i3y < Cr [] (ulo) = uly) (o) dody. (P)

R? R4

This inequality appears as an assumption, explicitly or implicitly, in most of the existence results
of the nonlocal Dirichlet problem in Chapter 3 below. In this section we provide sufficient
conditions of a kernel k for (P) to hold. Here £ may be nonsymmetric, nevertheless we can
replace k by its symmetrization in (P) since the integrand is symmetric. Since the classical
Poincaré-Friedrichs inequality deals with derivatives on the right-hand side it seems to be
surprising that there is an analogue for integrable kernel.

Note that throughout this section for the sake of convenience we replace the integration over
(¢ x Q°)¢ by the integration over R? x R?, since we only deal with functions u that vanish
almost everywhere outside €.

The following result generalizes the Poincaré-Friedrichs inequalities from [AM10] and [AP09,
Prop. 1], respectively, to a larger class of integrable and non-integrable kernels. (In these
references, the Poincaré-Friedrichs inequality is stated for functions with values in R%.)

Lemma 2.42. Let Q C R? be open and bounded and let k : R? x R? — [0, 00) be measurable.
Assume that there is a symmetric, a.e. nonnegative function L € L*(R?) satisfying the following
properties: |{L > 0}| > 0 and there is co > 0 such that for all u € L*(Q)

// (u(z) — u(y))? k(z,y) dydz > ¢ // (u(z) — u(y))? L(z — y) dy da . (2.28)
Rd R4 Rd Rd
Then the following Poincaré-Friedrichs inequality holds: There is Cp = Cp(2,co, L) > 0 such
that for all u € H(QRY)

sy < Cr [ (o) — ulo) Phe.v) dy o (2.20)
R4 R4

The example in [AVMRTM10, Rem. 6.20] shows that Lemma 2.42 fails to hold if one replaces
the domain of integration R% x R% by Q x Q in (2.28) and (2.29).

For the proof of the Poincaré-Friedrichs inequality, we need the following technical Lemma taken
from [DK11, Lem. 10].

Lemma 2.43. Let g € LY(R?) be nonnegative almost everywhere and let supp q C B,(0) for
some p > 0. Then for all R > 0 and all functions u:

// (ule) — u())? (g% @) (& — v) dy d < 4]l 11 ey // (u(x) — u(y))? qlx — y) dy d.

Br Br Br+p Br+p

Repeated application of Lemma 2.43 and the fact that convolution of a function with itself
enlarges its support allows us to prove the Poincaré inequality.
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2. Function spaces

Proof of Lemma 2.42. Let L satisfy the assumptions of the lemma. Without loss of generality
0 € Q (otherwise shift Q). Furthermore, we may assume that there is p > 0 such that
supp L C B,(0) (otherwise replace L by L1p (g)). Fix R > 0 such that Q@ € Bg(0). For v € N
define
L,=LxL=x...xL.
2¥ times

By the properties of L we have

(L% L)(0) = Ly (0) = /L(z)L(—z) ds — /LQ(Z) dz> 0
Rd Rd
and L1 = L * L € Cy(RY), which implies that we may find 6 > 0 (depending on L) such that

Ly > 0 on Bs(0). By the property of the convolution there is m € N depending on L and €2
such that Ly, > 0 on Bg(0). Let u € H}(QR?). Then we may estimate

ELmuu: 2me— dy dx
Y)) y)dy
Br Br
> [ v / Lo —y)dyds > O(L,Q) [uZege - (2:30)
Q Q°NBg

Iterated application of Lemma 2.43 (with p' =2™p and ¢ = L;j, j =m —1,...,0) yields
—
L,
Efr (u,u) < 4)| L1l Rd)EBR L(uu) <. < ATER L (u,u) H ILill 1 gay - (2:31)

(2.30), (2.31) and the assumption (2.28) imply

1
o3y < mEﬁ;’;( R H Ly [ (ula) = u@)Lie ~ ) dyda
’ Re R4
< T H Ll [ (ula) = ulw)Pr(a,y) dyde.
R4 R4
This finishes the proof of Lemma 2.42. O

For non-integrable kernels k& we have the following Poincaré-Friedrichs inequality:

Lemma 2.44. Let Q C R% be open and bounded. Let k : R x R — R be measurable and
nonnegative almost everywhere. We assume that for some a € (0,2), some X > 0 and all
u € LQ(Rd) the kernel k satisfies (Eq) (see p. 67). Then there is Cp > 0 such that for all
u € L} (R)
Jullazay < Cr [ () — uo) oo, ) dy s (2.32)
R4 Rd
Given ag € (0,2) and a € [ap,2), the constant Cp can be chosen independently of .

The proof of the main assertion is simple. The statement about the independence of Cp on « is
proved in [MS02a, Thm. 1.
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3. Existence and uniqueness of solutions for
nonlocal boundary value problems

Given an open domain Q C R? and functions f : Q — R and g : 9Q — R, the nonlocal Dirichlet
problem is to find a function u : R — R such that

Lu=f in Q, (3.1a)
u=yg on Q°. (3.1b)

In this chapter we establish a Hilbert space approach to solve the Dirichlet problem (3.1)
associated with nonlocal operators of the form

(Cu) (z) = lim / (u() — uly))k(z, ) dy, (3.2)

e—0+
yERIN B, (z)

where k : R? x R? — [0, oc] is assumed to be measurable. For this purpose we use the function
spaces defined in Section 2.3, which are tailor-made for a given kernel k.

We focus on two different aspects. On the one side we consider kernels k with the following
three properties: k is not necessarily symmetric, k£ might be singular on the diagonal and k
is allowed to be discontinuous. On the other hand we focus on boundary data, that are not
assumed to be regular outside the given domain ).

Let us start with an easy example in the simple setting where Q equals the unit ball B; C R%.

Example 4. Assume 0 < 8 < § < 1. Let I3, I> be arbitrary nonempty open subsets of Sd-1
with Iy = —I1. Set C; = {h € RY {; € I} for j € {1,2} and

ka,y) = |e =y~ e, (@ = y) + |z — yI =" Ple, (@ —y)Lp, (z — y).
The part involving |z — y| =977 can be seen as a lower order perturbation of the main part of
the kernel resp. integro-differential operator produced by |z — y|~%%1¢, (z — y).
Define boundary data g : R — R by

ol —1), if1<|z|<2,
R (R o
0, else.
where v is an arbitrary real number satisfying v > O‘T_l Note that g may be unbounded if
a < 1. Let f € L?(Q) be arbitrary. For this choice of a kernel k and such data g and f we

obtain well-posedness of the Dirichlet problem (5.9) for Q = B; C R%.
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Cy

1 B

Figure 3.1.: Support of the kernel k& in the product space and profile of the boundary data g

Note that all results of this chapter rely on the article [FKV14], unless it is explicitly mentioned.

In the first section of this chapter we fix some assumption on admissible kernels. Afterwards
we derive a variational formulation of (3.1) introducing the bilinear form £ associated to £. In
Section 3.3 we prove a Garding inequality and apply the Lax-Milgram Lemma to the nonlocal
Dirichlet problem for a class of kernels, for which the bilinear form is positive definite. Section 3.4
is devoted to the weak maximum principle for integro-differential operators in bounded domains.
This tool is applied when using the Fredholm alternative in Subsection 3.4.2, which allows us
to consider also kernels for which the bilinear form is no longer positive definite. Finally, in
Section 3.5 we provide many detailed examples of kernels k and discuss their properties.

3.1. Setting

In most of our existence results we deal with integrable and non-integrable kernels — see
Definition 2.37 — at the same time. Simple examples of integrable and non-integrable kernels
are given by k(z,y) = 1p,(z — y) and k(z,y) = |z — y|~¢ L.

For non-integrable kernels the operator £ acts as an integro-differential operator, while for
integrable kernels £ has no differential structure and is a well-defined operator on L?.

For a given kernel k : R? x R? — [0, o] its symmetric and anti-symmetric parts are defined by
1 1
ks(xay) = §(k(x,y)+k(y,x)) and k’a(l',y) = i(k(way) —k(y,$))

By the positivity of k it follows that |ks(z,y)| < ks(z,y) for almost all z,y € R%. Throughout
this chapter we assume that the symmetric part of the kernel satisfies the following integrability
condition!:

v [ (1Al = o) k) dy € Ll (R (L)
R

LCondition (L) corresponds to the integrability condition of the Levy measure in the Levy-Khinchin formula
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3.2. Variational formulation of the Dirichlet problem

In addition, in order to prove well-posedness of the bilinear form associated to the operator L,
we need to impose a condition on how the symmetric part of k£ dominates the anti-symmetric
part of k. We assume that there exist a symmetric kernel kR xR — [0, 00] with [{y €
RY k(z,y) = 0, kq(x,y) # 0} = 0 for all z, and constants A; > 1, Ay > 1 such that

[ o —switeaasa [ ae - &)

(Q2exe)e (Q2exe)e

for all u € VF(QIRY), and at the same time

k2 ~
sup /f‘(x’y)dy < As. (Ko9)
zeR? k(ﬂl’,y)

A natural choice is k = ki ‘because in this case (K1) trivially holds and k(z,y) = 0 implies
ko(z,y) = 0. Assumption (K) would then reduce to the condition

2
sup / ka(@,y) dy < A. (K)

zER4 ks ($, y) -
{ks(2,y)#0}

Condition (K) appears in [SW11, (1.1)] and is sufficient for that (5,~0271(Rd)) extends to a
regular lower bounded semi-Dirichlet form. Note that our assumption (K) is weaker and thus we
can extend [SW11, Thm 1.1], see Lemma 3.3. The kernel in Example 4 111ustrates the difference

between (K) and (K). While (K) does not hold, choosing k = |z — y| 4~ (K) is satisfied. We
discuss this in detail in Section 3.5.

Remark 3.1. We would like to point out, that in contrast to [FKV14] in (K;) the area of
integration is (Q° x Q°)¢ instead of R? x RY. This allows us to drop a second comparability
assumption in our existence theorem, cf [FKV14, Thm. 3.5] and Theorem 3.10 below. Note
that in the case u = 0 a.e. on ¢ both assumptions are equivalent. Further one easily obtain
the comparability condition on sets of the form © x R? from (K ).

3.2. Variational formulation of the Dirichlet problem
Consider a bilinear form defined by

£¥(u, ) = // (u() — u(y))o(x)k(z, y) dy da (3.4)
(QexQe)e

First we prove well-posedness of this expression and that the bilinear form is associated to L.
For this purpose we use (K) on how the symmetric part of & dominates the anti-symmetric part
of k.

Remark 3.2. Note that in the definition of £ we integrate only over (¢ x Q¢)¢. This definition
is equivalent to the one given in [FKV14]|, when the function v vanishes outside 2. Nevertheless,
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

when considering symmetric kernels and nonzero boundary data, the Dirichlet energy of the
solution is given by

un) =5 [ () - uw)Prey) dyda,
( )

QexQe)e
while the integral over R? x R? may be infinite.

Let us show that the bilinear form defined in (3.4) is associated to £ and that the integrand in
(3.4) is — in contrast to the integrand in (3.2) — integrable in the Lebesgue sense.

Lemma 3.3. Let Q C R% be open and assume that k satisfies (L) and (K). Define for n € N
the set D, = {(z,y) € R x R®: |z —y| > 1/n} and

Lou(z) = /B () = ) k)

£4(u,v) = // (u(x) — u(y)) v(@)k(z,y) dyda
Dy,

Then we have (Lnu,v)p2ga) = EF(u,v) and 1i_>m EF(u,v) = EF(u,v) for all u,v € CX(R).

Moreover, F: H¥(RY) x H*(R?) — R is continuous. By (2.27), EF is also continuous on
HE(QIRY).

As mentioned above, our proof is an extension of the proof of [SW11, Thm. 1.1].

Proof. Assume u,v € C3°(R?). Splitting k in its symmetric and antisymmetric part yields

(Lot ) 250y = / / (u(x) — u(y))k(z, y) dy v(z) da

RY B, (x)

— ;//(U(x) —u(y))(v(z) — v(y))ks(z,y) dy dz
Dy,

- //(u(x> —u(y))v(@)ka(z,y) dy d .

Dn,

The first integral is finite due to (L). In order to show the integrability of the second integrand
we use (K) with A = max(A;, A2) and the Cauchy-Schwarz inequality:

/ () = u(y)|[v(@)| [ka(2, y)| dy dz

Dn,

= // [u(@) = u(y)| [o(@)| K2 (2, y) [ka (2, y)| B2 (2, y) dy da
D,
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3.2. Variational formulation of the Dirichlet problem

/2 1/2

<<'//n (u(a) ~ u) Ry dody | | [o@? [ ’mdydx

2
R4 Bf,, (z)

1/2
<A (D// (u() — u(y)) ks (2, y) dxdy> lollz2ae) -

This shows (L,u,v) L2(Rd) = EF(u,v) and that all expressions in this equality are well-defined.
In particular, by dominated convergence lg)go EF(u,v) = EF(u,v). Moreover, £F(u,v) < oo for
u,v € HE(RY). !

Now let us prove the continuity of £: H*(R?) x H¥(RY) — R. Let u,v € H*(R?). Again by

the symmetry of ks and by (K) we obtain

e )| = | ] (o)~ utw)o@kie, ) dyda

Rd Rd

< // (u() — u(y))o()ks(zy) dy da
Rde
] o)~ ulw) B o) o) B2 dy
Rd]Rd
< // lu(z) — u(y)| [o(z) — v(y)| ke(z,y) dy dz
R4 Rd
+ // () — uly) | Rz, 9) " [0(@)] [ka(z, 9)| E~ 2 (2, y) dy de
R4 Rd
1/2 1/2
< // (u() — u(y))?ka(a, ) dy da // (0(x) — () ?ha(z,y) dy da
dRd d Rd
1/2
iy // (u() — u(y))*ks (. ) dy dx) lell 2 gy
d Rd
< C lull gty 10 g ey
This shows that ¥ is a continuous bilinear form on H*(R?) and on HE(QRY). O

Now we are able to provide a variational formulation of the Dirichlet problem (5.9) with the
help of the bilinear form &EF.

Definition 3.4. Assume (L) and (K). Let  be open and f € Hy (R k).
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

(i) u € HE(QRY) is called a solution of

Lu=f in
D
{ u=0 onQ°, (Do)
if
() = (frg)  for all p € HE(QIRY). (3.5)
(ii) Let g € VF(QRY). A function u € VF(QR?) is called a solution of

Lyu=f inQ

fremt o
u=g¢g on ),

if u— g€ HY(QRY) and (3.5) holds.

In the subsequent sections we will show how to solve this problem using classical Hilbert space
techniques. As long as the bilinear form is positive definite, we obtain existence and uniqueness
via the Lax-Milgram Lemma. If we want to consider kernels k for which the form is not positive
definite anymore, see (C) and Remark 3.8 below, we have to use Fredholms alternative. Since
Fredholms alternative needs compactness, we have to restrict ourself to non-integrable kernels
in this case.

Remark 3.5. If C°(2) is dense in HY(QR?) then Hg(R% k) is a space of distributions on
Q2. In this case solutions in the sense of Definition 3.4 are weak solutions to (Dg) and (D),
respectively. By Lemma 2.41 this is true for example if k(x,y) depends only on the difference

T —y.

In the following we weaken the concept of a solution to allow more general behavior of the
boundary data at infinity. As already mentioned before we consider only linear problems and
thus the boundary value problem with inhomogeneous boundary data can be rewritten as a
boundary value problem with homogeneous boundary data but another inhomogeneity

f=1rf—Lg

We need to prove that f is a continuous linear functional in Hy(R% k). In [FKV14] and
Definition 3.4 it is assumed that the boundary data itself are in V*(©2|R?). On the one hand
this is a simple way to guarantee fe HE (R% k). On the other hand this naturally implies some
L?-condition on the boundary data g at infinity, see Subsection 2.2.6. To avoid this, we give a
second weaker definition of a solution.

Definition 3.6. Assume (L) and (K). Let Q be open, f € H5(R%GE). Let g: RET— R A
function u : R¢ — R is called a generalized solution of

u=g on°,

{Eu:f in Q ~

if u— g€ HY(QR?) and (3.5) holds.
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3.3. Garding inequality and Lax-Milgram Lemma

3.3. Garding inequality and Lax-Milgram Lemma

In this section we discuss basic properties of the bilinear form £* which can be used in order
to prove solvability of the Dirichlet problem. First, we establish a Garding inequality under
the conditions (L) and (K). In a second subsection we show that if, in addition, the Poincaré-
Friedrichs inequality and a certain cancellation property hold, the bilinear form ¥ is positive
definite and coercive. This allows to establish a first existence result with the help of the
well-known Lax-Milgram Lemma, see Theorem 3.10.

3.3.1. Garding inequality

Lemma 3.7 (Garding inequality). Let k satisfy (L) and (K). Then there is v = (A1, A) > 0
such that

1
E¥ (u,u) > Znu”?{k(Rd) - ’VHUH%Z(Rd) for allu € H*(R?). (3.6)

Proof. Let u € HF(RY) and let A = max{A, Ay}. By (K) we obtain

() > // Vo, ) dy da — //| o)) u(@)ka (2, )| dy da

Rd Rd R4 R4
1
—5 [ ) uw)hu(e ) dyda
Rd Rd
] o)~ ato) R e e, ) ) | dyda
Rd Rd
1
>5[ )~ u@)Phe ) dyds
Rd Rd
~ 1 ~
] [e1u@) ~ ww PR + L@k )k 1) dy s
R4 Rd
1 2 1 2
> 1 ] i) — () koo ) dy dr — L Al 2z e,
Rd Rd
> Lol gy — Ml
if we choose ¢ sufficiently small such that Ae < % and then v = v(A) sufficiently large. O

3.3.2. Application of the Lax-Milgram Lemma

To verify that the bilinear form £F is positive definite, we assume the following cancellation
condition:

e e >0
:rlen]lgd lérgérif / ko(z,y)dy >0 (C)
Bg(x)
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Remark 3.8. As the proof below shows, assumption (C) can be relaxed. It is sufficient to
assume

. . 1
xléllé’d hagégf / ko(z,y)dy > ~o20,
Bg(z)

with Cp as in (P). The bilinear form £* would still be coercive.

There are many cases for which condition (C) holds. If k,(x,y) depends only on x — y, then for
every € R? and every € > 0 one obtains [ Be(x) ko(z,y) dy = 0 which trivially implies (C). But
there are also many interesting cases for which condition (C) is not satisfied, see Section 3.5.

Proposition 3.9. Let Q C R? be open. Let f € Hi(R% k) and let k satisfy (L), (P), (K) and
(C). Then there is a unique solution u € HE(QR?) to (Do).

Proof. In Lemma 3.3 it was shown that £¥ is a continuous bilinear form on H¥(Q|R?). First, we
show that (C) implies that £¥ is positive definite. Let u € HJ(QR?). Observe that k = ks + k,
and for every € > 0

(u(z) — u(y))u(y)ka(z,y) dy dz = % // (u(x) —u(y))(u(z) + u(y))ke(z, y) dy dz

{lz—y[>e} {le—yl>e}
5 [ w0 - ke
Iﬂf yl>e}
5| [ foneywe- [ leken
{lz—y|>e} {lz—y|>e}
:/uQ(a:) / ko(z,y)dydx.
Rd B(x)
From (C) we obtain
// ko) dyds =t [ (u@) - u)uka(e. ) dyde = 0,
R R4 {lz—y[>e}
Hence,
eun) = [ (u@) —utp)u@k(e ) dyde > 5[] (0(e) — uw)Phutep) dyde, @7)
R4 R4 R4 R4

ie. EF(u,u) >0 for all u € HF(QRY). By (P) and (3.7)

1 1 1

k 2 2
EM(u,u) > EH“”H(Q) + 1[“7“]}116(]1@ = 4Cp [l (may
which shows that £(u,u) is coercive.

By the Lax-Milgram Lemma, there is a unique u in H¥(QR%), such that
E¥(u,0) = (fip)  forall p € Hy (QRY). O
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3.3. Garding inequality and Lax-Milgram Lemma

Next, we show how the Dirichlet problem with nonzero boundary data can be transformed in a
problem with homogeneous boundary data and thus that the Dirichlet problem with suitable
complement data g € V¥(Q|R?) has also a unique solution.

Theorem 3.10. Let Q C R? be open and let k satisfy (L), (P), (K) and (C). Then (D) has a
unique solution u € VF(QR?). Moreover,

[’LL, u] VE(Q|RD) <c (HfHH* (R4;k) + [979] V’V(Q\Rd)) ) (38)

where C' = C(Cp, A1, Az) is a positive constant.

Proof. To prove the theorem we show that under the above assumptions on g the problem (D)
can be transformed into a problem of the form (Dg). If & € HE(QR?) is a solution to

{ﬁﬂ:f—ﬁginﬂ

u=20 on ¢ (3.9)

then u = u + g belongs to VF(QR?) and solves (D). In order to apply Proposition 3.9 to (3.9)
it remains to show that Lg = £¥(g,-) € HE(R?; k). We have

.0l = | [ (06a) ~ gtu))ela)k(e, ) dy s

R4 R4

<51 [ 6@ - s — ekt ardy| +| ] (o) - gto)etakale. ) dedy

R4 R4 R4 R4
=L+ 1.

Since p = 0 a.e. on ¢ an application of the Cauchy-Schwarz inequality yields

1/2
// (9(2) — 9(4))*ka (2, ) dy da // (p(z) — (1)) ?ka(z,y) dy dz
Rd

2 1/2
= [979] V/’V(Q\Rd) [‘P 90] I;’V(Rd)

1/2

I

IN

The term I5 can be estimated as follows: By (K7) and (K3), (see Remark 3.1)

I < // (g D) V2 (2, ) [o(@)] ko ()| F2(2,y) dy da
QR4
1/2 1/2
// (9(z) — 9(4)) k(. y) dz dy // dy de
QR4 QRE

< A2 45 [0, 912 ey 9]l 2
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

This shows the continuity of £(g,-): HY(QR?) — R and hence (3.9) has a unique solution
u € HE(QRY).

In order to prove estimate (3.8) we apply @ € Hf(Q|R?) as test function and obtain

(f,0) g reasey + €89, 0) = £ (0, 0) = //(ﬂ(w)—ﬂ(y))ﬂ(fﬂ)k(x,y)dﬂfdy

R4 R4

= // (W) — u(y))u(@)ks(z, y) dz dy + // (u(z) — uly)) u(z)ka(z,y) dz dy,

Re R4 R4 R4

where the second term on the right-hand side is non-negative due to (C). Hence,

5 ] @@~ 50 PR ) dody < (0 gy gy + 50,0

Re R4

< Hf”H;.‘l(Rd;k) HaHHk(Rd) + // (9(x) — g(y))ulz)ks(z, y) dz dy

Rd Rd
+ // (9(z) — 9(9))(2)ka(z, y) da dy

R? R4

The Young inequality and the fact that v = 0 a.e. on ¢ imply for € > 0, to be specified later,

// (9(2) = g(y))i(@)ks(z, y) dwdy < < > // )| [u(z) = u(y)| ks(z,y) de dy
R4 R4 QCXQC)C
< é // l9(2) — g(v)|* ks(z,y) dy da + ¢ // i(z) — (y)|” ks(z, y) da dy.
(Q2exQe)e (QexQe)e

Similarly, using ([N( 1) and (I?g) we obtain

// (9(x) = g(y))u(x)ka(z,y) dz dy < // lg(z @) [ka(z,y)| dy dx
Rd Rd QR4
2 /<:2 ka(w,y)
46//|g )|? k:(:vy dydx+— // dydx
QRd Rd]Rd
o [ 190 - s P k(e dy e+ <l
(QexQe)e
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3.3. Garding inequality and Lax-Milgram Lemma

Altogether we obtain

// (i) — (y)) 2k, y) do dy < 2 g oy 1l e e

R4 R4

// () ks(z, y) dy dz + 2¢ / [u(z) — u(y)|? ks(z,y) da dy

(QCXQC )e R4 Rd
= [ 9@ - @ ko) dyde + 22
(Q2exQe)e

4A% +1 _
< 25 ||f”H* (Rd;k) + < Ae ) [gag] VE(Q|RD) + 4€||u||§{k(Rd) .

Applying the Poincaré-Friedrichs inequality (P), and choosing ¢ = ﬁ we deduce
[ @@~ )2k ) dedy < e 11 oy + 2l g
Re Rd

where ¢; > 1 depends on Cp and ¢y > 1 depends on A and Cp. Since Hf(QR?) C VF(Q|R?)
and u = u + g the assertion (3.8) follows. O

Next, we want to weaken the assumptions on the boundary data g. Doing so, we do not obtain a
solution in the sense of Definition 3.4, since the solution itself is not in V*¥(QJR9). Nevertheless,
we still obtain existence of a generalized solution in the sense of Definition 3.6. To avoid a
comparability assumption of the type (f( 1) on a thickening of 2, for simplicity, we assume that
k satisfies the stronger assumption (K). Define for § > 0

Qs = {z € R?| dist(x, Q) < 6}.

The following corollary is not contained in [FKV14]. In short, it gives a simple approach to
weaken the assumptions on the growth of the boundary data g.

Corollary 3.11. Let Q C R? be open and let k satisfy (L), (K), (P) and (C). Assume further,
that the boundary data g satisfies the following integrability conditions for some 6 > 0:

g e L*Q), (3.10)

// (9(2) — 9(1))?ha(,y) dy dz < oo, (3.11)

G(z) = / o(y)ks(2 ) dy € L2(9). (3.12)

Then (D) has a unique solution u.
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Proof. According to the proof of Theorem 3.10 we only need to check that £%(g,-) € H¢, (R4 E).
Let ¢ € HE(QR?). Then

€49, 0)] = // (9(2) — 9()(@)k(z, y) dy dz

QR4

IN

//(g(w) —9()e(@)k(z,y) dydz| + //(g(m)—g(y))ﬂw)k(fv,y) dy dz

Q9 Q05

<3| [ 6@ - 5o — ot asar| +| [] (@) - go)etelbaeg) aray

Q5 Qs QQs
+/\g(x)!!<p(f€)\/k(x,y) dydw+/|so(w)! /ﬂcg(y)k(%y)dy
Q Q¢ Q 0

=hLh+L+I1LH+1].

dx

By the Cauchy-Schwarz Inequality and (3.11) we obtain

1/2 1/2
ne| [ @ -swrhemaas| | ] e - o)) dpde
Qs Qs 25 Qs
< Cy [907 90] 115{3(]1@'1)'
I can be estimated as above using (K):
1/2
pal [ o) - o)k dyde | ol

Q5 Q5

Further by (L), (3.10) and (3.12)
I+ 11 < Cg el 12 -

Altogether this proves the continuity of £¥(g,-) : H5(R%; k) — R. O
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3.4. Weak maximum principle and Fredholm alternative

3.4. Weak maximum principle and Fredholm alternative

To prove existence and uniqueness of solutions when the bilinear form £ is no longer positive
definite, we apply Fredholm’s alternative. To this end we need to establish a weak maximum
principle implying that the homogeneous equation has only the trivial solution.

3.4.1. Weak maximum principle

This subsection deals with a weak maximum principle for subsolutions u € HE(QR?) of the

homogeneous equation
E¥(u,0) =0 for all p € HY(QRY).

Since the proof of the weak maximum principle uses classical techniques from second order
equations, we need to assume that the the kernels £ exhibit a non-integrable singularity at the
diagonal.

We assume that for some o € (0,2), some A > 0 and all v € L?(R?) the estimate

| 6@ -wrreyayarzrae-a [ ¢ \d+0?) dydr  (Bd)

(QexQe)e (QexQe)e

holds true. Condition (E,) requires some minimal singularity of ks at the diagonal and allows
us to use the classical Sobolev embedding theorems. Note that (E,) implies that

Ver2(QIRY) — VF(QIRY)

if we replace the L?-norm in the definition of V*/2(Q|R%) by a weighted variant with weight

W, see Subsection 2.2.6. An energy estimate in the sense of (E,) would imply the reverse

embedding.

Further, we assume that the symmetric part dominates the antisymmetric part of the kernel
strictly. To be precise, we assume that there is D > 1 such that for almost every z,y € R?

|ka(z,y)| < D™ ks (2, y) (3.13)

Note that, by the positivity of k, the inequality |kq(z,y)| < ks(z,y) holds for almost every
z,y € R% Condition (3.13) is satisfied by several examples, e.g for

k,y) = |z —y[77 + g(z,9)1p, (¢ — y)lo —y|7 7

if 0 < B < a/2and ||g|e < 3, cp. Example (11) in Section 3.5. But there are also examples
which violate the condition, e.g. k(z,y) = |z — y| =9~ a]lRi (x —y), cf. Example (10).

Under the above conditions we can prove the following weak maximum principle:

Theorem 3.12. Let k satisfy (L), (K), (Ea), (3.13). Let u € HY(QRY) satisfy
E¥(u,0) <0 for all o € HY(QIRY). (3.14)

Then supgu < 0.
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Remark 3.13. As the proof reveals, it is possible to weaken assumption (3.13) significantly
because the estimate under consideration is needed only in an integrated sense. However, it
seems challenging to provide a simple appropriate alternative to (3.13).

For the proof we need the following algebraic lemma:

Lemma 3.14. Assume 6 > 1 and a,b € [0,1). Then

l1-a , (b—a)? 0
< .
= < Tz a1 (3.15)
1-b 1-a (b—a)? 20
< 262 . 1
T ey e G s S (3.16)

Proof. 1t is sufficient to establish assertion (3.15) since it implies (3.16). For the proof of (3.15)

it is sufficient to assume a < b. Assume # > 1 and 0 < a < b < 1. Then, for t = b

a
1
0<a<1<t<-—
a

and inequality (3.15) reads

l1—a , a’(t—1)2 0 (3.17)
1—ta (1—ta)(1—a) 6-1 ’
Case 1: 1 —1 < 6(t —1). In this case
2(t—1)? 1—a a?(t —1)2
1 1)% < g2(t — 1) 1— <92a(7 P
-1 <0Ct-1" = (-a<f-g—r = [ <Ca— g o
which proves (3.17).
Case 2: L —1>0(t—1) & (t—1)<3(1-1) & t <3 (L—-1)+1 Therefore
1—a_a(§—1)< 11 B -1 9
I-ta a(G-1) " i-1-3G-1) G-DA-p 061
which again proves (3.17). O

Proof of Theorem 3.12. We apply a strategy which is often used in the proof of the weak
maximum principle for second order differential operators (e.g. [GT77]). We first show that u
attains its supremum on a set of positive measure. In a second step we show that this leads to
a contradiction if the supremum is positive.

We choose as test function v = (u — k)*, where 0 < k < supg u. Then v € HY(QRY) and

EF(u,v) = // (u(z) — u(y))v(x)k(z,y)dyde <0 (3.18)

R4 R4
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3.4. Weak maximum principle and Fredholm alternative

Silzicz(lé—k)_(ﬂi)v(fﬂ) = 0, we have (u(z)—u(y))v(z) = [(u — k)*(2) + (u = k)" (y) + (u — k)~ (y)] v(2)

5 [ 0@ oo dyde + ] w) -0 (@) - 0 k) dyds

R4 R4 R4 R4

<~ [ w@) - s)e@ha(ey) dyds,

R4 R4

and since the second term on the left-hand side is positive

1

5 [ 0@ o dyde < [ (0l) - o)) e(@hao,) dyd.

Rd R4 Rd R4
Now by Cauchy-Schwarz and the assumptions on k,
| @@~ vtk dy s
Re R4

<2 / [o() = v(y)| k> (2, y) [o(@)| k2 (2, ) ka2, y)| dy de

R4 Rd
1/2
< 2AY2 0] 2 gy // (0() — v(y)Pha(a,y) dyda |

de
or equivalently
1/2

// (0(x) — () kol ) dyde | < 2AY2]0] 2.

de

By (Eq) and since v = 0 on Q¢, the Sobolev and the Holder inequality imply that there is a
constant C' = C(d) > 0 such that

lollpausamr gty < Cllvll 2y < Clsupp o] o] aasao -

(If d < 2 the critical exponent may be replaced by any number greater than 2.) Thus

|suppv| > O/,
This inequality is independent of k£ and therefore it holds for k  supy u. Therefore u must
attain its supremum on a set of positive measure. This completes the first step of the proof.

We now derive a contradiction. Without loss of generality we may assume supgu = 1. Set
v = u". We define a new function v by

1
T= — = — 1.
1—w 1—w
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

We want to use U as a test function in (3.14) but it is not clear whether @ belongs to HE(Q[R?).
Thus we look at approximations and define for small € > 0

Ve

ve=(1—¢)v and 65:1 .

The function 7, is an admissible test function. However, in order to simplify the presentation,
we use U instead of U and postpone this issue until the end of the proof. Plugging v into (3.18),

we obtain
3 [ @ - (1 —1v<x> ) ) v

Re R4
<_ // : ﬁ(:()x)k (z,y) dy dz
Rd Rd
:—%4fmwwwngf?@+Lﬁ@ﬁmuwmwm

This is equivalent to

ORI
R4 R (I —v())(1 —v(y ))kS( y)dyd
(v(z) —v(y)) v(z)(1—v(y)) +v(y)(1 —v(z))
< - // (1 — U(x))l/Q(l — ’U(y))l/Q < (1 _ U(l’))l/Q(l - ’U(y))l/2 ) k‘a(ﬂf,y) dy dx .

R4 R4

An application of the Young inequality leads to

I & 1firl%ﬁ@yww<ﬂ zﬁiyﬂbﬁ@w@“

Rd R4 ]Rd Rd

)(L—v(y) +v(y) (1 —v(@))] k3 (z,y)
// (1—o(z)(1—v(y)) ks(z,y) dydr

Rd R4

and hence

// - 9(2 (1 3)3}? ))ks(ﬂﬁy) dy dz

e (3.19)

)1 = v(y)) + o) (L — v(@))?] K2(x,y)
// 1—1;( ))(l—v(y)) ks(xvy) dyd'x'

]Rd R4

2
Using v = 0 on Q¢ v <1 and that % is symmetric, the right-hand side can be estimated
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3.4. Weak maximum principle and Fredholm alternative

from above as follows:

)1 — o) + o)A~ v@))? ka(x.y) o
// (1—v())(1 - v(y) k() Y

// (Fo ”(y))ﬂ(a:)v(y))mdydx

s [T ()=o) Rz.y)
<o || ol o)) Ry o+

R QRd
6 (o) —o@)? e
- DRd/R[d = v@)(1 = o)) @Y W d + (7 +1) 4l

where we have applied Lemma 3.14 and (3.13). Now, we choose 6 = \/% such that % < 1.
Combining the above estimate and (3.19) leads to

// ) il ks(,y) dy dz < e A,

—v(x)) 1—v(y))
Rd R

for some positive constant ¢; = ¢;(D). Next, we want to estimate the left-hand side from below.
We apply the inequality

(a—b)
ab
which holds for positive reals a,b, to a =1 —v(y) and b = 1 — v(x). Thus we obtain

=(a—b)(bt—at) > (loga —logh)?,

// (log(l —v(x)) —log(1 — U(y))>2k‘s(l‘,y) dydz < ¢1 A9

R? R4
Due to condition (E,) we can apply the Sobolev inequality and obtain
lwll p2a/@-a) < c2A|Q,

where ¢o > 1 and w = log(1 — v). Recall that, in fact, we have proved ||w||f2d/(a-a) < c2A|Q]
for w. = log(1 — v.) and every ¢ € (0, ) where ¢y is independent of €.

By Fatou’s lemma, this contradicts the fact that v = u™ attains is supremum 1 on a set of
positive measure. The proof is complete. O

3.4.2. Fredholm alternative

The aim of this subsection is to prove existence and uniqueness of solutions to (D) without
assuming positive definiteness of the bilinear form £¥, i.e. without assuming the cancellation
assumption (C). Since we use the weak maximum principle obtained in the previous section,
we need to assume that the kernel k satisfies (E,) and (3.13). Note that (E,) implies (P) by
Lemma 2.44.

We prove the following well-posedness result:
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Theorem 3.15. Let Q C RY be open and bounded. Let f € Hé(Rd;k) and let k satisfy (L),
(K), (3.13) and (E,). Then the Dirichlet problem (D) has a unique solution u € VF(QIRY).
Moreover, there is a constant C' = C(Cp, A, D) > 0 such that

Proof. We use the Fredholm alternative (see e.g. [Eval0]).

Step 1: We will use (E,) to show that the embedding H}(QRY) — L% (R?) is compact. Since
the embedding L?(Q) — Hg (R k) is continuous we obtain then the compactness of the
embedding HE(QRY) — H (R k).

Let A C HY(QRY) with [ull gre(ray < C for all u € A and some C' < co. Let B C R? be

an open ball with Q C B. Let us recall that the embedding H*/?(B) — L?(B) is compact.
Then, for u € A

llyera ) = // Plo — g dyda
// ) | —y[ 7 dyda

R4 Rd
<At // (u(z) — u(y))?*ks(z,y) dydz < A71C2,
R4 R4
where we used (E,). Therefore A is bounded in H*/?(B) and thus precompact in L?(B). By

the definition of H¥(QRY) we know u = 0 on Q¢ and thus the set A is also precompact in
LE(R?) and in HE(RY; k).

Step 2: Existence and uniqueness of (Dg). By Lemma 3.7 the bilinear form
(uv U) = gk(uv U) + ’Y(uv U)LZ(Q)

is coercive for some v = v(A) > 0 and therefore there is a unique solution u € H¥(QR?) to
the problem

{ €8 (u,0) +1(u,v)12(0) = (frv) forall v € HF(QIRY), (3.21)

u=20 on Q°.
Moreover, due to Lemma 3.7 the solution u satisfies
2 2
[l ey < 4EM (u,u) + 4 [[ullp2(q) = 4 (Fv) < A1 Fll s rasey Iull g oy -

This estimate together with Step 1 shows that the operator K': H;‘Z(]Rd; k) — Hé(Rd;k‘),
which maps the inhomogeneity f to the solution u € HY(QRY) € Hg(R% k) of (3.21), is a
compact operator. Fredholm’s theorem in combination with the weak maximum principle
Theorem 3.12 shows that (D) has a unique solution u € HE(Q|R?).

Step 3: The well-posedness of (D) follows in the same way as in the proof of Theorem 3.10. It
remains to prove the estimate (3.20). Let u be the solution of (D). We apply v =u — g €
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3.5. Examples of kernels

HE(Q|R?) as test function:

f”>H* RE;k) — x (9,v) = 5k(7)7”>

~ [ w@ — vy dody

R4 R4
= //(U(iﬂ)—v(y))v(w)ks(w,y)dfﬂdw //(U(SL‘)—v(y))v(if)ka(ﬂi,y)dxdy,
R4 R4 R4 Rd

As in the proof of Theorem 3.10 we may estimate

// (v(@) — 0(y)Phs(ar,9) dady < o e oy + 2 Nl

R4 Rd
/ lg(x ] ks(x, y)dyd:c—l—Qa/ lv(z) —v(y )| ks(x,y) dzdy
QRd Re R4
/ lg(x \ ks(x, y)dydm+25||v|\L2
Q]Rd
+2 [ Jo(@) — o)l (@) ol )] dody.
RA R4

Due to v = 0 on Q°, the last term can be estimated as follows:

/ (@) — v(y)] (@) [ka(z, y)| dzdy

R4 R4

< [[ )~ o)Phe ) dwdy + Lol

R? R4
Hence, after choosing ¢ appropriately,
// (U(.’L‘) - ’U(y))2ks(1', y) dedy < HfH%—IE‘Z(Rd,k) ta [ga g] VE(Q[RY) + CQHUH%Q(Q)
QR4
where ¢1,c2 > 0 depend on A. This implies (3.20). O

Remark 3.16. Using the above proof with the obvious changes, it is possible to relax the
assumptions on the boundary data g as in Corollary 3.11 and thus to obtain existence of
generalized solutions in the sense of Definition 3.6 under the assumptions of Theorem 3.15 for k.

3.5. Examples of kernels

In this section we provide several examples of kernels & : R? x R? — [0, 0] to which the theory
above can be applied directly. We also give examples of kernels which are not covered by
the above results, but which lead to a better understanding of our main assumptions on the
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

admissible kernels. Further the examples below can be used as building blocks for more specific
examples.

Recall that all kernels studied in this chapter satisfy assumption (L). Further, the kernels are
distinguished in two cases, integrable and non-integrable kernels, see Definition 2.37. At the
end of this section we list all examples together with their corresponding properties.

3.5.1. Integrable kernels

Let us start with a simple observation. Every kernel with the property that the antisymmetric
part is of the form k,(x,y) = g(x — y) for some function g satisfies the assumption (C). This
follows from the fact that for z € R?

[ mewa= [ se-pa= [ a0,

B () Be(x) B£(0)

. k(z,y) := 1p,(x — y). The kernel is obviously symmetric. Thus it satisfies (C). It also

satisfies the Poincaré-Friedrichs inequality (P) as shown in Subsection 2.3.2.

. k(x,y) == 1p,\p, (z — y) for some numbers 0 < r < R. Again, (C) and the Poincaré-

Friedrichs inequality (P) hold.

 k(zyy) = g, ARt (x — y). Symmetrization leads to

ks(z,y) = %]leRi (x—y)+ %]lBlﬂRi (y—z) = %]IBI (r—y)
ka(z,y) = %]leRi (z—y) - %]leRfi (z—y).

Since k depends only on z — y, condition (C) holds. Concerning the Poincaré-Friedrichs
inequality (P), k is not different from example (1).

. This example is more general than Example 3. Set k(x,y) := 1p,(z — y)1¢c(x — y) where

the set C is defined by C = {h € RY| ﬁ € I} and I is an arbitrary nonempty open subset
of S4=1. If I is of the form I = B,.(&) N S%! for some ¢ € S9! and some r > 0, then C
is a cone. In any case, we obtain

ks(xa y) = %]1310(CU7C) (‘T - y) >

ka(,y) = 31pne( —y) — slpn-c(z —y).

In the examples above, k(z,y) depends only on z—y. As aresult, one can choose L(z) = k(0, y—=x)
in the condition (2.28). Let us look at examples where this is not possible.
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5. k(z,y) := g(x,y)1p, (x — y), where g is any measurable bounded function satisfying g > ¢

almost everywhere for some constant ¢ > 0. Note that g does not need to be symmetric.
Then

ks(z,y) = 5(g9(x,y) + 9(y,2))1p, (z — y)
ka(z,y) = 3(9(z,y) — g(y,2))p, (x —y).

Condition (C) does not hold in general but (K) holds because ks(x,y) > clp, (z — y)
which allows us to apply the Poincaré-Friedrichs inequality (P) choosing L(z) = clp,(2)
in (2.28).



3.5. Examples of kernels

6. Here, we set d = 1 and define a kernel k£ : R x R — [0, 00) as follows. Define
D =[-1,01x [0,1]U{(z,y) e R?|(z <y <z +1)}.
Set k(x,y) :==2-1p(x,y). Then the antisymmetric part of k is given by

ka(xvy) = ]1D($,y) - ]1(—D)(337y) :

Due to the construction of D we obtain for |z| > 1 El_i>%1+ fBg(m) ko(z,y)dy = 0 whereas
for z € (—1,1) we obtain {_:lir(r]l+ fBg(z) ko(x,y)dy = —z, which implies that k£ does not
satisfy condition (C). Though, conditions (K) and (2.28) hold true because of ks(z,y) >
Ip,(z—y).

7. Again, set d = 1. We define k(z,y) by k(z,y) =2 1(_44)(z — y) + ko(x,y) where

glx —1,y—3 ifex<y
ka(w,y) = ( )
—g(y—1,2—3) else,

and
g(z,y) = Sgn(xy)ﬂ(—l,l)x(—l,l)($a y) .

By construction k, is antisymmetric and satisfies condition (C). Thus k is not a function
of x — y but still satisfies (C). Conditions (K) and (2.28) hold true, too.

3.5.2. Non-integrable kernels

Here are several examples of kernels k : R x R? — [0, 0o] with a singularity at the diagonal.
See above for our definition of when we call a kernel non-integrable. Recall that we want all
examples to satisfy (L). Throughout this section (with one exception) a € (0,2) is an arbitrary
fixed number.

8. k(z,y) := |z — y|~4~. Obviously, k is symmetric and satisfies (L). Conditions (C) and
(K) hold due to the symmetry. Lemma 2.44 can be directly applied. This kernel & is very
special because the space H k(Rd) is isomorphic to the fractional Sobolev space H®/ 2(Rd)
(cf. Remark 2.39b). There is a constant C' > 1, independent of «, such that for all

v € CX(RY)
CH ol gar2may < (2 = )l[vll g gay < Cllvll grerareay »
where 012y = [0+ €200 . Thus, for fixed v € C2(RY,
(2 = a) [v,v] grgay — [V, V] g1gay for « — 27
(2= )0l gt gty — ol gzce for a = 0.

Similar results hold true for R? replaced by a bounded domain [BBM02, MS02b].

9. Let I be an arbitrary nonempty open subset of S%1 with the property I = —I. Set
C = {h € RY % € I} and k(z,y) := |z — y|"¥*le(z — y). Again, k is symmetric and
satisfies (L). It turns out that k is comparable to example (8) in the sense of Lemma 2.44.
The only difference is that the constant A depends on I.

75



3. Existence and uniqueness of solutions for nonlocal boundary value problems

10. k(z,y) = |z — y|_d_°‘ﬂRi (x —y). This example is different from example (9) because k
is not symmetric anymore. The symmetric and antisymmetric parts are given by

ks(z,y) = glo—y[~"

ka(,y) = |z =y ™ (31pa (z — y) — 51ga (z — y)).

Lemma 2.44 can still be applied but conditions (K) and (K) do not hold. Condition (C)
does hold, though.

11. Assume 0 < 8 < § and g : R? x RY — [~ K, L] measurable for some K, L > 0. Define

k(z,y) =z —y| ™" + g(z,y)1p, (z — y)|z — y| 7+ 7

Additionally, we assume that k is nonnegative. This property does not follow in general
under the assumptions above. However, for every choice of K there are many admissible
cases with inf g = —K. We obtain ky(z,y) > |z —y|~ for |z — y| < (2K)ﬁ Since
ks is nonnegative, we can apply Lemma 2.44 and (P) holds. Further (IN( ) is satisfied with
k(z,y) = |z —y|~¥*1p,(z — y) and A; = 1. Conditions (C) and (K) hold for some but
not for all choices of g.

The following example is an extension and, at the same time, a special case of Example (11).

Example (12) shows that our condition (K) is indeed a relaxation of (K) or [SW11, (1.1)].

12. Assume 0 < 3 < 5. Let I, Is be arbitrary nonempty disjoint open subsets of S4=1 with
I = —I; and ’ —_[2\_[2| > 0. Set Cj = {h S ]Rd| TZ| € Ij} for j € {1,2}. Set

ka,y) = |z —y[ 7o, (@ — y) + |z =y~ Ple, (@ — y)Lp, (r — y).

The symmetric and antisymmetric parts of k are given by

ks(z,y) = |z — y| " Loy (x — y) + 2o — y| " Ple,ucy (@ — y) g (z —y),
ka(‘r’y) = %|SL‘ - y|_d_6]lC2ﬂBl (aj - y) - %‘LE - y‘_d_ﬁ]l(—CQ)ﬂBﬁ (‘/E - y) .

Let us show that condition (K) does not hold, i.e. (K3) is not satisfied for k = k. Let
hyha,hs, h : RY — [0, 00] be defined by h(z —y) = k(x,y) and hq, hs, b accordingly. Note
that |hg| = hs on Co U —Cs. Then

ka(z,y)® . [ hi(2) B ha(z)
L B~ SR e O B G AC T
{ks(z,y)#0} Rd {C2U(—C2)}
= hs(2)1p,(2)dz = / %\zfd*ﬂ]lBl(z)dz = 400
{C2U(—C2)} {C2U(—C2)}

Let us explain why (K;) and (K3) hold for k(z,y) = |z —y|~%2. (K,) follows easily from
ks(z,9) > |z —y|~9*1¢, (x — y), the constant A; needs to be chosen in dependence of Cy
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13.

14.

3.5. Examples of kernels

resp. I1. Let us check (K»):
2 2 2
sup /kl;:( )dy:/}%“(z)dz: / %(z)ﬂgl(z)dz
zERY R
LT R A T ST

1
= [ e ) < e,
{C2u(-C2)}

where As depends on Iy and a/2 — 3. Note: If we modify the example by choosing
I = 8% 1 ie. C; = RY, then condition (K) does hold.

The following example appears in [DK11, Ex. 12]. Assume 0 <b<land 0 <o/ <1+ %.
Define I' = {(z1,z2) € R?| |z1| > |z2|” or |zo| > |21|°} and set

k(x,y) = Trap, (z —y) |o —y| "5

Note that the kernel k depends only on x — y and is symmetric but condition (L) is not
obvious. Using integration in polar coordinates one can show that there is C' > 1 such
that for « = o/ — (1/b—1), h(z) = k(x,x + z) and every r € (0,1)

r2/|z]2h(z)dz—|— / h(z)dz < Cr=*.
B

R4\ B,

Thus « is the effective order of differentiability of the corresponding integro-differential
operator. In [DK11| the comparability of the quadratic forms needed for Lemma 2.44 is
established. From the point of view of this article the kernel k is very similar to the kernel
|z — y|~¥ 1, (x — y). Of course, one can now produce related nonsymmetric examples.

The following example is taken from [FU12|, [SW11]. It provides a nonsymmetric kernel
k with a singularity on the diagonal which is non-constant. Assume 0 < a3 < as < 2 and
let o : RY — a1, a2] be a measurable function. We assume that « is continuous and that
the modulus of continuity w of the function « satisfies

1
r)|logr|)®
/ R = dr < 00.
0

Note that, as a result, there are 8 € (0,1) and Cy > 0 such that [a]cosgey < Ch.
Let b: RY — R be another measurable function which is bounded between two positive
constants and satisfies |b(z) — b(y)| < cla(xz) — a(y)| as long as |z — y| < 1 for some
constant ¢ > 0. Finally, set

k(x,y) = bla)|z —y| =,
In [SW11] it is proved, that k satisfies (L) and (K). Since « is bounded from below by
aq, the Poincaré-Friedrichs inequality (P) holds. Condition (3.13) does not hold for this
: : ‘ka(xay)’ _
example since lim ——22 =1.
ja—yl00 Ks(2,y)

Let us slightly modify the example and look at k'(z,y) = 1p,(x — y)k(z,y) for some
R > 1. Then conditions (L), (K) and (P) still hold true for £’.
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3. Existence and uniqueness of solutions for nonlocal boundary value problems

Lemma 3.17. The kernel k' satisfies (3.13).

Proof. We have to show that LA gng‘ <O < 1forall z,y € {|z — y| < R}. By assumption
there are c1, cy > 0 such that

c1 <blx)<cy forallxe R?.

We can assume that o(z) < a(y) due to the symmetry of LA E y;'
Case la: |r —y| <1 and k) (z,y) > 0. Then

k()| b(x)|z — y[~7e@) — b(y)|x — y| 74w
Ky(z,y)  b(a)|z —y|~o@ +b(y) |z — y|-4-oW)
a(z) ay) 1-a
bo) — byl —yl"Ow -8
ba) + byl — gl = T2

Cc2

Case 1b: |x —y| <1 and K, (x,y) < 0. Then

k(@ y)| _ by)le —y[~ W) —b(a)z —y[~ ) b(y) — bz)|z — y|*W) @)

Fo(y)  b(@)le —ylmo@ + b(y)le —y[~2W)  b(y) + b(z)|x — y|oW) @

Since |a(y) — a(z)| < Cg |z — y|°, we obtain

o — oW 0@ > gy Gl > 50y, 8) > 0

Thus . L5
/ _ <&
|ka($7y)| S Cc2 = @2
k. (z,y) 1+ 2L

Case 2a: 1 < |z —y| < R and k(z,y) < 0. Then

LACED] _ b(y)|z — y|~ W) — p(z)|x — y| 4@
Fy(z,y)  ba)le —y|= a(x)+b(y)|:c—y|—d—0¢(y)
—yle@-alz) 1 -4
_ b(y) — b(x)|z —y|*W - 5 _o
b(y) + b(x)|z — yleW—al) =1+ 4

Case 2b: 1 < |z —y| < R and K (x,y) > 0. Then

[k (a,y)| _ b(a)|z —y| =@ —b(y)|a —y[~ W)
ky(zy)  b(x)|z —y|=4=@) +b(y)|z — y[~d-aW)
(z) —
(z)

_ b ( )’w — y’a(ﬂf)_a(y) < 1 — %Ralfaa
b(x) + b(y)|z — y’a(x)—a(y) 1+ éRal_oQ

X

=: O3 O
x

We have shown than &’ satisfies all conditions needed in order to apply Theorem 3.15.

All examples of non-integrable kernels from above relate, in one way or another, to the standard
kernel |2 — y|~?~® for some « € (0,2) and the Sobolev-Slobodeckij space H®/?(R%).
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15. k(z,y) = — |z —y| *In(Jz — y|)1p,(z — y). In this case k is non-integrable but the
operator generated by k is of differentiability order less than any a > 0. This example is
symmetric. Anyway one can create nonsymmetric variants of this kernel. Lemma 2.42
can be applied and therefore k satisfies the Poinaré-Friedrichs inequality.

16. k(z,y) = |z —y|"%1(|z — y|), where [ : [0,00) — [0,00) is a slowly varying function at
zero. Example 15 is a special case of this example with I(r) = In(r)1p,(r). k is again
symmetric, but nonsymmetric variants can easily be generated.

We could also study examples with kernels which relate to a generic standard kernel |z —
y| ¢ (|z — y|>)~! where ¢ itself can be chosen from a rather general class of functions, e.g. the
class of complete Bernstein functions.

Finally, let us summarize the examples from above in a table with focus on the assumptions on
the kernels k in the existence and uniqueness results. Recall that all examples satisfy (L). In
the tabular below, the symbol 7 indicates that the answer depends on the concrete specification
of the example.

Examples: (1 @) (5) (6) (1) © (8) (9) (10) (11) (12) (13) (14) (15) (16)

~—

—
w

~

(P) v v v v v v v v VY v v v v v v v

(C) v v v v 7T - v v v ? v v - v v

(I~( ) v v v v v v v v Vv - v v v v v v

(K) v v v v v v v v VY - ? - v v v v

symmetry v Vv - - 7 - - VR - ? - v - v v
integrable kernels non-integrable kernels
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4. Nonlocal to local phase transition

Let Q € R? be an open bounded domain. For given f: Q — R and ¢ : Q¢ — R we consider a
family of nonlocal Dirichlet problems

LY = f in Q, (4.1a)
Uy = ¢ on Q°, (4.1b)

indexed by a parameter « € (0,2), where £ is a uniformly elliptic integro-differential operator
of order « of the form

LY (z) = P.V. / (u(z) —u(y)) k*(x,y) dy. (4.2)
Rd

—d—a

Assume that k%(z,y) is comparable to (2 — «) |z — y| in the following sense: There is a

constant A > 0 such that

Mo // dm S dyde < // (1))2k (2, y) dy d

QQXQQ c (QCXQC)C

<A ' Ag—a // dM)) dy dz.

(QcXQc c

Under this assumption, for fixed € (0,2), the Dirichlet problem is well-posed, if f € Hg(R?; k),
g € VY2(QRY), ¢f. Theorem 3.10.

In this chapter we prove that the solutions u, of (4.1) converge to the solution of a local Dirichlet
problem of second order

Lu=f in Q, (4.3a)
u=g on 012, (4.3b)

when the order a of L% goes to 27. Here L is a uniformly elliptic second order differential

operator of the form
Lu(z) = —div (A(-)Vu) . (4.4)

The coefficients a;; of the matrix A can be computed from a the given family of kernels k¢,
namely

1
az‘j(w):o}ig{ / / t™ 01k (2, + to) do dt.
0 gd-1

To prove the convergence of solutions, we prove that the associated nonlocal energy functionals
I"'—converge to the energy functional of the local Dirichlet problem.
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4. Nonlocal to local phase transition
4.1. Setting and main result

Throughout this chapter we assume that Q C R? is a bounded C'-domain. Since we prove the
convergence of solutions via the I'—convergence of the associated energies, we have to limit
ourself to the case of symmetric kernels k%, i.e.

k*(z,y) = k%(y, x). (4.5)

Besides we make the following assumptions on the kernels k*:

1. There is a constant A > 0, such that for a.e. z,y € R?

kO (@,y) < (2= @) e —y| 777, (4.6)

2. There is a constant A > 0 such that for all u € L2(R?)

// ) — u(®)?k®(z,y) dzdy > A (2 — ) // w(y))? |z —y|" dady

(QexQe)e (QexQe)e
(4.7)
Inequality (4.6) implies the following integrability condition on k:
sup / (1 Az — y|2> k% (z,y) dy < Cf, (4.8)

zcR4
R4

for some C, > 0, see (L) in Chapter 3.

In this section we call a nonlocal operator uniformly elliptic of order «, if the kernel satisfies
the comparability assumptions (4.6) and (4.7). Note that this is not the formal definition of
uniform ellipticity given in the introduction of this thesis, cf. (1.9). To the best of the author
knowledge, it is not clear, whether the integrated lower bound implies the formal definition of
uniformly ellipticity. Nevertheless, if a family (k%) of kernels satisfies (4.7) with A independent of
a, the local operator £ generated by the family (k%) for a — 2 satisfies an integrated ellipticity
condition, i.e. there is A’ > 0, such that

Z/au )Oiu(x)0ju(x dm>)\’2/8u )Oju(z) dx (4.9)

1,j=1¢ 1,j=1
for all u € L2(Q). For x € Q, £ € R? and r > 0, define ug(y) = y§lp, (2)(y). Then (4.9) yields
Z &i&j ][ azg )dy >N ‘5’2

3,j=1 r(I)

Thus the pointwise estimate can be obtained almost everywhere using the local character of L.
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4.1. Setting and main result

Remark 4.1. Consider a family of kernels (k%),¢(0,2) and the corresponding operators L
To obtain the convergence of these operators to a local operator L, it is sufficient to assume
that the family k% localizes, i.e. for all § > 0

sup lim |z — y| k*(z,y)dy = 0.
zeRd @2 lz—y|>d

Assumption (4.6) is stronger, but we need the stronger assumption to prove the compatibility
of the boundary data with the I'-limit, see Theorem 4.8.

Due to (4.6),(4.7) it is convenient to call £* an operator of ’order’ . The main result of this
chapter is the following

Theorem 4.2. Let g € V(QRY) and let (%) (ae(0,2)) be a family of symmetric kernels satisfying
(4.6) and (4.7) with X independent of . Let uq be the solution to the nonlocal Dirichlet problem
(4.1).

1. Then the local Dirichlet problem (4.3) with coefficients a; j given by

1
aij(r) = aligl/ / td+10mjk°‘(:v,x + to) do dt.
0 gd-1

has a solution v € H'(Q). Further the sequence of solutions (us) converges to u in L?(R?)
as o — 27.

2. Let ag € (0,2) be fizred. Then the sequence of solutions (us) also converges to u in
Veol2(QIRY) as o — 2.

Remark 4.3. The assumptions (4.7) and (4.6) on a given kernel k% are sufficient to obtain a
variational solution to the nonlocal Dirichlet problem, c¢f. Theorem 3.10.

As mentioned before, we use a variational approach to prove Theorem 4.2. To this aim, we
introduce the corresponding energy functionals of (4.1) and (4.3) Fg* : L2(RY) — [—o0, 0],
ﬁg : L2(RY) — [~o0, 00] given by

- Lol (u(@) - u@)?k (@ y) dyde — [u(@)f(z)dz, if ue Vi P (QRY),
Fll(u) = q (QoxQ) Q
+00, else,
B %f (A(x)Vu(z),u(x)) de — fu(z:)f(x) de ifu—ge€e H&(Q),
Fy(u)=14¢ 9 Q
00, else.

Note that for both functionals the functions are defined on the whole R?, in particular H}(Q) =
CT(Q)”'”HWW)'

For the sake of completeness let us prove that F o s associated to (4.1).

Lemma 4.4. Let Q C R? be open and bounded. If w is a minimizer of the functional ﬁga m
L?(R%), then u solves the Dirichlet problem (4.1).
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4. Nonlocal to local phase transition

Proof. Let u € Vga/Q(Q]Rd), otherwise ﬁg“ = +o00. Let v € %a/2(Q|Rd). We formally compute
%F(u + tv) }tz()'

%Fg"‘(u + tv) ’t:O = % i // )+ tu(z) — uly) — to(y))*k*(z,y) dy dz
QC XQC)C
- / (u(z) + to(z)) f () d:c) ]H
Q -
3] @) )@ — R dyde - [ @i
(QCXQC )e Q
This is the weak formulation of (4.1). O

An analogous computation proves that 159 is associated to (4.3).

4.2. Gamma-Convergence of the energies

In this section we prove I'-convergence of the above defined energy functionals. For a short
survey on I'—convergence we refer to Appendix A, where we collect some basic properties of
I'—convergence.

First we compute the I'—limit of the free energy, i.e. without any boundary condition. Since
I'—convergence is stable under continuous perturbations, we can neglect the forcing term
(u, f) L2(9) in the computation of the I'—limit. Therefore we consider the functionals F'¢ :

L*(R?) — [0,00] and F : L2(R?) — [0, oc] defined by

ol (u() - w(y)?k (@, y) dyde, if u € VO/2(QIRYD),

F%(u) = {  (Qexqe)e (4.10)
+00, else,
L[ (A(x)Vu(z),u(z)) dz, if ue HY(Q),
Flu)=4 ¢ (4.11)
+00, else.

Recall that the entries a;;(x) of the matrix A(z) are given by

a;j(z) = lim / / t™ o0k (z, x + to) do dt. (4.12)
2-
oa— 5ol
Remark 4.5. 1. If k“ satisfies the followings assumption we can rewrite (4.12) explicitly,

i.e. without a limit o« — 2.

For all a € (0,2), there exists § > 0 and a function K : R% x Bs(0) — R such that

K(x,h) = K(z,7h) for all r € (0,6),z € R% h € B1(0)
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4.2. Gamma-Convergence of the energies

and k%(z,y) = (2— ) |z — y| " K(z,y — z) for all z € R? and y € Bs(z).
Then we obtain
aij(x) = / oi0;K(x,0)do.
gd—1

We can interpret this assumption as follows: For every z € R%, in some small ball around
x, the value of the kernel depends only on the direction of z — y.

2. The functional F'® and F' are associated to the nonlocal and local Neumann problem
with homogeneous boundary data. The nonlocal Neumann problem is to find a function

u € V/2(QIRY), such that

Lu=0 in Q
Nu=0 on 9°,

where A is a nonlocal integro-differential operator given by

Nufy) = - / (u(a) — u(y))k(z, y) dz.

Q

It can be shown that this problem converges to the classical Neumann problem as o — 2~
using Theorem 4.6, below. For details on the nonlocal Neumann problem we refer to
[DRV14].

We are now in the position to formulate a I'-convergence result for the above defined functionals.

Theorem 4.6. Let Q@ C R? be a C'-domain. Let ag € (0,2) and let the family (k%)ae(02)
satisfy (4.6) with X independent of a. Then

I—lim F*=F (4.13)

a—2

where the T-limit is taken with respect to the topology of V0/2(Q|R?) and the entries of A(x)
are given by (4.12).

Remark 4.7. Due to the symmetry of the double integral with respect to x and ¥ in the definition
of F'®, the kernels k¢ need not to be symmetric. If k is not symmetric, the symmetrization
ks(z,y) = 1(k(x,y) + k(y,x)) defines the same functional. Note that we use the symmetry in
the computation of the Euler-Lagrange equation, cf. Lemma 4.4.

The proof of the I'-convergence consists of two steps, the lim sup— and the lim inf-inequality.
The proof of the lim inf-inequality uses the idea to regularize the functions by a smooth mollifier,
coming from |[Pon04b, Lem. 8| and also [LS14, Thm. 1.2]. One difference from our to the above
mentioned results is the area of integration in the definition of the functionals F'®. Furthermore,
we prove I'—convergence in with respect to the stronger topology of V"‘O/Q(Q]Rd).
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4. Nonlocal to local phase transition

Proof. Limsup-Inequality:
Let (cv,) be a sequence in (0,2) with «,, — 2. To avoid double indices, we write n instead of
ar, if there is no risk of confusion. Further we set ||-[|yag/2(qray = [[*lla,- We have to construct

a sequence u, € V/2(QR%), such that ||u, — ul| . "0 and

(e}

F(u) > limsup F" (uy,). (4.14)

n—oo

If F(u) = oo we can take the constant sequence u,, = u for all n € N. Thus we can assume that
u € H'(Q). Consider the metric defined on H'(Q) N V*/2(QR%) by d(u,v)? = ||u — quiO +
llu — U||§{1(Q). Then d(u,v) > [[u —v|,, and F(u) is continuous w.r.t. d on HY(Q)NV/2(QRY).
By Lemma 2.20 C2°(R?) is dense in V0/2(Q|R%) and also in H'(£2).

Thus it is sufficient to prove the limsup-inequality for all u € C°(R?), cf. Remark A.6. Let
u € C(R?) and set u, = u for all n € N. Since u € C°(R?), by Taylor’s formula

d
(u(@) = u(y)® = Y dul@)dju(x)(@ = y)i(z - y); +r(z,y) [z -yl (4.15)
ij=1
where r(z,y) is bounded for all z,y € R?, say |r(z,y)| < C,. Further there is C' > 0 such that
u(@) —ulp)] < Cle —y| for 2,y € R
and there is R > 0, such that supp(u) C Bgr(0). First we prove

lim // N2k™(2,y) dydz = 0.
n—oo

Q Qe

Fix x €  and choose R > 0, such that supp(u) C Br(0). Set 6 = dist(z,2¢) > 0. Now by (4.6)

/ (u(a) — u(y)) 2" (z, y) dy < / (uz) — u(y)) K" (2, y) dy

Qe |z—y|>6
<c [ o R
lz—y[>0

<@-a)cr [ -y
R>|z—y|>0
R

< Cr(2—ay) /rlo‘ dr
s

< Cy(R*on — 627m) "X 0,
Next we prove

lim sup // )K" (z,y) < F(u).

n—oo
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4.2. Gamma-Convergence of the energies

Again fix € Q.

/ (u) — ()K" (2, y) dy < / (ulr) — u(y))*k" () dy
|z—y|<1

+ [ )~ )R ) dy
lz—y|>1
=T+ 11

By the same arguments as above, the second term goes to zero as n — oo. Using (4.15) we can

estimate I:

d
=Y ou@due) [ (o y)ile - y)k w0 dy

=1 lz—y|<1

+ / r(x,y) [z — y k" (2, y) dy.
lz—y|<1

The second term can be estimated using (4.6):

/ r(z,y) |z — y’ k" (2,y) dy < (2 — an)AC, / ly|* 97 dy
lz—yl<1 BL(0)
1
< (2 aAC, / 2=on dr
0

2_ n
YN0

<C,
=73

— Qi

as n — oco. Now we look at the integral in the first term. Let 4,5 € {1,...,d}. Then

hihj
/ (ZE—y)i(ZE—y)jk”(x,y)dy: / ‘h|2jk (x,z+ h)dh
lz—y|<1 |h|<1
1

= / /td+10icrjk"(x,:z:+t0) dtdo
Sd—1 0

nj)o aij(ac)
by definition of (a;;).
Altogether we obtain that for fixed z € Q and u € C°(R?)
d
[ (@)~ ulo) 2o o) dy "
Rd i,7=1

Oiu(z)0ju(x)a;j(x).

Since
/ (u() — u(y))*k" (2, y) dy da < Cy
]Rd
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4. Nonlocal to local phase transition

by the Dominated Convergence Theorem

// ())2k" (2, y) dy dz 3"/ zd: diu(z x)a;j(z) dx

(QCXQC c t,5=1
and since the sequence (a,,) was arbitrary

limsup F*(u) < F(u).

a—2~

Liminf-Inequality:
For simplicity, we prove the liminf-inequality for all sequences (u,,) that converge to u in L2(R?).
Of course this implies the liminf-inequality with respect to the stronger norm |[-[[
Let () be a sequence in (0,2) with a,, — 2. We have to prove that for all u, (u,)nen € L?(R9)
with [[un — ul| 2 (gay =3 0

liglglf Fo (up) > F(u). (4.16)

First we notice, that if liminf,,_,o F,, (u,) = oo there is nothing to prove. Thus we can assume
that the left-hand side of (4.16) is finite.

n—oo

Let u, (un)ney € L2(RY) with |u, — ull f2gay — 0. We define

fo(@) = fxne (),
where 7. is a smooth mollifier having support in B.(0). Then u®,us, € C®(R?) and by

Lemma C.4
"% uf in C*(Q) for any k € N. (4.17)

g
un

Define
Qs = {z € Q| dist(x,00) > §}.
Using Jensen’s inequality , Fubini and a change of variables we obtain for all n € N and € € (0, §)
2

| @) ~ i) ) dy e = // (B/ (= 2) — tiny — 2)e(2) dz | (2, ) dyda

Qs Qs
< / // (n (2 — 2) — tn(y — 2))2K" (z, ) dy dane (2) dz
B: Q5 Qs

< [ [ nte) = unl)Ph ) il nz) s

B: QQ
< F (uy,).

In the last step we use the positivity of the integrands in the definition of F™ and the fact that
Jgane =1 for any e > 0. By Taylor’s formula we have

d
s, (2) = ug(y)] < D Owis, (2) (@ — y)i| + C |z — yf?
i=1
d
[u(2) = ()] < | D 0w (@) (@ — )| + C% o =y’
i=1
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4.2. Gamma-Convergence of the energies

and by (4.17) C% "=3° C5. Thus for some 7 > 0 sufficiently small

liminf F,,, (u,) > lim inf // ()K" (z,y) dy dz
Q5 Qs
> liminf [ / (u5 () — ()K" (2, ) dy
Qs |z—y|<rNQs
d
/l1rg1nf Dt ()i () / (& — y)ile — y); k" (2, y) dy da
Qs L=l lz—y|<rnQs
d
s / Z 2)dju(z) dzx
Qs °

where we used Fatou’s Lemma and (4.17). Set A = (a;;), the above inequality is equivalent to

liminf F,,, (u )2/<A(x)Vu5(x),VuE(x)> dz.
n—00
Qs
Since
n—oo

(Q2exQe)e

Proposition 2.5 implies that u € H'(Q). Thus Vu® — Vu in L?(Qs), ¢ € (0,6). Using the
continuity of the scalar product and let € — 0 yields

lim inf // (U () — upn(y))2k"(x, y) dy dz < oo,

liminf Fy,, (u )Z/(A(a:)Vu(x),Vu(m» dz.

n—oo
Qs

Since u € H'(Q), by absolute continuity of the Lebesgues integral, there is § > 0 such that for
any o > 0

/ (A(z)Vu(z), Vu(z)) dz < o.

Q\Qs
Altogether,
liminf F,,, (uy,) > F(u) —
n—oo
Since o is arbitrary small, the assertion follows. O

The following theorem proves the compatibility of the Dirichlet boundary condition and
['—convergence. We set again A = (a;;) and define Fj' : L2(RY) — [0,00] and F, : L?(R%) —
[0, 00] by

Lol (@) - o(y)?k* (2, y) dyda, it v € VP (QRY),

Fi(v) = (QexQe)e (4.18)
400, else,
L[ (A(@)Vo(a), Vo(a)) de, if v—g € H}(S),

Fy(v)=q¢ @ (4.19)
400, else.
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4. Nonlocal to local phase transition

Recall that the matrix can be computed in terms of the family (k%) by the formula

1
aij(r) = alilgl_/ / t™ 01k (2, + to) do dt.
0 gd—1

Theorem 4.8. Let Q C R? be a bounded C*-domain. Let g € V(QRY) and o € (0,2). Further
assume that the family (k“)qe(0,2) satisfies (4.6) independent of . Then

F—ol[iﬁm2 Fl=1F,, (4.20)
where the T-limit is taken with respect to the topology of V®/2(QR%).

The technique we use goes back to the paper [DG75| and is often called the DeGiorgi method
for matching boundary values. We extent this technique to the nonlocal setting.

Proof. The liminf —inequality is a direct consequence of the one without boundary condi-
tion, since L;(QﬂRd) is a closed subspace of L?(Q2). Therefore it is sufficient to prove the
lim sup —inequality for u € V0/2(Q|RY). We can assume, that F,(u) is finite, otherwise there
is nothing to prove. Again, we write n instead of «,, when there is no risk of confusion. Note
that Fy(u) < oo implies u — g € H}(2) and we can assume that Fj(u) is bounded. We write

Fg'(u) = Fy/(u—g+g) <2F)(u—g) +2F(g)

Since g € V(QIR?), Proposition 2.28 and Proposition 2.27 imply that the right-hand-side is
bounded.

— 0

Let (ay,) be a sequence in (0,2) with o, "= 27. By Theorem 4.6

- lim F%u) = F(u).

a—27
Thus there is a sequence (u,) € V*/2(Q|R?), such that u, — u in V*/2(Q|R?) and

limsup F"(uy,) < F(u).

n—oo
We want to modify (uy,) such that the modified sequence (vy,) is in %QO/Q(Q|Rd), but still satisfies

limsup F"(vy,) < F(u).

n—o0

Let K € 2 compact. Set § = dist(0€2, K). We define for v € N :
0
Do=K, D;={zeQ:dist(z,K) < %}, i=1,...
Further let ¢, ..., ¢, be cut-off functions defined by:

¢ € CH(D;), 0<¢(x) < 1Vx € Dy,
(Z)Z(x) =1, Ve € D;_q, (4.21)
|Dei| < £
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4.2. Gamma-Convergence of the energies

Set foralln e Nandi=1,...,v
= (1= ¢i)u+ diun = u — ¢i(u — up).

Note that the sets D; and thereby the sequence (v;,) depend implicitly on v. We suppress this

dependence. For A € R? we define
- | @@ - uw)r ey dys

(Acx Ac)e

and
1/2

G, A) = // D)2z, y) dyde | = /Fau, A).

(Aex Ac)e

To shorten the notation, we introduce

P (u,v) = /(u(z) —u(y))(v(z) —v(y))k" (z,y) dy

R4
and set I'y,(u, u) = I'y(u). See Section C.2 for some calculus rules for I' we use in the sequel.
Note that if A = A; U Ay, then (A x A°)¢ C (AS x AS)¢ U (A5 x AS5)°, of. Lemma C.3. Using
this and the positivity of F"(u,-), we obtain for all 7 € {1,...,v}:

Fo(Vin, Q) = Fp(un, Q) < Fp(vipn, Q\ Dy) + Fo(Vin, Di) — Fn(upn, D;). (4.22)

The goal is to prove that the left-hand-side can be made arbitrary small independent of n € N.
The first term on the right-hand-side of (4.22) can be estimated as follows. Set B; = Q \ D,
then

Fo(vin, Bi) < 2/Fn(u + (up — u)y;) dx
<4 /I‘n(u) dz + /Fn((un — u)éy) d
i B;

The first term can be estimated independent of ¢ and v using (4.6):

/ n(u)dr < A2 —ay) // N2 |z -y~ dyda.

Q\K R4
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4. Nonlocal to local phase transition

Observe that for z € B; (un — u)¢i(z) = 0. Using again (4.6), we obtain for the second term
/ n = U)$i) dl‘—// n—u)9i)(y kn(:c,y)dydx
B; B; R4
— [ [ wnt) = u0) P6x00) - gu()*#" a1 dy o
B; Rd —0
< [ - u)? / (61ly) = 6n(2) P (2, ) ddy
Rd O\K
v+1)\2 —d—o
<a2-a) (5] [t - [ e dray
Rd O\K
v+1)\2
<C(\Q) ( 5 > e — |2 (gay -

Next we estimate the second term on the right-hand-side of (4.22): We use the inequality

[r-g< </(f—g)2>1/2 (/(f+g)2)1/2,

Fn(vi,na Dl) - Fn(una Dz) < Gn(vim — Un, Dz)Gn(Uz,n + Up, Dz) (423)
The first term on the right-hand-side of (4.23) can be estimated as follows:

1/2 1/2
Gn(vi,n —Up, D;) < V2 (D/ Fn(vi,n — Up) dx) =2 \D/ Cn((1 = ¢i)(u — upn)) dx)
i 1/2 i 1/2
< \/§< / Fn((lcbi)(uun))dl‘) +v2 / Tn((ldh')(uun))diﬂ)
D

i\Di—1 Di—1
=1+1I

to obtain

Set D; \ D;—1 = D;. Choose R > 0 such that Q C Br_1(0). Now by (4.6):

1/2
2 ( // [(1 = 1(2)) (un(@) — u(@)) — (1 = ¢i(y)) (un(y) — u()]*k" (z,y) dy dx)

D; Rd

1/2
(ﬁ/ ¢z oi( n( ) —u(x)) + (un(y) — U(y))]an(x7y) dy dx)

1/2
(E// (tn(2) — u(z)) = (unly) - <y>>]"’{<1¢@-<x>>+<1qsi(y))]zk"(x,y)dydx)
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4.2. Gamma-Convergence of the energies

d Br
1/2
+COAN2 —ay) /[(un(x)—u(x)] /|x y| 7 dyda
D; B,
1/2
roxe-an (“5) (‘R/ ual) = u(w)]” [ o =yl dxdy)
d D,

1/2
+OM2 — an) / [(un(@) = u(@)) = (un(y) — u(®))]” |2 — y| = dy dw)
D; R?

v+1
< OO R) (52 1) o~

1/2
+OM2 — an) ( // [(un(@) — u(@)) = (un(y) — u(®))]” |2 — y| "~ dy dw) :

D; R4

Now we estimate II. Note that (1 — ¢;(z)) =0 for z € D;_;.

11 <2 ( // (1 — 0i(y)) (un )u(y))]%n(gp,y)dydz)
Di

lD 1

2

[NIE

<2 /(un(y)—U(y))2 /(\1,,¢¢(y))2k”(x7y)dxdy)

<2 /(un(y)—U(y))2 /(dh() ¢i(y)) k”(w,y)dmdy)

<oxe-an) (“5) ( [ ) =t [ eyl dxdy)
D5 D;—1
+

1
2
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4. Nonlocal to local phase transition

Next we look at the second term on the right-hand side of (4.23). Recall that v;, = u+¢;(u, —u).
Using the definition of GG, we obtain

Gn(vi,n + up, Dz) < Gn(uvD ) + G (una ) + Gn(¢z(un - u)a Dz)
=a+b+c

Since

lim F(u,) = F(u) < A

n—oo
for a constant A > 0 depending only on u, b is bounded for all n > Ny € N. As explained at
the beginning of the proof, also the term a is bounded and we can assume a,b < A. Further,
using ¢; < 1, we have

1/2
c<?2 (D/ Ly (oi(up —u)) d:z)

1/2

<C /Fn(un —u)dz

V3 // (tn — ) (&) + (1 — 0)()2(6() — H())2K" () dy da

1/2

1/2

<)+ / (tn — ) (2)? / (6(x) — 32K () dy da

i R4

1/2
" / (1 — ) () D/ (6() — 6())2K" () da dy>
v+1

< O(4) + O Q) ( ) ltin — a2y -

Altogether we can estimate the right-hand-side of (4.23) by
Gn(vi,n — Unp, Dz) : Gn(vi,n + Un, Dz)

v+1)\2 1/2
SO( ( 5 > (HUn — U||%2(Rd) + |lupn — U”L2(Rd)) +(2- an)(/f‘n(un —u) dx) ) 7

D;

where the constant C' > 1 depends only on A, 2 and A. Here we use that

1/2
</ Ty (un — u) da:) <24
D;

and assumed without loss of generality that ¥ H > 1. Adding all this inequalities, we obtain for
alli =1, ..
Fo(0ipn, ) — Fp(un, Q) < A2 — o) / / 2|z —y| "4 dyda

Q\K R4
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4.2. Gamma-Convergence of the energies

where the constant C depends on A, ), ag and A.
Summing up this inequality for all i = 1,..v, dividing by v and > 7" | /a; < \/n Y ;" a; yields

v Fo(Vin, Q) — vF, (un, Q) < VA2 — ) (u(z) — u(y)? e — y| "4 dyda
2 [ [wte) -l a

Q\K Rd
v+1\?

#0C (2] (I =l + i =l
1/2

+VvC(2 - ap) // ((un(@) = u()) = (un(y) — u(y)))* e —y|~" " dydz

Rd
Hence, we find v, = v; 5, such that
Fo(vn, Q) — Fp(un, Q) < A2 — ay) / /(u(:v) —u(y)? |z —y| O dyda
O\K Rd
v+1 2

0 (52 (1t = gy + o — e

1/2

+ \;0(2 - an) 4[((%(1’) —u(x)) = (unly) = u(y)))* |z — y| =" dy d
)

= (&%) + () + (K
The right-hand side can be made arbitrary small. Fix € > 0. Choosing K € {2, such that
() < 5, then v such that (J) < § and then n, such that (#) < .

Define a sequence (vy), vn = = >°7 ;5. Then v, € L;Q(Rd), vp — u in L2(R%) and

lim sup F*" (vy,) < limsup F"(uy,) < F(u).

an—2~ anp—2~
This finishes the proof. O

Remark 4.9. Note that the functionals F“ defined by (4.10) does not converge pointwise to
the functional F' given by (4.11). We refer to Chapter 2 Example 2 for a counter example. We
like to point out that this is caused by the area of integration (Q2¢ x Q¢)¢ in the definition of F'%,
which represents the regularity properties of the function under consideration.
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4. Nonlocal to local phase transition
4.3. Application of I'-Convergence

In this section we apply the I'-convergence results obtained in the previous section to proof
the main result of this chapter, the phase transition form nonlocal to local Dirichlet problems
and the convergence of the associated solutions. In the sequel, we construct a family of kernels
k* from a given positive definite matrix A. Unfortunately we are not able to approximate an
arbitrary given second order operator, since there arises an extra term in the computation of
the limit matrix.

Proof of Theorem 4.2. Without loss of generality we assume «ag > 1. For fixed «, the nonlocal
Dirichlet problem has a unique variational solution u, € Vo (QR%), see Proposition 3.9. Using

the comparability assumptions (4.6) and (4.7) we obtain u, € Vga/ 2(Q\Rd).

Now let u, be the solution corresponding to some sequence «,, converging to 2. Then there is
an N € N such that «,, > ag for all n > N. Since Vga/Q(Q]Rd) — Vgao/Q(Q\Rd) compact, the
sequence (up)p>N is precompact in in Vgao/ 2 (QIR9), see Corollary 2.24.

Since A(z) is uniformly elliptic the Dirichlet Problem (4.3) has a unique solution. Now

Theorem A.8 implies that u, — u in V*0/2(Q|R?), where u is a minimizer of the functional Fy.
Since (4.3) is the Euler equation of Fy, u solves the local Dirichlet problem, see Lemma 4.4. [

We would like to use Theorem 4.2 to approximate a given a local second order boundary value
problem

9j(ai;(-)du

N~—
I

f in
g on 0f),

S
I

by a family of nonlocal ones as follows: Since the boundary data g € H'(£2), we can extend g
to the whole space, such that g € H'(R?). This implies g € V(QJR?). Next we have to chose
an appropriate family k% of kernels depending on the given matrix (a;;), such that

1
lim / / t™ o0k (x, x + to) do dt = a;j(2) . (4.24)
a—2~

0 gd-1

One natural approach is to use the coefficients a;; to define the behavior of £%(z,y) in a specific
direction and symmetrize in the obvious way: For given « € (0,2) and z,y €  we define

d

K (@,y) = Kaa(2 — a) o -y 3 250) 3 e _\i)i(;z_ 2N

ij=1
where Kj is a constant depending on the dimension.

Unfortunately, plugging this choice of k% in (4.24) leads to a coefficient matrix

A= (2A—|—trAId),

with A = (a;j), i.e. there appears an additional term tr A ;. More generally we have the
following
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4.3. Application of I'—Convergence

Proposition 4.10. Let n € N be odd. For a € (0,2) and z,y € (2° x Q)¢ set

d ii L) — a4 X — Zl xr — ;L
R T T
1,j=1

Then the family L* of operators generated by the family k® converges to the second order
differential operator L with a coefficients matriz B given by

b 2Ka(n+1,n 4+ 1)a;; if i #
YT\ Ka(2n 4 2,0)ai + Ka(n +1,n+ 1) St Gkk =1

where
+1 +1 d—2/2
+q+d '
T (p ‘21 )

K:d(p> Q) =

Note that Kg(n + 1,n 4+ 1) >> Ky4(2n + 2,0) for large n. This allows us to manipulate k% such
that (4.24) holds and k“ is still positive at least when (a;;) is a diagonal matrix. The Idea to
use powers of (x —y);(x —y); goes back to an idea of Bartek Dyda. For the proof we use the
following result from [Bak97, section 3] about integration on spheres.

Corollary 4.11. Let v = (71, ...,74) € Ng. Define p, : R? - R by

py(T) = lql ) gd

2

(Zd Yi +d> F(leﬂ)-.. (Vd;l ifv=0 mod 2 forallie{1,..,d}

gd—1 0, else.

Proof of Proposition 4.10. For all z,y € R% we define

d
(z,h) Z \h\

Note that k%(z,y) = (2 — )|z —y| " (K(z,y — 2) + K(y,z — y)) and that it is sufficient
to consider K (x,h), see Remark 4.7. For this choice of K, we have K(x,h) = K(x,rh) for all
r € R? and r € R and thus

d
/ opo K(z,0)do = Z bij(m)/ opoyo;o; do. (4.25)
$d-1 ii=1 gd—1
The assertion follows directly from Corollary 4.11. O

97



4. Nonlocal to local phase transition

Example 5. Let n = 1. By Corollary 4.11 the terms in (4.25) are nonzero if k =1 =14 = j, if
k=tandl=jork=jandl=iorifi=jand k =1.
Case 1: k =14 and [ = j We have that

3ypd-2(1y  1pd(l a
/ orotdo = (4 +d) Gl d(2) = 14 (2)d = T d Wd
g1 @3+ 3) sP2+9) (@+2r(1+35) (d+2)
Case 2: Let k=1=1i=j. Then
r(Hrt(y) ari(3) 3wq

4 _ 2 —
Ldlakda_(4+d) ra3+4)  id+2ra+d) 2+ad)

Case 3: Let k=1,i=j. Asin Case 1 we obtain

2 2 Wd
do = .
/ssd_f’k"l 7=t

Thus
d
Wy
izl Oiu(x)dju(z) / oi0;K(z,0)do = F) ((tr A(z)Ig + 2A(x))Vu(z), Vu(z)) . (4.26)
J qd—1

A formula of the type (4.26) appears in a different context in [Men12, Cor. 2.7|, where nonlocal
characterizations of Sobolev vector fields are studied. The idea to use Bakers result on the
integration over spheres is taken from this work.
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5. Homogenization of nonlocal Dirichlet
Problem

The aim of this chapter is to develop a setup to obtain a homogenization result for nonlocal
integro-differential operators of the form

Cu(z) = PV. / (ulz) — u(y)k(z, y) dy (5.1)
R4

First we summarize the main ideas of the I'—convergence approach to homogenization in the
setting of second order differential equations in divergence form.

Afterwards we apply the I'-convergence approach to the nonlocal case. To deal with problems
that arise due to the nonlocality of the operator we use the theory of Dirichlet forms. Nevertheless
we do not obtain a homogenization formula in the nonlocal case.

5.1. Homogenization of second order elliptic equations

In this section we briefly recall the I'-convergence approach of homogenization in the setting
of second order elliptic equations. This section should review the main steps to deduce a
homogenization formula for second order differential equations, which we want to transfer to
the nonlocal setting in Section 5.2. We do not give full proves, since we are only interested in
the technical ideas. For the sake of completeness we give references to the literature.

Suppose that € is an open smooth subset of R and Y = (0, 1)? is the unit cell in R%. A function
f:R?— R is called 1-periodic, if f(z +¢;) = f(z) for all i = 1,..,d. Let (a;;) be a symmetric
d x d matrix of functions a;; : R? — R, such that

d
MEP <Y aij(@)&g < AP (5.2)
i,j=1

for some constants A\, A > 0 and all z € R?. Further let agj - R? — R be 1-periodic for all
i,7 €{1,...,d}. We define

x
aij(e) = ay (%)
and consider for f € L?(f2) the Dirichlet problem

9i(aj;(-)0jus) = f  in €, (5.3a)
ue =0 on 0. (5.3b)

99



5. Homogenization of nonlocal Dirichlet Problem

For £ — 0 the family of solutions (u.) converges to the solution wug of the so-called homogenized
equation

81'(&;}83"1“)) e f in Q, (5.4&)
up=0 on 09, (5.4b)

where (a;‘j) are the effective or homogenized coefficients. One says that ug solves the homogenized

equation or that homogenization takes place. This can be proved by several techniques, e.g.
asymptotic expansion, two scale convergence, the energy method or by use of I'-convergence.

We will give the ideas of the approach using I'-convergence and follow the presentation in
[DM93], [BD98|. Usually, for this kind of problems the I'-limit is taken with respect to the
strong topology of L?(Q), since this implies precompactness of minimizers of the corresponding
Dirichlet energy. Instead of looking at the equation (5.3), we consider the corresponding energy

functionals
_ [ fe(z,Vu(z))doe — [w(@)f(z)dz, ifue HJ(R),
F.(u)=<X9 Q
400, else.

where
d

fe(@,0) = ) af;(@)6g;.
i,j=1
Note that a minimizer of F. in H}(£2) solves (5.3). As usual we neglect the forcing term in the
computation of the I'-limit and consider instead the functionals

[ fe(z, Vu)dz, if u e HL(Q),
F.(u)=19

+00, else.

Henceforward we will use the extension of a functional to +oc outside H} (), without writing
it. By the compactness of I'-convergence, c.f. Proposition A.9, there is a sequence (&) and a
functional Fj, such that
Fo(u) =T — lim F, (u).
k—o00

for all u € L?(1).

Step 1: The first step is to prove an integral representation of the limit functional Fy(u), i.e.
there is a function fy : R? x R? — R such that

Fo(u) —/fo(:n,Vu) dz.
Q

To prove this one uses the localization method. Let A(£2) be the family of all open subsets of .
Now we consider

Fe(u,A)—/fe(:r,Vu) dx
A

as a functional on L?() and as a set function F.(u,-) for A € A(Q)). By a compactness
argument there is a dense countable family (A4;) € A(f2) and a sequence (g,,) converging to zero,
such that
Fo(u,Ai) =I— lim FEH(’LL, Al)
n—oo
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5.1. Homogenization of second order elliptic equations

exists for all i« € N. By the DeGiorgi-Letta measure criterion introduced in [DGLT77| one
concludes that for fixed u the set function Fy(u,-) is the restriction of a Borel measure to A(2)
and thus obtain an integral representation. By approximation with piecewise affine functions
one proves that the integral representation is independent of v and thus

Fo(u, A) = | fo(z,Vu)dx
/

for all u € L?(Q2). Furthermore Fy(u, -) is inner regular, i.e. Fy(u, A) = sup{Fp(u, A’)|A’ € A}
and we recover

Fo(u) = Fo(u, Q) = | f(z,Vu)dz
/

for all u € L?(2), where Fy(u) = +o0 if u ¢ HJ(Q). The function fy satisfies the same growth
conditions as f.. For details on the localization method we refer to [DM93, Chap. 20] or [BD9S,
Chap.9 et seq.]. The integral representation is proved in [BD98, Thm. 12.5].

Step 2: In this step we prove that the function fy in the limit functional Fy can be chosen
independent of of the first variable. To do so, one first proves that the localized functionals
F.(-, A) are translation invariant, i.e. for every y € R?

Fo(u, A) = Fy(tyu, 7y A),

where T,u(r) = u(r — y) and 7,A = {zx € R?: 2 — y € A}. This follows from the periodicity of
fe (IDM93, Thm. 24.1] / [BD98, Prop. 14.3]). The translation invariance of F' and the integral
representation obtained in Step 1 now yield

FO(TpU7 Br(y + P)) o

BT FO(U7BT(y)) 1
fo(yavu)—}g]%T—lg% B, = f(y+p, Vu)

and thus fj is independent of the first variable. Moreover fy can be expressed as the minimizer
of the energy of f = f1 over one periodicity cell. To be precise

. 1
fo(§) = min )‘Y‘Y/f(x,é—i—VqS(:c))dzc, (5.5)

PEW (LY

where W (£,Y) is the space of all ¢ € H'(R?) such that V¢ is Y-periodic and [y Vodr =¢€.
The minimum in (5.5) is achieved due to the growth estimates (5.2) on f. This expression for
fo does not depend on the I'-converging subsequence and thus by the Urysohn property (|[DM93,
Prop. 8.3]) for every sequence (¢j) converging to zero Fy, I'-converges to Fy. This is the crucial
step to get from the level of I'-converging subsequences to the I'-convergence of the whole family
F..

Step 3: The minimizer of (5.5) can be given in terms of an Euler condition, which leads to a
corrector result for the homogenized equation (5.4). The following is equivalent:

1. ¢ minimizes (5.5).

2. ¢ € W(£,Y) and
/ (Z gg;(:z, v¢>)aju> dz =0 (5.6)

for all v € Hﬁ1 (Y'), the space of all Y-periodic functions in H'(R9).
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5. Homogenization of nonlocal Dirichlet Problem

3. g€ HI{)C(Rd), V¢ is Y-periodic, [,, V¢ =¢ and
div(fe(y, Vo)) =0 (5.7)

on R? in the weak sense.
For a proof of this we refer to [DM93, Prop. 25.1, Prop 25.3|.

From this we obtain the homogenization result as follows. For ¢ € R? let we € Hlloc(Rd) be a
solution to (5.7). It is easy to check that we is unique up to an additive constant.

Writing & = 25:1 &;e;, we obtain

w&(y) = 5171)61 (y) + €2w62 (y) + o+ édwed(y) +c
for almost every y € R%. By (5.6) we obtain for every ¢ € R?

d

d
1O = [ | 3 asdwcopue | aw= 3" aiee

v \ig=1 k=1

where

d
ay :/ Z a;j0iWe, Ojwe, | dy. (5.8)
v \ig=1
Thus the computation of fy is reduced to the solution of d boundary value problems for
E=e1,..,eq. (5.8) is called the corrector equation for the effective coefficients.

Let (uc) be a sequence of solutions to (5.3) and thus a minimizing sequence of F.(u). Since the
functional F; I'-converge to the functional

[ aj;0mdude — [u(z)f(x)dz ifuc H(Q),
Q Q
400 else,

Fy(u) =

we obtain that u. converges to the unique solution ug of (5.4) in L?(2).

5.2. Homogenization for elliptic nonlocal operators

In this section we define a setup for the homogenization of nonlocal equations in divergence form.
To prove a homogenization result we try to adapt the approach introduced in Section 5.1 to the
nonlocal setting. Using the representation result by Beurling-Deny for regular Dirichlet forms
we obtain a representation of the limit functional on the level of subsequences. Nevertheless we
are not able to deduce a homogenization formula. Since the order « € (0,2) of the appearing
operator in this section is fixed, we suppress the norming factor «(2 — «), which is substantial
in the previous chapters, in all computations.

Throughout this section we assume that € is an open, bounded and smooth subset of R%. We
consider the equation

Lu=f 1inQ, (5.9a)
u=0 on Q° (5.9b)
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5.2. Homogenization for elliptic nonlocal operators

where £ is given by (5.1). We assume that the kernel k : R? x R? — [0, 00] is measurable,
symmetric and satisfies for almost every x,y € R% the pointwise comparability condition

Mz —y| ™ < k(z,y) < A7z —y[ 740 (5.10)

for some A > 0 and « € (0,2).

Further we suppose that we can write k(z,y) = K(z,x — y) and that K is one-periodic in the
first argument. From this we define kernels K. by

h
K.(z.h) = dKk(Z Dy,
) =etew ()

In the same way we introduce

—deas T
helw,y) = < h(Z, ).

Depending on the context, we either use the notation with k. or the notation with K.. Note
that by construction k. is e-periodic in both variables.

Now for € > 0 we consider the equation

L = f inQ, (5.11a)
ue =0 on Q° (5.11b)

where

Cou(z) = PV. / (u(z) — ulz + b)) K. (z, h) dh
R

=PV, | (u(e) - u(0) el ) dy.

Rd

Note that for simplicity we consider only homogeneous boundary data equal zero.

For any € > 0 (5.11) has a weak solution by Proposition 3.9, i.e. for any f € L*() there is
ue € V2 (QIRY), such that

// (u(x) = u(y))(v(z) —v(y))ks(z,y) dy dz = /v(w)f(iv) dz
) Q

(QexQe)e

for all v € Voa/ 2(Q|]Rd). Note that since the function « and v vanish outside €2 we can replace
the integration on the left-hand side by R? x R?.

Question: What happens if ¢ — 07 Does u. converge to some ug and does ug solve some
effective equation?

The idea is, to use the approach of I'-convergence as outlined above in Section 5.1. Unfortunately,
due to the nonlocal character of the operator, some of the above techniques can not be applied.
For example the localization technique does not provide an accurate integral representation
theorem for the limit functional. The work of Mosco [Mos94| gives an alternative approach using
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5. Homogenization of nonlocal Dirichlet Problem

the theory of Dirichlet forms and in particular the representation theory for regular Dirichlet
forms due to Beurling and Deny.

Let us consider the energy functionals F? : L2(R?) — [0, oo] associated to (5.11) defined by

) P (@) u)he(e,y) dy de — [u(@)f(@)de, it ue Vi (QURY),
Fl(u) = (exQe)e Q

00, else.

As proved in Lemma 4.4 a minimizer of this functionals is a weak solution to (5.11). Note
that we can replace (Q° x Q)¢ by R? x R? in the energy functional, since u = 0 on Q¢ almost
everywhere. As in the local case we can neglect the forcing term due to Proposition A.3 and
consider instead the functionals F? : L2(R%) — [0, 00| defined by

Lol (ule) - u(y)ke(z,y) dyde, if u e Vg/*(QIRY),
FO(u) = { (QexQe)e
400, else.

We use I'-convergence with respect to the strong topology of L?(R%). This implies the precom-
pactness of a minimizing sequence ., since the minimizers of FC are uniformly bounded in

VOO‘/Q(Q|Rd), which follows from Corollary 2.24 and (5.12) below.

First we consider the functional without boundary condition, i.e.

P (@) - u)?ke(w,y) dydz, if w e VOHQRY),
F.(u) = (QxQe)e
400, else.

Analogously to Theorem 4.8 we can recover the I'-convergence of the restricted functionals F°
afterwards.

The compactness property of I'-convergence, Proposition A.9, implies that there is a sequence
(ex) and a functional Fy on L2(R?) such that

Fo(u) =T — kli)ngo F,, (u).

5.2.1. An application of Beurling Deny

To obtain an integral representation of the limit functional we use the above mentioned result of
Mosco concerning the I'-convergence of Dirichlet forms. He proves that the I'-limit of a sequence
of Dirichlet form is again a Dirichlet form. Further, if the sequence satisfies some lower and
upper bounds, so does the limit form.

To apply the theory of Dirichlet forms, we consider the functionals F. as bilinear forms,
Fe(u) = E(u,u),

where the bilinear form &, is defined as

o) =g [ @) - um) @) - o)kl dyda.
( )

QexQe)e
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5.2. Homogenization for elliptic nonlocal operators

Due to the inequality (5.10)
A (u,u) < Ec(u,u) < ANTLEX(u,u), (5.12)

where the reference form £¢ is defined as

ORI EUCE r(y))(v(w) —v0) g
(

d+a
z —y|
QexQe)e

By (5.10) (€%, V*/2(QIR?)) and thus by (5.12) also (&, V/2(QR%)) are regular Dirichlet forms
on L*(R%).

The following result yields that the I'-limit of a sequence of Dirichlet forms is again a Dirichlet
form. Note that Mosco actually proves that the I'-limit of a sequence of Markovian forms is a
Dirichlet form, since closedness of the limit form follows from the lower semi-continuous of the
T'-limit.

Theorem 5.1 (Thm. 2.8.1,[Mos94]|). Let (ay) be a sequence of Dirichlet forms on a measure
space H. Then there is a Dirichlet form as, on H and a subsequence (ny) such that (an,)
I'-converge to as in H as k — oo.

Further the following comparison criteria hold for the I'-converging forms.

Proposition 5.2 (Cor.2.10.3, [Mos94|). Let (ay) be a sequence of Dirichlet forms in H, a a
Dirichlet form in H and 0 < X < A constants such that

Aa(u,u) < ap(u,u) < Aa(u,u)

for every n € N and every u € H. Moreover let (a,) I'-converge to a Dirichlet form as in H as
n — co. Then
Aa(u,u) < aoo(u,u) < Aa(u,u)

for every u € H. Further D(ax) = D(a).

Due to this the limit functional F{y can be identified with a Dirichlet form satisfying the same
bounds as F;.

Corollary 5.3. Let €, be a sequence converging to 0, such that

Then Fo(u) = E(u,u) for all u € L*(R?), where & is a regular Dirichlet form on L?(R%)

satisfying the bounds
AEY (u,u) < Ep(u,u) < AE*(u,u).

Proof. The corollary follows directly from (5.12), Theorem 5.1 and Proposition 5.2 for H =
L*(R%). O

The representation theory for regular Dirichlet forms introduced by Beurling and Deny allows
us to characterize the limit form. Further, using the comparison criteria of Proposition 5.2 we
can deduce that the limit form is again a pure nonlocal form.
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5. Homogenization of nonlocal Dirichlet Problem

Proposition 5.4. Let u,v € C.(Q) NVY/2(QIRY). The Dirichlet form & on L*(R%) can be
expressed as
o(u.0) = [ (we) — ul)(0(@) — o)A, ap).
Rd R4
where J is a Radon measure on R x RY\ diag. Here diag = {(x,7) € R? x R? |z = y}.

Proof. By the formula of Beurling-Deny [F(_)T94, Thm. 3.2.1] for u,v € C.(R?%) the limit form
&p can be expressed as

o(u.0) =£ w0+ [ (u(e) ~ uw) (o) ~ o) T(dy, da)
Rd R4
+ /U(CU)U(CE)/{?( dz).
R4
Here .J is a positive symmetric Radon measure on R? x R?\ diag, k is a positive Radon measure

on R? and £ is the local part of the form. It follows from Corollary 5.3 and [Lej78, Prop.
1.5.5] that the local part is zero.

Next we prove that also the killing measure k is zero. W.l.o.g. we assume that 0 € Q. Consider
for R > 0 the function ug(x) = L, ) € L?(R?) and assume that Q C Bpg/2(0). Then

1

E*u,u) < // ————dydz < C|Q| R
=y
BSQ

Now we obtain
/u%(z)k(d:p) < &(ug,ug) < AICIQIR™™ =0
Q
as R — oo and thus k£ = 0. ]

Remark 5.5. 1. Since the integrand in the double integral term of &y is symmetric, we can
assume that also the measure J(dz, dy) is symmetric. By the comparability to £* we
obtain that

// (1 Az — y|2> J(dz, dy) < oo for all compact K C R%.

KR4

Then by disintegration (cf. [Kal02, Chap. 5|) and by the symmetry of J we find a family
of measures j(z,-), such that

// u(@) — u()) (0(z) — ()T (dz, dy) = // u(@) — () (v() — ()i, dy)dr,
R4 R4 R4 R4
cf. [SU12, Sec. 2.

2. Note that the integration in the double integral in the definition of & is over R? x RY,
which is in contrast to &. Since we restrict ourself to the case of boundary data equal
zero, we can disregard this. When we want to consider nonzero boundary data, a more
accurate study of the support of J is needed.
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5.2. Homogenization for elliptic nonlocal operators

To connect the limit functional to the solution of a boundary value problem with homogeneous
boundary data zero, we have to prove that the I-limit is stable under the restriction to functions
that vanish outside €2. This can be proved exactly the same way as Theorem 4.8.

Proposition 5.6. Let €, be a sequence converging to 0, such that

Fy=T- lim F.,.

n—oo
Then
F(u) =T — li_>m Fgﬂ(u),
where
0 Eolu,u), if u e Vi (QIRY)
Fy(u) =
400, else.
Proof. The proof is analogous to the proof of Theorem 4.8. 0

Remark 5.7. Note that we do not use the periodicity of k. in the whole section. On this
account we only obtain the existence of an abstract limit functional, that can be represented by
a Dirichlet form. Nevertheless we can not connect the abstract jumping measure J to a given
family k..

5.2.2. Additivity and translation invariance of localized functionals

In this section we introduce a localization method for the nonlocal setting. We prove subadditivity
of the localized limit functionals for disjoint open sets. Using the periodicity of K. we prove the
translation invariance of the localized functionals, which is the crucial step to identify an explicit
formula for the limit functionals in the local setting, see Step 2 of Section 5.1. Nevertheless we
are not able to connect the integral representation obtained in Subsection 5.2.1 to the family of
kernels k..

Let us consider the localized functionals Fy : L?(R?) x A(Q2) — [0, o] defined by

[ (w(z) —u(y))?Ke(x,h)dhdz, if u € V/2(ARY),
F.(u,A) = { ARd
00, else.

As in the local case we can assume that there is a countable family V € A(Q2) and a sequence
(€n), such that
F(u,A)=T— li_)m F. (u,A)

exists for all A € V using the compactness of I'-convergence. For example we can take V as the
family of all open polyrectangles with rational vertices.

Note that superadditivity is preserved by I'-convergence, cf. [DM93, Prop. 16.12]. The idea
to prove subadditivity is the following: Let A, B € A(Q) and u € L?(R?). Without loss of
generality we can assume that F'(u, A) and F'(u, B) are finite. By the definition of I'-convergence
we find sequences (v;) € L2(R?) and (w;) € L?(R%), such that

F(u,A) = lim Fj(v;,A), F(u,B)= lim Fj(wj, B).

Jj—o0 Jj—o0
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5. Homogenization of nonlocal Dirichlet Problem

Now the goal is to construct a sequence (u;), such that
Fj(uj, AU B) < Fj(v;, A) + Fj(w;, B) + R; where R; 7%,

In the local case one uses the sequence u; = ¢v;+(1—@)w;, where ¢ € C§°(A), ¢ =1on A’ € A.

We use the following Ansatz: Define u;,, by
Ui = U+ Gi(vn — u) + Pi(wy —u)

where ¢; € CSO(AZ), A; @ A and P; € Cgo(Bl), B, € B.

Since u;, — u in L?(R?) we obtain
F(u,AUB) < liminf F,,(u; ,,, AU B). (5.13)
n—oo
Further for € > 0 there is N € N, such that for all n > N:

F(u,A) + ¢ > Fy(vn, A) (5.14)
F(u,B) +¢ > Fy(wy, B). (5.15)

If the left-hand side is finite this implies that for some N € N and all n > N there is K > 1,
such that

// (o (&) — va())? |2 — 4~ < K (5.16)
AR
// (wn(®) — wa())? |z — 9| < K. (5.17)
BR4

Now we are in the position to prove the subadditivity.

Lemma 5.8. Let A, B € A(Q) with ANB =0. Then
F(u,AUB) < F(u, A) + F(u, B)

Proof. First we set ke, = k,, and

1/2
Gn(u,A) = (4// (u(z) — u(y))?kn(z,y) dy da
Rd

Let K1 € A and K9 € B compact. Set 6 = min{dist(0A, K1), dist(0B, K2)}. We define for
v>0: 5
Do=K,, Di={zecR: dist(z,K) < %}, i=1,..,.
d. 3 i0 .
Ey = Ko, Ei={x € R :dist(x,K2) < —}, i=1,..,1
v
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5.2. Homogenization for elliptic nonlocal operators

On these sets we define cut-off functions ¢, ..., ¢, U1, ..., ¥, by:

¢i(x) =1, Ve Dii, (5.18)
|Dg;| < “H

and
v € Cj(E;), 0< () <1Vz e By,
Yi(x) =1, Vo € B; 1, (5.19)
| D] < 2

We set foralln e N, i =1,...,v
Uiy = U+ (Un - u)¢z + (wn - U)T/h
Let € > 0. By (5.13), (5.14) and (5.15) we find N € N such that for all n > N

F(u,AUB) — (F(u,A) + F(u,B)) — e < Fy(4jn, AU B) — Fy,(vp, A) — Fy(wy, B)
Fo(uipn, AU B) — Fy(vn, D) — Fy(wn, E;)
Fp(uin, (AU B)\ (D; U E;))
+ Fn(um, D;) + Fy (Ui, E;) — Fp(vn, D) — Fp(wn, E;)
=I+1I

We set (AU B) \ (D; U E;) = B;. First we estimate I:

Uz s z /Fk’n U + - u)¢l + (w” - u)¢l) dz
B;

<3 / T, () + T, ((0n — w)s) + T, (wn — w)thy) da

<3| [Tu@det [Tl ws)de+ [ To, (0 - win)do
i B;

B;
By (5.10) the first part can be estimated independent of n and i:
B/Fkn(u) de <C // (u(m) —u(y))? |z —y|"* dy da.
B; (AUB K1UK2
For the second (and analogously for the third term) we obtain independent of i

[ttt - @dx—// = w)00)(y))kn (2, y) dy da

7

/ / n(y) — ) P (@) - 9i(a) o, v) dy da

=0
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5. Homogenization of nonlocal Dirichlet Problem

< /wn(y)—u(y))? / (61(y) — 61(2)) 2k (2, ) da dy

R4 (AUB)\(K1UK?2)
v+1\?
< (550) Clon vl

Now we estimate the differences I1. Using Cauchy-Schwarz on the product space, we obtain

Fn(Dza ui,n) - Fn(Dza Un) < GTL(D’H Uin — Un)Gn(Du Ujn + Un) (520)

and
Fn(E@, uim) — Fn(Eza wn) < Gn(Eza Ujn — wn)Gn(El, Ujn + wn) (521)

First we estimate the first term on the right-hand side of (5.20):

1/2
Gn(Dz, Ujn — Un) = (D/ Fkn (Ui,n - 'Un) d$)
i 1/2 1/2
<2 (D/ Tk, (1 = ¢i)(u—vyp)) dx) +v2 (D/ Tk, (Yi(wy, —u)) dx)
i » i

<VE| [ m(@-edw-wpde | +VE[ [ D6 ) de

i\Di_1 Di—1

1/2
13 (D/ Py (i(10n — ) da:)

=I+IT+ 111

1/2

Now we look at I1:

D=

n={ [ o)) uw) ko) dy s
Di-1D§_,
< /(Un(y)—u(y))2 (\L/_¢i(y))2kn(ﬂ7,y)dxdy
Diaa D, =%i(z)

N

IN

/ (on(y) — u(y)? / (61(x) — 4(y)) b (2, ) da dy

i1 D1

N

v+1 —d—a
<o) | [ - u)? [ o=y asay
D¢, D; 1
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5.2. Homogenization for elliptic nonlocal operators

v+1
<C < 5 ) lvn = ullp2(p, y)

v+1
<0 () on =l

Set D; \ D;—1 = D;. Choose R > 0 such that Q@ C Br_1(0). Now by (5.10):

1/2
<2 ( // [(1 = pi(2)) (n () — ul@)) — (1= 6i(y)) (n(y) — u(y))] *kn (2, y) dy dﬂ:)

D; Rd

1/2
< ( [ 18:0) = @] () = u(w) + (n(w) = )] ) dydx)

D; R

< OO (5 1) o~

1/2
+COA ( // [(un (@) — u(z)) — (un(y) — u(y))]2 lz — |~ dy dx) '

D; R4

II] can be estimated as follows:

1
2

2
1
I = (D/é (@%g(wn@)u(x))wxy)(wn(y)u(y))) kn<x,y>dydx>
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5. Homogenization of nonlocal Dirichlet Problem

2

= // (wi(y)(wn(y)U(y)))an(wvy)dydw)
i RY

N|=

= //(1/1(93) ¢i(y))2((wn(y)U(y)))zkn(x,y)dydl‘)
R S0

D=

- \R/ (wa () — u()))? / ((z) — 5() (2, ) da dy)
d D;

< (%) (@/ ((wnl) ~ u)? [ xy%m,y)dxdy)
<o

N|=

D;
) (R/ ((wnly) ~ u@))? [ o=y dxdy> 5
d 4

v+1
S C ( 5 ) ||wn - u||L2(Rd)

Next we prove that the second term on the right-hand side of (5.20) is uniformly bounded.

Gn(Du Uj.n + Un) < Gn(Duu) + Gn(Dzvvn) + Gn(Di’ ¢7L(Un - U)) + Gn(Dzu¢z(wn - u))
=a+b+c+d

Now d = ITI from above, a and b are bounded by VK due to (5.16). Further we have

1/2
c= (D/ Ik, (¢i(vn, — ) d:r)
i 1/2
< (D/ Tk, (vn, — u) dm)

1/2
+ % (D// (v — ) (@) + (00 — w) (1))*(S(2) — $()) k() dy dx)
i Rd

1/2
< C(K) + (D/ (00 — u) (2)? / (6(2) — $())2hn (2 ) dy dx)

“ 1/2
" ({R/ (0n — ) (4)? / (6() — 3())2hn (e, y) da dy)
d D;
< OK)+ € () o =l pgny-
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5.2. Homogenization for elliptic nonlocal operators

Altogether we obtain

v+1 2
Gn(Dla Ujn — 'Un)Gn(Dza Ui + 'Un) <C < B > (H'Un - u”%z(Rd) + ||wn - UH%Q(Rd))

+ C(K) (Ilvn = ull 2y + lon = vl 2a))
1/2
+ C(K) / Fo(vp —u)dx
i\Di—1

+ O(K) (Ilon = ul (gt + o =l 2(ga))

where we have used )
1/2

/ I'(vp —u)dz < C(K).
i\Di—1

Analogously one estimates the right-hand side of (5.21):

v+1

2
Gn(Eiaui,n - wn)Gn(Euul,n + wn) <’ < ) (H'Un - U||%2(Rd) + Hwn - U”%;(Rd))

+ O(K) (Ilon = ull gty + lon = ull 2y
1/2

+C(K) / Lo (wy —u)dz
\Fi—1

+ O(K) (Ilon = ul gty + 1w =l 2z -
Thus for all ¢ we have

F(u,AUB) — (F(u,A) 4+ F(u,B)) —e < C; // (u(z) — u(y)? |z —y| " dyda

(AuB)\(Klqu)]Rd
v+1)\2
#00 (Z50) (lon = ullgen + o = ullaen)

+ O (I[on = ull 2ty + lon = ull 2z

1/2

vai| [ ()~ @) (oalw) — ) = ol dy s
i\D;—1 R4
1/2

+0Cs // (wn(x) = u(x)) = (waly) = u()* e -y dyda |

\Ei—1 R4

where the constant depend only on K. Summing up this inequality for all ¢ = 1,...,v, and
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5. Homogenization of nonlocal Dirichlet Problem
dividing by v yields

F(u,AUB) — (F(u,A) + F(u,B)) —e < C; // (u(x) —u(y))2|x—y\_d_o‘ dy dx
(AUB)\(K1UK2) R4

v+1)2
00 (550) (o= ulamy + = e

+ C3VE (Ilon = ull o) + llwn = ull 2 g

1/2

1/2
+c4$ // on(z) — u@)) - (va(y) - u(®))? |z — 41~ dyda
+c51f // wn(2) — u(z)) — (wnly) — u(@)))? |z — y| =42 dydz

where we have used the inequality > | /a; < \/n Y i a;.

Choosing K1 € A und Ks € B, such that & < g, then v, such that % < 5 and finally n such
that # < 5 the right-hand side can be made arbitrary small. Thus

F(u,AUB) < F(u, A) + F(u, B).

O]

By the pointwise estimate (5.10) we obtain that the localized functionals Fy(u, A) satisfy the
growth estimate

dy dr < Fy(u, A) < A~ (ulz) — uy))* dy dz. (5.22)
Y e N s

ARd ARd y‘

Now, for sufficiently smooth u, we can apply a lemma taken from [DG75, Lem. 1] to obtain an
integral representation for Fy:

Lemma 5.9. Let ¢, ¢" : R? — R be continuous, nonnegative and let T be a set function on

A(Q). Let
/ o(z)de < 7(B) < / o (z) da

B B

for all B € A(QY). Moreover, assume that for all polyrectangles A, B,C in A(Q) with
ANnB=0, AuBcCC and |C\(AUB)|=0

it holds

114



5.2. Homogenization for elliptic nonlocal operators

Then, there is a measurable function @, which satisfies, for every x € R%, ' (z) < o(z) < ¢"(z)
and such that

"(B) = [ pla)ds
B
for every B € A(Q).

Using the periodicity of k., we can prove that the localized limit functional is translation
invariant.

Proposition 5.10. Let (¢,) be a sequence converging to zero such that

r— li_>m F. (u,A) = Fo(u, A)

evists for all A€ V. Let p € R? and assume that T,A € Q. Then

Fo(u, A) = Fy(tpu, ,A) .
The proof follows the arguments of the first part of the proof of [DM93, Thm. 24.1].

Proof. Let p € R? and let F" : L?(R%) x A(Q) be the increasing functional
F"(;A) =T —limsup F., (-, A)

n—oo

for every A € A(Q). Fix u € L*(R?).We have to prove that Fy(u, A) = Fy(,u,7,A). By
interchanging y with —y it is sufficient to prove that Fy(u, A) > Fy(1pyu,7,A). Fy is the inner
regular envelope of F” | cf. [DM93, Rem. 16.3|. Thus it suffices to prove that

F'(1yu,m,A") < Fy(u, A)
for every A’ € A(Q) with A’ € A. Now for fixed A" we choose A” € A(Q), such that
A ed eA
By Definition A.4 there is a sequence (u,) € L?(R%) such that

Fo(u, A) > F"(u, A”) = limsup F., (un, A”).

n—o0

Now, since &, — 0, there exists a sequence (z,) € Z? such that e, 2, e y, (set for example

2y = Lij) Set y, = enzp. By the continuity of the shift, it follows that 7, u o Tou in

L?(RY). Since u, € V/2(A"|Q) if and only if 7,,u, € V"‘/2(A’T’pn |2), in this case we obtain

P (g, A") = // (ul) — u(y)) ke, (z,y) dy da

A R4

— [ [ @)~ )+ puvy + ) dys
A" Rd

= / /(u(x - p’fI) - u(y - pn))2k5n (‘I.? y) dy dx = Fan (TpnuTw TPnAH)?
Ton A" RY
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5. Homogenization of nonlocal Dirichlet Problem

where we have used the e,-periodicity of k.. Now there is N € N, such that for all n > N
1,A" C 7,,A” and thus

F., (up, A") = F,, (Tpnun,TpnA”) > F;, (Tp, Un, TpA/).
Using again the definition of the I'-upper limit, we finally obtain

F"(tyu,7,A") <limsup Fy, (7, Un, 7+hoA")

n—0o0

< limsup F, (un, A”) < Fy(u, A).

n—o0

5.2.3. Open questions in the nonlocal case

In this section we explain where the methods known from the homogenization of second order
equations break down when considering nonlocal operators, starting from what we have proved
in the previous sections.

Let us recall what we proved so far. For any given sequences €, — 0, there exists a subsequence
en (not relabeled), such that the T-limit of the functionals F; exists. Further the limit is again

a Dirichlet form and can be represented for u € V; a/ 2(Q|Rd) as

Fo(u) = & (u,u) // u(y))?J(dz, dy).

(QexQe)e

For fixed u € L?(RY) we have a local integral representation of the limit functional due to
Lemma 5.9. Thus for A € A(Q)

Fo(u, A) :/d)u(az) dz

A
for some function ¢, depending on wu.

One approach in the local setting is to use the linear function ug¢(z) = £ - = to prove that ¢,
can be rewritten as a function f depending on x and Vu independent of u € H'(2). Note
that Vu(z) = ¢ for all z € R%. A second approach is to approximate a given function v with
polynomials. This part can not be transfered to the nonlocal setting by mainly two reasons:

e Even for linear functions u¢ the nonlocal analogue of Vug () is not simply characterized
by the vector &.

e It is unclear, how to approximate functions in the nonlocal setting via affine functions or
polynomials.

Note that so far we just consider the I'-convergence of an arbitrary subsequence. Key to prove
the homogenization formula in the local setting is to connect the limit functional with the family
f- and to express fy as a minimizer of a cell problem, i.e., to solve the periodic problem on one
periodicity cell Y. From this one concludes that the limit does not depend on the convergent
subsequence and thus the Urysohn property of I'-convergence implies the I'-convergence of any
sequence &, — 0.
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5.2. Homogenization for elliptic nonlocal operators

There are at least two different approaches to obtain this. The first one uses again the linear
function u¢(x) = £ - . Note that in the local case f(Vu) = f(§), see [DM93, Thm. 24.1].
The second approach uses the fact that fy is H'-quasiconvex and thus can be rewritten as a
minimum problem

fo(€) = min / £+ Voly)) dylo € HI(Y) b
Y

see [BD98, Prop. 4.3].

To obtain such a representation in the nonlocal setting seems to be quite challenging due to the
nonlocal character of the substitute of fo. This would depend, instead of a single vector, on any
value of the differences (u(z) — u(y)) for z,y € R%
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A. I'-Convergence

I'-convergence was first introduced by DeGiorgi in the early 1970s to solve asymptotic problems
in the calculus of variation. Since then I'-convergence has become a tool in a wide range of
applications connected to the calculus of variation and PDE’s.

We give a short summery on I'-convergence and repeat some basic results and features of
I-convergence that are instrumental in our applications. We follow the illustration in [Bra02]
and [BD98| and restrict ourself to case of I'-convergence on metric spaces.

Our short survey should answer the following question: Suppose F,, : X — [—o00,00] is a
sequence of functionals on X and (z,) is a sequence of minimizers. Does (x,) converge to any
x € X and does  minimize any functional F'?7 The answer to this question is that I'-convergence
is the right notion of convergence, such that convergence of F;, to some F' implies the convergence
of minimizers.

A.1l. Definition and basic properties

There are many equivalent definitions of I'-convergence, which are useful in different contexts. We
give the sequential definition of I'-convergence and afterwards we prove an equivalent definition
in terms of the topology of X. Afterwards we recall some basic properties of I'-convergence, in
particular the convergence of minimizers and compactness of I'-convergence.

Definition A.1. Let (X,d) be a metric space, F,F,, : X — [—o0,+0o0]. We say that F),
I'(d)—converges to F' (or that F,, I'-converges in the topology of d to F') in x € X, if

(i) (liminf inequality) for every sequence (x,) with x, Lz

F(z) <liminf F,,(x,),

n—oo

(ii) (limsup inequality) there exists a sequence (z,) with =y, —, 2, such that

F(x) > limsup F,(zy).

n—oo

We say that F,, T'(d)-converges to F on X, if F, I'(d)-converge to F for all x € X. If F),
I'-converges to F' in x € X, we will write

F(x) =T(d) — lim F,(z).

n—oo
Another way of stating ((ii)) is to say: There is a sequence (x,) =, N x, such that

lim F,(x,) = F(x).

n—oo
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A. T'-Convergence

This sequence is called a recovery sequence. If there is no risk of confusion, we will omit the
metric d in the notion of I'-convergence. To prove same essential properties of I'-convergence, it
is useful to have a definition directly in terms of the topology of X. For x € X let us denote by
N (x) the family of all neighborhoods of . An equivalent formulation of Definition A.1 is:

Proposition A.2. [Bra02, Thm. 1.17] Let (X, d) be a metric space and F,,, F : X — [—00, 00].
Then the following is equivalent:

(i) F, I'-converges to F inx € X.

1) F(z) = sup liminf inf F,(y).
(i) F@) = sup Tmint it ()

We omit the proof and refer to [BD98, Prop. 7.5/7.6]. An important property of I-convergence
is, that it is stable under continuous perturbation. This allows us to neglect any d-continuous
functional in the computation of the I'(d)-limit.

Proposition A.3. Let (X,d) be a metric space, F,,F : X — [—00,00] and G : X — R
d-continuous. Further let F,, T'-converge to F' on X. Then

r— nh_)r{)lo (F, + G) (z) = F(z) + G(2)

forallz e X.

Proof. The proposition is a direct consequence of the above definition. Let x, , x, then
F(z)+ G(z) <liminf F,,(x,) + lim G(z,) < liminf(F,(z,) + G(z,)).
n—oo n—o0 n—oo
On the other hand let x,, be a recovery sequence. Then

F(z)+G(z) = nh_}ngo F(zy) + nh_)n(f)lo G(zpn) = JLIEIO(F”(QC”) + G(zp)). O

As for usual limits, we define an upper and lower I'-limit, as two quantities that always exist.
Of course, then the existence of the I'-limit is equivalent to the equality of the upper and lower
limit.

Definition A.4. Let (X, d) be a metric space, F, : X — [—00,+00] a sequence of functionals
on X. Then the quantity

' — liminf F,(x) = inf{lini}inf Fo(zp)|d(zn, x) — 0}

n—oo

is called the I'-lower limit of the sequence F,. Analogously the quantity
I' — limsup F,,(x) = inf{limsup F},(zy)|d(zp,x) — 0}
n—oo

n—o0

is called I'-upper limit of the sequence F,.

Corollary A.5. The infimum in the above terms can be replaced by the minimum, i.e.
r— linrgiorolf F,(x) = min{linlggf Fo(zpn)|d(zp, x) — 0}

and

I' — limsup F),(z) = min{lim sup F,,(xy,)|d(zn, z) — 0}.

n—oo n—oo

Furthermore the I'-lower and I'-upper limit define lower semicontinuous functions.
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We follow the arguments of [BD98, Prop.7.6] and [BD98, Rem. 7.3].

Proof. We prove the first statement for the I'-upper limit. Let us assume that I'—lim sup F,(x) <
+00, otherwise the statement is trivially satisfied. Let I' — limsup F,(z) > —oo, w.l.o.g. let
T — limsup F,(x) = 0. Then for k € N, let 28 "3’ 2 and

n

| =

lim sup F, (zF) <

n—oo

We define 0g = 0 and for k € N

2 1
o = min {h > o1 |Fn(zh) < E,d(mﬁ,x) < EVn > h} .
Then taking z, = xF for o), < n < opy1, we obtain limsup,_,. F(z,) = 0. The case

I' — limsup F,(x) = —oc is proven in the same way.
We prove the second statement for the I'-lower limit. Denote I' — lim inf,, o F),(2) = Foo()
and let 7% 2% 7. By the first part of the corollary for each k € N we find a sequence (:U;“) with

:L’;“ 2% ¢ and lim infj 00 Fj(m;“) < Fyo(2F). We define og = 0 and and for i € N

. A 1 |
0; = min {h > 01| |[Fos(a') — Fj(xz)’ < =, d(zh,xt) < EW > h} .

i 7

Set z; = mg’“ for o, < j < op41. Then we have x; 7% 2 and by the definition of the I'-lower
limit

Foo(z) < liminf Fj(z;) = lign inf Fioo (z1). O
—00

j—o00

Remark A.6. The lower semi-continuity of the I'-upper limit allows us to reduce its computation
to a dense subset D C X. Let d’ be a metric inducing a topology which is not weaker than
the topology induced by d, i.e. d'(z,,z) — 0 implies d(xy,,xz) — 0. Let F' : X — [0,00] be
continuous with respect to d and set Xg = {z € X|F(z) < oo}.

If we assume that
1. D is dense in X with respect to d’,
2. I' = limsup,,_, . Fn(z) < F(z) for all z € D,

then we have I' — lim sup,,_,, Fr(z) < F(z) on X. Note that if z € X \ Xy, there is nothing to
prove. Let (x) € D and = € X such that d'(zg,x) — 0. This implies d(xg,z) — 0 and thus
by the lower semi continuity and (2) we obtain

I' — limsup F,,(z) < liminf (F — lim sup Fn(xk))

n—oo k—00 n—00

< liminf F(zy) = F(x).

k—00
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A.2. Convergence of minimizers and compactness of
I'-convergence

To obtain the convergence of minimizers we need an equi-coerciveness conditions on the under-
lying functionals Fj,, so that the sequence of minimizers is precompact in X.

Definition A.7. A sequence (F},) of functions Fj, : X — R is called equi-coercive on X, if for
all ¢t € R there exists a compact set K; such that {F,, <t} C K.

It is equivalent to say that for all n € N, there exists a compact set K such that

inf{F,(z)|z € X} = inf{F,(x)|z € K}.

Now we can state one of the main properties of I'-convergence.

Theorem A.8. (/Bra02, Thm. 1.21]) Let (X,d) be a metric space and let (F),) be a sequence
of equi-coercive functions on X and let F =T — lim,,_,o0 Fy,. Then

dmin F' = lim inf F}. (1.1)
X j—oo X

Moreover, if (x;) is a precompact sequence such that limj_o Fj(x;) = limj_o infx F} then

every limit point of a subsequence of (x;) is a minimum point of F.

The proof follows the lines of [BD98, Thm. 7.1]

Proof. Let n;, be a sequence of indices such that lim F),, = liminf F},. By the equi-coerciveness
k—o00 n—00

of (Fy,) there exists K C X compact, such that inf{F,(z)|xz € X} = inf{F,(z)|z € K} for all
n € N and a sequence (z) in K, such that

khﬁm Fo, (zx) = hlgn inf F,, = hnrr_l)lcng
Since K is compact, after possibly passing to a subsequence of (zj) (again denoted by (xy)), we

k— .- .
can assume that x; —> zo. Now from the definition of I'-convergence we obtain

F(zg) < hkm inf Fy,, (xf) = llnrr_1>1£fF
and
1an < mfF < liminf F,.

n—oo

n—oo

By ((ii)) of Definition A.1 for all z € X there is a sequence (z,), such that =, — =,

F(z) > limsup F,(zy)
n—o0
and thus
hmsuplan < F(x).

n—o0

Hence
lim sup 1nf F, < 1nf F.

n—o0
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A.2. Convergence of minimizers and compactness of I'-convergence

From this (1.1) follows. Let z,, — xq such that

lim F,(x,) = lim inf F,.
n—o00 n—oo X

From this and (1.1) the second assertion follows.

O

Note that a metric in which one proves I'-convergence is not given beforehand, rather the metric
should be chosen in a way that the equi-coerciveness of the functionals follows directly. A
stronger metric implies a stronger convergence result, but a sequence of minimizers may not be
precompact any more.

The last property we want to address is the compactness of I'-convergence.
Proposition A.9. (/Bra02, Prop. 1.42]) Let (X,d) be a metric space, (F,) a sequence of
functionals, with F, : X — [—o00,00] for all n € N. Then there exists a subsequence Fy,, such

that
r— klggo Fo, (x)

exists for all xz € X.

Proof. Let (Uy) be a countable base of open sets generating the topology of X. Since R is

compact, there is a sequence of integers (U]O-) ;j such that

Jlggo ylenéo FJ? )

exists. Now we define (ajl) ;j as any subsequence of (O’?) ; along which the limit

li inf F
ji>1<r>loyl€nU1 le'(y)

exists. Recursively for & > 1 we define (U;-“)j as any subsequence of (O’fil)j along which the
limit

lim inf F

5 8, oy )

exists. The diagonal sequence a’,;f has the property that the limit

li inf F
Jim inf For (y)

exists for all ¢ € N. Since the limit exists this implies

likrgiorgf yléléz FU;’? (y) = liirisip yiélli Fa,’j (y)

for all i € N. The assertion follows from Proposition A.2. O
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B. Dirichlet forms

Let us summarize the main definitions and properties of Dirichlet forms we use in the scope of
this thesis. For a more detailed introduction to Dirichlet forms we refer to [MR92| and [FU12].

Consider the Hilbert space L?(X, ), where X is a locally compact separable metric space and
p is a positive Radon measure such that supp(u) = X. On L?(X, i) we consider a bilinear form
E:LA(X,p) x L3(X, ) — [—00, 0] and set

D(E)={ue LA(X, p)|E(u,u) < 0o} .
Now we are able to define the main objects of this chapter.

Definition B.1. A bilinear form (£, D(€)), D(£) C L?(X, p) is called lower bounded Dirichlet
form if the following properties hold: There is v > 0 and C > 0 such that

L E(u,u) = y(u,u)r2(x,,) for all u € D(E).

2. For all u € D(E) one has &(u,v) < C &, (u,u)/2E, (v, v)Y/2.

3. D(€) is a closed dense subspace of L?(X, p).

4. For all w € D(€) one has (uV0) A1l e D(E) and

E(u+ (uVvO)ALju—(uV0O)Al)
E(u—(uVvO)ALiu+ (uV0O)Al)

v

0
0

v

If £ is symmetric, i.e. E(u,v) = E(v,u) for all u,v € D(E) the last point is equivalent to
E((uVO)AL (uVO)AL) > E(u,u)

and (€, D(£)) is called symmetric Dirichlet form.

Here we set
E’y(ua U) = g(“? u) + ’}/(U, u)LQ(X,u)'

To give an representation formula for a general symmetric Dirichlet form, we need the following
definition about the richness of D(E).

Definition B.2. A symmetric Dirichlet form is called regular if C.(X) N D(E) is dense D(E)
with respect to the £&-norm and dense in C.(X) with respect to the uniform norm.

Now we can state the representation theorem due to Beurling and Deny.
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B. Dirichlet forms

Theorem B.3. Let £ be a reqular symmetric Dirichlet form on L?>(X, ). Then for all u,v €
Co(X)ND(E) & can be expressed as:

E(u,v) = £ (u,0) + / (u(z) — u(y) (v(x) — v(y))) J(dy, dz)

X xX\d

+ /X u(z)v(z)k(dx).

Here £(9) (u,v) is a strongly local form. J is a symmetric positive Radon measure on X x X \ d,
where d denotes the diagonal x =y and k is a positive Radon measure on X.

We omit the proof and refer to [FU12, Thm. 3.2.1|. A form a is called strongly local if a(u,v) =0

for all v that are constant in a neighborhood of supp(u). The local part is called the diffusion
part of the form, while the other two parts are called the jumping and killing part of the form.
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C. Definitions and auxiliary results

C.1. Domains

We denote the boundary of a arbitrary open set Q C R? by
90 =0n (Rd\ﬂ>.
A domain € is any open connected subset of R?.

Definition C.1. Let Q C R? be open.

1. We say that Q is a Lipschitz hypograph if there is a Lipschitz function ¢ : R*™! — R, such
that
Q= {ZE € Rz, < &(2') for all 2’ = (z1,...,x4-1) € Rd_l} .

2. We say that Q is a Lipschitz domain if its boundary 92 is compact and there exists finite
families {B;} of open balls and open bounded sets {€2;}, such that
a) The family {B;} is a finite cover of 99, i.e. 9Q C |, B;.
b) Each Q; can be transformed to a Lipschitz hypograph by rotation and translation.
c) The set 2 satisfies B; N Q = B; N Q.
3. Let k € N. We say that Q is a C* domain if the function & from above is C* and Lipschitz
is substituted by C* in (2).

For C'!' domains we can change coordinates locally by a mapping ¥, such that the boundary
is flatten out near a point x € 9Q and ¥(B,(z) N Q) C RZ for some r > 0. For the sake of
completeness we will give the construction of U. Let Q be an open C! domain and x € 99).
Then according to Definition C.1 there is a ball B,(z) and a C! function ¢ : R"! — R, such
that (after relabeling the coordinate axes)

QN B(z) = {3: € Rz, < £(') for all &’ = (z1,...,xq_1) € ]Rdil} ,

Q°NBy(z) = {CL‘ € Rz, > £()) for all &’ = (1, ..., xq_1) € Rd_l} .
We define
¥(z) = x;, fori=1,..,d—1,
g —&(T1, .0, 0q-1)-
Then ¥ is a C!-diffeomorphism and with ¥(B,(r)) = K we obtain
d
V(B (x)NQ) = KNRY,
U(B,(z)NQ°) = KNRY,
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C. Definitions and auxiliary results
C.2. Auxiliary computations

We define the carré du champ 't for a general kernel k% as
1 o o o
Dia(f,9)(@) = 5 (£5 (F9) = ££5°(9) = £ (£)g)
— [ (@) = £ o) - 9wk a.)
Rd
For the sake of brevity we write T'ya(f, f)(z) = Tga (f) ().
Lemma C.2. Let f,g € V/?(Q|R%). Then

(i)
Lo (f:9) < /T (/) v/The (9)
(i)
Do (f +9) < 2Tk (f) + 2Tk (g)
(iii)
Dee(f -9) <5 [ (F@) = F0)P (o) + 9()Ph o) dy
Rd
+y [ @)+ £ o) ~ o) P () dy
R

Proof. (i) follows directly from the Cauchy-Schwarz inequality.
(ii) follows directly from Youngs inequality.

(iii) follows from the identity

ab—cd:%((a—c)(b+d)+(a+c)(b—d))

Lemma C.3. Let A C RY. If Ay U Ay, then (A° x A%)¢ = (AS x AS)CU(AS x AS)°.

Proof. Let (z1,x2) € (A° x A°)¢, w.l.o.g. we can assume that z; € A. Thus
xr1 € A1 Va1 € Asg.

But this implies that (z1,z2) € (A{ x A{)¢ or (x1,22) € (A5 x A5)°. Now w.lo.g. let
(x1,m2) € (A] X AF), then x1 or x2 are in A; and thus (z, z2) € (A° x A%)°. O

Lemma C.4. Letn. € C2(RY) be a smooth mollifier. Let (uy,),u € L*(R®) with ||u, — ull p2ray —
0. Set u;, =n: xuy and u® =n. xu. Then
ul "= 0wt in CF(K)

n

for all k € N and any compact set K C R?.
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C.2. Auxiliary computations

Proof. Let a € Ng. Using the properties of the convolution we obtain

10%uy, — 0% o = [[(un — u) % 0¥nel|
< |Jun — UHL2(Rd) |’8a77€||L2(Rd)

n—oo

< C(e) llun — ull f2gay — 0
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