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Abstract

This thesis explores a nonlocal nonlinear thermal diffusion law inspired by peridy-
namics, a nonlocal reformulation of classical mechanics. The primary objective is
to establish an existence theory for nonlocal equilibrium states based on the Dirich-
let principle of minimum energy. By rigorously defining and analyzing nonlocal
analogues of gradient and divergence operators, we prove the existence and unique-
ness of nonlocal equilibrium states, characterizing them as weak solutions to a non-
local p-Laplacian law. Dual formulations are derived using Kelvin’s principle of
minimum complementary energy, and their well-posedness is established through
the Ladyzhenskaya-Babuska-Brezzi theory and Fenchel-Rockafellar duality. Further-
more, we demonstrate the convergence of nonlocal equilibrium states to their local
counterparts as the nonlocal interaction horizon vanishes, drawing on relevant results
from Bourgain-Brezis-Mironescu and Ponce.

The scope narrows down to linear diffusion, specifically focusing on the formula-
tion and analysis of nonlocal optimal control and obstacle problems. Interestingly,
the analysis of linear-quadratic optimal distributed control problems closely mirrors
the corresponding local analysis. However, for locally ill-posed nonlinear control in
conductivity, nonlocal analogues yield practical solutions without additional regular-
ization. Similarly, we analyze nonlocal obstacle problems with minimal assumptions
on the obstacles. We argue that nonlocal modeling proves advantageous in consid-
ering discontinuous conductivities and obstacles, which pose challenges in the local
theory.

Lastly, the thesis investigates the numerical approximation of equilibrium states.
We demonstrate the extension of the finite element method to the nonlocal case,
albeit with increased computational costs. Rigorous analysis confirms the conver-
gence of finite element approximations to the nonlocal equilibrium state, and this
is supported by a series of numerical experiments. Additionally, we apply the non-
local finite element approximations to solve nonlocal optimal control and obstacle
problems.
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Chapter 1

Introduction

In recent decades, there has been a surge in the formulation and application of models
characterized by a notion of nonlocality. Nonlocality arises in the modeling of long-
range interactions, which are present in a wide variety of contexts. We mention
their application in image processing [42] and stochastic processes [52) 53], as well as
physical phenomena such as phase transition [9] [19], material fracture [60, [65], and
anomalous diffusion arising in flows in porous media, subsurface transport, emulsions,
and more [13, BI], 53], [69]. The presence of anomalous diffusion invalidates classical
local modeling via Fick’s law in the language of a partial differential equation (PDE).
In contrast, nonlocal models are of integral form. Relaxed regularity requirements
allow for improved modeling capabilities, especially for discontinuities.

One of the most exciting applications is the attempt to reformulate classical
continuum mechanics from a nonlocal theory [34, 35 (49, [50]. Recently, much at-
tention has been given to the theory of peridynamics [65] 66], which is a nonlocal
reformulation of continuum mechanics that does not require spatial derivatives in its
formulation. Here, nonlocality appears in a reformulated equation of motion in the
form of long-range material bonds, characterized by a force function that includes all
material properties. This allows peridynamics to describe a wide range of material
behavior. A characteristic of peridynamics is that a material point can only form
bonds within the interaction horizon. This property makes peridynamics a gener-
alizing theory, since classical elasticity theory can be recovered in the limit when
the interaction horizon vanishes. We refer to [51] for an overview of the theory and
applications of peridynamics.

Of particular interest in this thesis is the extension of peridynamic theory to
thermal diffusion, specifically its equilibrium states. As such, this thesis constructs
a mathematical framework for a general nonlocal diffusion law. The generality of
the model lies in the description of the diffusion by a nonlocal p-Laplacian law.
We consider nonlocal material conductivity distributions, and an extended notion of
Dirichlet boundary conditions for nonlocal boundary value problems. We approach
the construction by introducing nonlocal analogues of the gradient and divergence
operators, as well as a notion of nonlocal heat flux as in [33] [39, [45]. Through these,
equilibrium states are defined by variational principles of minimum energy. In addi-
tion, we obtain equivalent variational formulations that mimic the weak formulations
of classical PDE theory. In the spirit of peridynamics, we will similarly study the
limiting behavior of nonlocal diffusion as the interaction horizon vanishes.



1.1. Outline

The mathematical validity of the variational principles is paramount. Therefore,
we aim to prove results on existence and uniqueness. We will see that, in the eyes
of the classical calculus of variations, its nonlocal counterpart has surprising quali-
ties [57]. The direct method of Tonelli will be our main tool. Therefore, the notions
of continuity and compactness will recur throughout the thesis. First and foremost,
we establish the well-posedness of the variational formulation of our nonlocal diffu-
sion law and its dual formulation presented in [39]. Second, we restrict ourselves to
the case of linear diffusion and study its application in the field of optimal control.
We treat the prototypical problem of linear-quadratic optimal source control and the
nonlinear problem of conductivity identification. In addition, we will study how the
dual formulation in term of thermal fluxes aids in the analysis of the saddle-point
problem of Céa and Malanowski [22]. Finally, we study how the relaxed regularity
of the nonlocal framework applies to obstacle problems.

Of practical interest, we will also explore the numerical simulation of the non-
local diffusion model. Its variational formulations are tractable for Galerkin-type
approximations. In particular, we will use a finite element method (FEM) to ap-
proximate the nonlocal equilibrium states. Computationally, the nonlocal FEM is
more complicated than its local counterpart due to the nonlocal interactions 30}, [7].
Implementation methods to overcome these challenges are under active research, and
only in the last few years have nonlocal FEM codes become publicly available. We
include numerical experiments to settle implementation details and to explore the
convergence rate of our Galerkin scheme. Finally, we will use our nonlocal FEM im-
plementation to approximate solutions to optimal distributed control problems and
obstacle problems.

1.1 Outline

We realize that nonlocal modeling may be a new concept to the reader, and therefore
Chapter 2 serves as a gentle introduction. The scope is limited to one dimension,
with the goal of defining a nonlocal derivative analog and establishing an existence
theory for its variational problems. Chapter 3 defines the nonlocal gradient and for-
mulates the thermal diffusion law in terms of the Dirichlet principle. In addition, the
notion of nonlocal fluxes is introduced together with the nonlocal divergence opera-
tor, allowing a dual formulation of the diffusion law. The existence and uniqueness of
equilibrium states is established, and the convergence to the limiting local problem
is studied. Chapter 4 deals with the formulation and analysis of nonlocal optimal
control problems and obstacle problems. Special emphasis is given to the nonlinear
problems of parameter identification. In Chapter 5, we discuss the implementation
of the finite element method for simulation of nonlocal diffusion. We perform numer-
ical experiments to show convergence and to approximate solutions to both optimal
control and obstacle problems.



Chapter 2

An introduction to nonlocality

The following chapter is a brief introduction to the notion of nonlocality. The goal
is to define a one-dimensional nonlocal framework which will serve to illustrate key
differences between the classical calculus of variations and its nonlocal counterpart.
We first introduce the notion of a nonlocal derivative operator which we use to define
a class of nonlocal boundary value problems. We proceed by developing an existence
theory for their solutions. This involves identifying suitable state spaces in which the
direct method in the calculus of variations can be applied. Rather surprisingly, we
discover that nonlocal versions of classically unsolvable problems are solvable. The
chapter follows the discussion in [57].

2.1 Nonlocal derivatives

Throughout this chapter we will consider a fixed domain, the interval Q = (0, 1).
Classically, we say that a function u : Q — R is differentiable at a point x € Q if the
limit
o' (z) = lim ufz) —u@) @)
' —x x—x

exists and is finite. Hence, the derivative u/(z) is dependant on the pointwise regu-
larity of w near x for its existence. Modelling via the derivative is therefore limited
in its application, as points of discontinuity or cusps do not admit derivatives. An
extended definition adopted in the analysis of PDEs is the notion of the weak deriva-
tive. We say that u admits a weak derivative if there exists a locally integrable
function v’ : Q — R, which satisfies an integration by parts formula

1 1
| u@d@ e =~ [ @ola) e, voecx(@),
0 0

Here, C2°(Q) represents the space of infinitely differentiable functions with compact
support in . It is worth noting that if a function u is continuously differentiable,
its weak derivative coincides with its usual derivative. However, the concept of weak
derivative extends to nondifferentiable functions as well. However, it is important to
highlight that functions with jump discontinuities do not possess weak derivatives.
Note, both of these derivative notions depend on behavior in infinitesimally small
neighborhoods. Therefore, we refer to modeling with these notions as local. Our

3



2.1. Nonlocal derivatives

goal is to redefine the notion of derivative to incorporate nonlocal interactions. Non-
locality takes a variety of forms in the literature, but our preliminary presentation
considers the following simple idea.

Definition 2.1. Let v : © — R be a measurable function. Then we define its
nonlocal derivative at a distinct pair of points (z,2) € Q x Q as

u(r) — u(2')

xz—a

Gu(z,2') =

Remark that the nonlocal derivative shares properties with the usual local deriva-
tive. First, it is clear from its definition that it may be seen as a linear operator on
functions. Second, if the nonlocal derivative Gu vanishes everywhere on the domain
Q, then u is constant. Unlike the local derivative, the nonlocal derivative depends
on two points in the domain. Therefore, we cannot just simply substitute it for the
usual derivative in classical local problems. Consider the following example.

Example 2.2. The Dirichlet principle is a classical problem in variational calculus,
and its study led to the development of the direct method of calculus of variations.
We will formulate it through the elliptic Laplace equation

" .
—u’ =0, in{,

uw(0) =0, wu(l)=1. 1)

The Dirichlet principle states that the unique solution to (2.1]) is also the unique
equilibrium state satisfying a minimum energy principle. That is, we find it as a
solution to

ueW1:2(Q)
s.t. u(0)

1
min  [(u) = ;/0 |/ (z)|? dz, (2.2)
=0

u(l) = 1.

The solution is sought in the Sobolev space W2(€2), and the integral I is referred
to as the Dirichlet energy. Since we have a nonlocal notion of the derivative, we
may adapt the variational formulation of to the nonlocal setting. However,
the nonlocal derivative is defined with an additional argument, and therefore its
analogous problem requires an additional integral to be defined.

The simple nonlocal extension of (2.2) is

1 1 1
min J(u) = 2/ / |gu(q;7x/)‘2 dz’ dz,
0o Jo

uel
st. w(0)=0, wu(l)=1,

(2.3)

and we will refer to the integral J as the nonlocal Dirichlet energy. At the moment
it is unclear in which space U the solution u is sought. We note that the formulation
in explicitly requires two forms of regularity. First, we want to enforce pointwise
boundary conditions. Obviously, this disqualifies candidates like the Lebesgue spaces
LP(Q) for p € [1,00]. Second, the nonlocal Dirichlet energy has to be a proper
functional, that is J(u) < oo for some u € U. The last requirement is settled by the
following definition inspired by the Sobolev spaces.

4



2. An introduction to nonlocality M. Schytt

Definition 2.3. Let p € (1,00) and define the space
NWYP(Q) = {u € LP(Q) | Gu € LP(2 x )},

with norm

HUHNWLP(Q) = HUHLI)(Q) + ngHLP(QxQ)'

The choice Y = NW'2(Q) makes J proper, but again we are left with the
question of how boundary conditions can be enforced. It is well-known that the
Sobolev trace theory allows the association of boundary values to equivalence classes
of functions, as long as they are regular. Similarly we will see for NWLP(Q), as
long as p € (1,00) is sufficiently large. For this, we recall the fractional Sobolev
spaces W*P(Q) with exponent p € (1,00) and fractional exponent s € (0,1). They
are reflexive Banach spaces defined by their norm

/p
lllyesiey = (1l + [0yaney) -

where the Gagliardo seminorm is defined

B u(z) —u(@)P ., \P
[ulws.p o) = </Q o Jo— @[ da’ dz .

We remark the connection between the Gagliardo seminorm and the Lebesgue norm
of the nonlocal derivative. Indeed, we have the following correspondence

||g5u||LP(Q><Q) = |U\W1/p*,p(g)7

where p* € (1, 00) is the conjugate exponent of p defined by

Thus NW'P(Q) coincides with the fractional Sobolev space W/P*2(Q) due to the
equivalence of their norms. Since Wl/p*’p(Q) is a reflexive Banach space, so is
NWLP(Q). Unfortunately, the space we are interested in, NW1H2(Q) = W/22(Q),
is notoriously problematic from a regularity viewpoint. Indeed, for all s < 1/2, the
space W*2(€) contains discontinuous functions, which invalidates the enforcement
of pointwise boundary conditions. However, there are other combinations of expo-
nents that are useful in this case. The fractional Sobolev spaces enjoy the following
embedding result.

Theorem 2.4. Let s € (0,1) and p € (1,00). Then we have the following embedding
results.

(i) Assume q € (1,p|. Then the fractional Sobolev space W*P(Q) is compactly
embedded in L1(QY), i.e. every bounded set in W*P(§) is relatively compact in
L1(9).

(ii) Assume sp > 1. Then the fractional Sobolev space W*P(Q) is continuously
embedded in CO*(Q) with o = (sp — 1)/p, i.e. there exists C > 0 such that

[ullgo.aiq) < Cllullwor), YueWP(Q).



2.2. Nonlocal variational calculus

Proof. The proofs may be found in the excellent introductory monograph on frac-
tional Sobolev spaces [32]. O

Here, we note that C%%(2) with a < 1 denotes the space of a-Holder continuous
functions. By juggling the exponents, we find a straightforward corollary that applies
to our current situation.

Corollary 2.5. Let p > 2. Then NWP(Q) is compactly embedded in LP(Q), and
continuously embedded in CY(Q) with o = (p — 2)/p.

Proof. Recall that NW'P(Q) = W*P(Q) with s = 1/p* = 1 — 1/p. Theorem [2.4i)
then gives the compact embedding. Since p > 2, we have sp = p — 1 > 1, which by
Theorem [2.4{ii) guarantees the continuous embedding of W*?(Q) in C%*(Q) with

a=(sp—1)/p=(p—2)/p. O

As a consequence of Corollary we see that functions in NWHP() admit
Holder continuous representatives whenever the exponent p > 2. Their boundary
values are uniquely determined by continuity, and therefore we can impose bound-
ary conditions. Unfortunately, we had to sacrifice the possibility of irregularity in the
process. In subsequent chapters we adopt another framework for boundary condi-
tions, so that we can impose boundary conditions, even in the absence of continuity.

With this in mind, we can now study the nonlocal Dirichlet principle with
a slight modification. For exponents p > 2, the problem becomes

1 1 1
min  J(u) = / / |Gu(z,")[” da’ d,
PJo Jo

ueNW1LP(Q)
st. w(0)=0, wu(l)=1,

(2.4)

This modified problem is well defined since the functional J is proper and the bound-
ary conditions can be imposed. However, it is important to investigate whether the
problem admits any solutions.

2.2 Nonlocal variational calculus

We now proceed to develop an initial calculus of variations for problems governing
the nonlocal derivative. We fix the exponent p > 2 and consider end-point boundary
conditions u(0) = a and u(1) = b for a,b € R. We study the general problem

ueNW1Lp

11
min @ J(u) = /0 /0 F(z,u(z), Gu(z,2")) dz’ dz, (2.5)
. u(0)=a, wu(l)=0.

s.t

Here, we assume that the integrand F': 2 x R x R — R is Carathéodory, that is
measurable in its first variable and continuous in the remaining. Additionally, we
assume that F satisfies the coercivity condition: There exists some o > 0 and g € R
such that

F(z,u,U) > a|UP + B, V(z,u,U)eQxRxR. (2.6)



2. An introduction to nonlocality M. Schytt

To demonstrate that admits solutions, we will utilize the direct method
of the calculus of variations. Therefore, we need some notion of continuity of the
functional J. Surprisingly, it can be obtained under very limited assumptions. The
reason, presented in the following lemma, lies in the nature of the nonlocal derivative.

Lemma 2.6. Let {uy}ren be a bounded sequence in NWYP(Q). Then there exists a
subsequence {u }pen, and some u € NWYP such that as k' — oo:

(i) The subsequence uy converges to w in LP().
(ii) The subsequence {Guy }pen converges pointwise to Gu for a.e. (x,z') € QA xQ.
(iii) The subsequence {Guy }ien converges weakly to Gu in LP(£) x ).

Proof. By assumption and Corollary we know that {ug}ren is relatively com-
pact in LP(§2). Therefore, for (i), we see that there exists some u € LP(Q2) which
is the strong and a.e. pointwise limit of some extracted subsequence {uy }ien.
The pointwise convergence of {uy }ren immediately gives us the pointwise conver-
gence of nonlocal derivatives. Indeed, for almost all z,2" € Q x Q the convergence
Guy (z,2") — Gu(z,2’) follows from the linearity of the limit, and therefore (ii)
holds. Lastly, for (iii) we note {Guy }ren is bounded in LP(Q x ), which due to
its pointwise convergence and Egorov’s theorem also implies the weak convergence
Gui — Guin LP(2xQ), see e.g. [46, Theorem 13.44|. Consequently, Gu € LP(2x Q)
which proves the claim u € NW1P. O

This lemma marks a watershed between the nonlocal and local theory. Notably,
we obtain the pointwise convergence of nonlocal derivatives, purely by pointwise
convergence of the functions. A similar situation in the Sobolev space W1P()
yields only points (i) and (iii), but not (ii). With pointwise convergence of nonlocal
derivatives, lower semicontinuity can be established for the functional J by Fatou’s
lemma.

Proposition 2.7. Let J be given as in (2.5), and assume that the integrand F is
bounded from below. Then we have the following lower semicontinuity properties.

(i) J is weakly lower semicontinuous in NWHP(Q).

(ii) J is lower semicontinuous in LP ().

Proof. For (i) let u € NW'P(Q) and assume uj, — u in NWP(Q) for some se-
quence {ug}ren. By weak convergence {uy}ren is bounded in NW1P(Q) and by
Lemma we know that we may extract a subsequence {uy }xen for which Guy
converges weakly and pointwise to Gv for some v € NWP(Q). However, the strong
convergence of Lemma [2.6{i) implies that uj converges weakly to v in LP(€2), which
implies u = v due to the continuous embedding of NWP(Q) in LP(2). In summary,
we have all of the convergence results of Lemma [2.6] with the original limiting point
u € NWHP(Q). If J(ug) — oo then lower semicontinuity is immediate. Therefore
we assume WLOG that J(ug) < M uniformly for all £ € N for some M € R. The
pointwise convergence of the sequence and its nonlocal derivatives, together with the
continuity of F', gives us the pointwise convergence of the integrand

lim F(l‘, Uk (.’L‘), Gus (ZL‘, l‘/)) = F(ZL‘, U(ZL'), gu(l‘, :U/))? (27)

k' —00



2.2. Nonlocal variational calculus

for almost all (z,2) € Q x Q. Since F is bounded below, we can apply Fatou’s
lemma and the pointwise limit in (2.7]) to obtain

() = /0 1 /0 ' Fle.u(z), Gu(a. 2')) da da

k' —o00

1 1
< lim inf/ / F(z,up (), Gup (z,2')) do’ dx
o Jo

= lim inf J (ug ).
k’'—o0

Since J(uy) is bounded below, we could initially choose the subsequence {uj }xen
from a minimizing sequence converging towards liminfy_, o, J(ux). The above argu-
ments would still hold, and we would additionally have

liminf J(ug) = liminf J(ug),

k' —o00 k—o0
which completes the proof of (i). For (ii) we realize that uy — w in LP(£2) implies
ugr () — u(x) a.e. in Q for some subsequence, which in turn implies the pointwise
convergence Guy — Gu. The proof now follows exactly as for (i). O

Remark that in contrast to the local theory, we obtain weak lower semicontinuity
without a convexity assumption. This is striking, since some notion of convexity is
necessary for semicontinuity in the local theory [25].

The next step towards applying the direct method is to ensure appropriate com-
pactness of minimizing sequences. Here, a coercivity property of the functional J is
crucial. The polynomial coercivity of F' given by may at first seem insufficient.
Indeed, with it we obtain

(W) 2 |Gl ooy + B, Vu € NW'P(Q). (2.8)

However, for coercivity we want J(u) — oo as the norm [[ul yy1.pq) — 00. But

the norm on NW1P(Q) also relies on [ull oy, Which is not considered in (2.8).
Fortunately, we have nonlocal analogues of the Poincaré inequalities that resolve
this debacle.

Proposition 2.8. Let M be a closed subspace of NWP(Q) for which the only
constant function in M is identically zero. Then there exists some C > 0 such that

lull oy < C1Gullogaeqy . Yu € M.

Proof. We employ the usual proof by contradiction for Poincaré-type inequalities.
Hence for contradiction, we assume that there exists some sequence {uy }ren in M
all with [Jug[ () = 1, such that

1
ngkHLp(QXQ) < %, Vk € N.

This sequence is bounded in NW1P(Q), hence we apply Lemma (1) to obtain
a subsequence for which up — w € LP(Q). Both {u }reny and {Guy tren are

convergent in LP(Q2) and LP(§2 x Q), respectively, as Gug — 0 in LP(Q x ). Since

8



2. An introduction to nonlocality M. Schytt

NW1P(Q) is Banach, so is the closed subspace M, and as a result u converges to
some u € M with Gu = 0 and [u| 15y = 1. But Gu = 0 implies that the continuous
representative of u in C%%(£2) is constant. Since the only constant in M vanishes
everywhere, we obtain a contradiction with [ul[ () = 1. O

Consider the subspace of functions with vanishing boundary conditions
NWyP(Q) = {u e NW'P(Q)]u(0) = u(1) = 0}.

We remark that N VVO1 * is closed. This follows from Theorem (ii) since conver-
gence in NW1P(2) implies uniform convergence in C%%(Q). Therefore, vanishing
boundary conditions are preserved in the limit. Additionally, we note that the only
constant function in N VVO1 " is identically zero. Hence one can choose M = N WO1 P
in Proposition 2.8 This yields a nonlocal version of the classical Poincaré inequality.

Corollary 2.9 (Nonlocal Poincaré inequality). There ezists some C' > 0 such that
1,
HUHLP(Q) <cC ”guHLP(QXQ) , Yue NWP(Q).

Unsurprisingly, the Poincaré inequality from Corollary [2.9] allows us to define an
equivalent norm on NV VVO1 P In fact, we see that

1Gull Lo axay < llullywir) < L+ C) Gullpooxay, e € NWoP(Q),  (2.9)

where C' > 0 is given by Corollary Hence [|Gul| 15 (o) is equivalent to the norm

[ull ywrp(q) for all u € NWOLP(Q). Returning to the coercivity inequality (2.8), we
realize that ||uHNW1,p(Q) — oo also implies ||gu||Lp(QXQ) — 00.

2.2.1 Existence theorems

It is now straightforward to prove existence under vanishing boundary conditions.

Theorem 2.10. Assume F is given as in (2.5) and satisfies the coercivity condi-
tion (2.6)). Then the problem

min  J(u) = /01 /01 F(z,u(z), Gu(x,2")) dz’ do

uENW, P (Q)
admits an optimal solution if J is proper.

Proof. To apply the direct method, we begin by noting that J is bounded below by
the coercivity condition (2.6))

1,1
J(u) = Oé/ / |Gu(z,2")|Pda’dz+ B> B, Yue NWLP(Q).
0 Jo

Hence, we can choose a minimizing sequence {ug }ren in NWOLP(Q). Since the func-
tional values {J(ux)}ren are bounded, there exists M € R such that for all £ € N

1 1
M—B> J(up)— 8> a/ / Gui(a, )P da’ do > a1+ C) 7 uel By -
0 0



2.2. Nonlocal variational calculus

Here, the last inequality follows from (2.9). Thus, ug is bounded in N VVO1 P(Q),
and by Lemma there exists u € N W(} P(Q) and a subsequence up — u in
LP(Q2). Furthermore, since the coercivity condition also implies that F' is bounded
below, we can conclude the lower semicontinuity of J in LP(2). Now, according to
Proposition (ii), we have the limiting inequality

J(u) < liminf J(ug ) = inf  J(v),
K —o0 vENW,P(Q)

which proves that u € N VVO1 P(Q)) minimizes J. O

The proof of Theorem is dependent on the coercivity of J in N T/VO1 P(Q),
which was shown utilizing the nonlocal Poincaré inequality. We will now see that
similar arguments also apply in the case of arbitrarily fixed boundary conditions.
For a,b € R we let

NW,P(Q) = {u € NW(Q)|u(0) = a,u(1) =b}, a,beR.

Our approach realizes that N V[/'a1 P(Q) can be seen as an affine subspace of NW1P(Q)
through NW,?(£2). To this end we define the affine function

ugp(xz) =a+ (b—a)x, Vrel.

Note that the nonlocal derivative of w,j is constant. Indeed, for (z,z') € Q x Q
distinct, we have

x—a

Gugp(z,2') = (b—a) =b—a.

T —x

Hence u,p, € NWP(Q). Now for any u € NWP(Q) let ug = u — uap € NWyP(Q).
This gives the affine decomposition

U= Uy + Ugp- (2.10)

Lemma 2.11. Assume F is given as in (2.5)) and satisfies the coercivity condi-
tion (2.6)). Then the functional

() = /0 1 /0 ' Pl u(e), Gule, ) do! da

. . 1
is coercive on NW_T(Q).

Proof. We prove that J(u) — 00 as [[u|| yy1p(q) — o0 for u € NWal’f(Q). For any

ue N W; P () we use the decomposition (2.10). By the coercivity condition (2.6)
we have

J(W) = allGullyqroy + B
>« ||guo + gU@bHip(QXQ) +

p
|Loaxay| + 5

> a1Guol ey — 1Guas

10



2. An introduction to nonlocality M. Schytt

due to the reverse triangle inequality. Rearranging, we get

_ _ 1
(a7 I(w) = a7'8)""" 2 |Gl ey — [19asll oo
2 ngOHLP(QxQ) - nga,bHLP(QXQ)

> (1+ C)_l HUOHNWLP(Q) - nga,bHLP(QxQ) ’

using the nonlocal Poincaré inequality. Therefore, we have
_ 11/
luollxwrog) < (1+C) [(a7 ) = a728) 7 + |Guapll ey | - (211)

We now note that [ul yy1.p(q) — 0o implies [[uol| yyy1.p(q) — 00 due to the triangle
inequality

HUHNWLP(Q) < HUOHNWLP(Q) + Hu%bHNWLP(Q) ’

and since ||ua,b\|NW17p(Q) is constant. From (2.11) we deduce that J(u) — oo as
a >0 and [ul yyrpg) = o0 O

Using the direct method as in the proof of Theorem [2.10] we can now establish
the existence of solutions under nonhomogeneous boundary conditions.

Theorem 2.12. Assume F' is given as in (2.5) and satisfies the coercivity condi-
tion (2.6). Given boundary conditions a,b € R, the problem

11
min  J(u) = / / F(z,u(z), Gu(z,2")) da’ dz,
) o Jo

ueNW, P
admits an optimal solution if J is proper.

Proof. The proof follows that given in Theorem [2.10] but with a slight modification.
In order to guarantee that a minimizing sequence {uy}reny C N Walf (€2) is bounded
in NWH(Q), we apply Lemma Due to the coercivity condition , the
sequence of functional values {J(ug)}ren is bounded. But by coercivity of J on
NWi’g’(Q) this implies that the sequence of norms {||uk || yy1.0(q) tren is bounded,
proving the minimizing sequence is bounded. O

2.3 Examples

We conclude this chapter by providing two examples of local variational problems
and their corresponding nonlocal variants. The existence of solutions to the nonlocal
problems will be established using the nonlocal variational calculus developed in the
previous section.

Example 2.13 (The p-Laplace equation). We first present the p-Laplace equation,
which is a generalization of the linear Laplace equation ([2.1)) for varying exponents
p € (1,00).
—([W/P724) =0, inQ,
(Ju P2 012
w(0) =0, wu(l)=1

11



2.3. Examples

The p-Laplace equation arises in the description of a variety of nonlinear physical
phenomenons, such as some types of anomalous diffusion and fluid flow. Despite
its nonlinearity, its solution is still characterized by Dirichlets principle of minimum
energy

1 1
min  I(u) = © / o ()P da,
ueWhr(Q) P Jo

(2.13)
st. u(0)=0, wu(l)=1.

For p > 2 we realize that the the nonlocal version of (2.13) was the problem intro-

duced in ([2.4])

1 1
min  J(u) = 1/ / |Gu(z,2")[" da’ d,
DJo Jo

uENWLP(Q)
s.t. uw(0)=0, wu(l)=1.
Let us now verify that (2.14) admits a unique solution. We have already argued
that .J is a proper functional on NW1P(Q). In addition, we see that its integrand
is of the form F(z,u,U) = |U|P, and hence automatically satisfies the coercivity
condition (2.6). As such, Theorem promises the existence of a solution. Since

the integrand is convex, the functional is also convex and the solution is unique.
In Figure we provide numerical estimates of the nonlocal solutions obtained by

(2.14)

discretizing (2.14)).
1.0 —— Reference
—e— p=4.000
—s— p=3.000
0.8 &
—e— p=2.100
0.6
X
]
0.4
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 2.1: Solutions to the nonlocal variational problem (2.14) are shown for differ-
ent choices of p > 2. The classical local solution u(x) = x to (2.12)) is plotted as the
reference line.

Example 2.14 (The double-well potential). Lastly, we consider a common example
of a degenerate local problem.

1 1
min  I(u) = / | (z)|” — 1‘2 dz +/ lu(x)|? da,
0 0

ueWL4(£)
st. u(0)=0, wu(l)=0.

(2.15)

12



2. An introduction to nonlocality M. Schytt

025 —

0.20
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L | T
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o

0.15

Ui(x)

0.10

0.05

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 2.2: The first few sawtooth functions belonging to a minimizing sequence
of (2.15)). As k increases, the functions become more and more oscillatory.

Despite its simple formulation, it holds that admits no solutions. Indeed, a
standard exercise shows that one can construct a minimizing sequence, whose limiting
functional value is unattainable. For instance, consider the sequence of piecewise
affine sawtooth-like functions {uy}ren illustrated in Figure Their derivatives
are given by the formula

1, if sin(27kx) >0
,(x):{—i—, if sin(2wkzx) > 0,

VY € Q. (2.16)
—1, else,

Note that |u}(z)| =1 and |ug(x)| < 1/(2k) for all € Q and thus

1
2
I(uk):/o lu(z)| dxﬁwﬁo

However, no element u € W14(Q2) can attain the value I(u) = 0. That would imply
both of the contradictory properties © = 0 and «’' = 1.

Problem poses a challenge due to the lack of convexity in the integrand.
Specifically, the double-well potential R 3 U + (U? — 1)? is not a convex function.
This nonconvexity leads to a lack of semicontinuity of the functional I. However, it
is important to note that convexity is not a requirement of the nonlocal variational
calculus. To demonstrate this, we consider the nonlocal version of (2.15) m

. 2
wenti iy / / i dx+/ kel de 1)
st. w(0)=0, wu(l)=0.

It is straightforward to see that w = 0 implies J(u) = 1, hence the functional is
proper. Additionally, the coercivity condition (2.6 is satisfied for p = 4 for some
constants o > 0 and g € R. To see this, note that the polynomial

p(x) =1 —a)r? =22 + (1 - B), VreR,

13



2.3. Examples

is nonnegative on R whenever 1 = (1 — a)(1 — 3) and a < 1. Inserting x = U? and
rearranging p(x) > 0 we obtain (U2 — 1)? > aU* + 3, which is sufficient since

Fu,U)=U?-1)2*+u*> U? 1) V(uw,U)€ERxR.

Thus, F' satisfies the coercivity condition, and as a surprising consequence of Theo-
rem there must exist a solution to (2.17)).

This highlights a fascinating aspect of nonlocality. Namely, nonlocal problems
sometimes yield solutions even when their local counterparts do not. This phe-
nomenon makes nonlocal models valuable as approximations of local models, facili-
tating the study of ill-posed physical behaviour.

14



Chapter 3

Principles of nonlocal diffusion

The following chapter is devoted to the formulation of a nonlocal diffusion law for
equilibrium temperature states. The chapter extends the framework in [39] to the
nonlinear case. We begin by recalling the classical local formulation, the principles
of which will be replicated by its nonlocal counterpart. The nonlocal theory is
constructed through the nonlocal gradient operator. We then introduce the notion
of the nonlocal divergence Similar to the approach in [33, [45]. We then proceed
with the formulation of the nonlocal diffusion law, which is formulated by a Dirichlet
principle. Thereafter, we establish the existence and uniqueness of equilibrium states
under nonlocal boundary conditions. This is followed by a section studying the
dual formulation of the nonlocal Dirichlet principle, which yields a nonlocal Kelvin
principle. Finally, we analyze the localizing property of the nonlocal model as the
nonlocality vanishes.

3.1 Local reference model

Throughout the chapter we let @ C R?, d > 2, be a bounded Lipschitz domain, that
is a nonempty, connected, and open set, with Lipschitz boundary I'. We assume that
the conductivity distribution of € is heterogeneous and isotropic, and is described by
k € L*(Q) which satisfies k € [k, %] C (0,00) almost everywhere in . Subject to a
volumetric heat source f € L?(Q2) under homogeneous Dirichlet boundary conditions,
the equilibrium temperature state is found as the solution of

—div(kVu) = f, in Q,

3.1
u=0, onl. (3:1)

The problem (3.1]) is known as the generalized Poisson equation. Here Vv = [0;v]%_,
denotes the gradient of a scalar function v and dive = Zle 0;0; denotes the diver-
gence of a vector function o. Note that the partial derivative 0; with respect to the
1th variable is understood in the weak sense. The corresponding heat flux is found as
q = —xVu through Fick’s first law. It is important to mention that a variety of heat
transport phenomena can be modelled using Neumann, Robin or mixed boundary
conditions. However, for simplicity we limit ourselves to Dirichlet conditions. The
weak formulation of can be posed as a linear variational problem

Finduel: a(u,v)=4»L(v), Yvel, (3.2)

15



3.1. Local reference model

defined by the bilinear form
a(u,v) = /Q/iVu -Vudz, VYu,vel,
and linear functional
L(v) = /vadx, Vv el.

For clarity we omit the variables in the integrals whenever they are clear from the
context. The linear variational problem is analyzed by fixing the appropri-
ate Sobolev space U = H{ (), and unique solvability is deduced by invoking the
Lax-Milgram theorem. To this end, it is necessary to obtain notions of coercivity
and boundedness of the bilinear form and functional. For details, see [17, 18]. Alter-
natively, the properties of the bilinear form gives an equivalent formulation of
through a minimum energy principle. Indeed, the equilibrium temperature state
satisfies Dirichlet’s Principle, and is found as the unique minimizer of

o 1
min [ (v) = / K| Vv|? dz —/ fvdz. (3.3)
veld 2 Ja Q
Here | - | denotes the Euclidean norm and I is the Dirichlet energy functional. A

dual interpretation may be formulated by considering the equilibrium heat flux. By
Kelvin’s principle, the equilibrium heat flux of the equilibrium temperature state is
found as the minimizer of the complementary energy functional

- 1
min /(o) = / w1 o|? dz, (3.4)
ocQ 2 Ja

among all suitable heat fluxes o with dive = f. Mathematically, Kelvin’s principle
can be derived as the dual problem of Dirichlet’s principle or by rewriting
as a mixed variational problem in the Sobolev space Q = H(div, Q) [14]. We will
explore the details in the nonlocal case. This alternative description of heat diffusion
is useful in applications where the heat flux is the variable of importance.

The above principles can be generalized to the case of nonlinear diffusion. If
we modify the exponent in the Dirichlet energy functional to be p € (1,00), we
may formulate a generalized Dirichlet principle. Subject to nonlinear diffusion and a
volumetric heat source f € LP (), p* the conjugate exponent of p, the equilibrium
temperature state is found as the minimizer of

min [ (v) = 1/ E\Vv]pdx—/fvdx. (3.5)
Q Q

veld p

In this case, the appropriate Sobolev space is U = WO1 P(Q)). Similar to before, the
minimum energy principle can be equivalently characterized by a variational problem
that takes the same form as . However, it is now defined by the bivariate
functional

a(u,v) = / K| VulP™2Vu - Vodz, Yu,v€lU. (3.6)
Q
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3. Principles of nonlocal diffusion M. Schytt

This results in a nonlinear variational problem, which is the weak formulation of the
generalized p-Laplace equation

—div (k|VulP"?Vu) = f, in Q,
(3.7)
u=0, onT.
Here, Ayu = div (|Vu]p_2Vu) is known as the p-Laplacian of a function u :  — R.
It is possible to verify the existence of a unique solution to , and equivalently
prove it to be a weak solution to , by applying the direct method of calculus of
variations and utilizing convexity arguments [6, Section 6.11]. Once again, we can
formulate a dual Kelvin principle in the nonlinear setting, and such has been done in
the context of developing mixed finite element methods for the p-Laplace equation,
see e.g. [24] [40] [4T]. In this case, Kelvins minimum complementary energy principle
is of the form

min [ (o) = 1/ kP
Q

olP” dz, (3.8)
ceQ p*

where the equilibrium heat flux is sought among heat fluxes o with dive = f. The
nonlinear heat flux is defined by the relation ¢ = —k|Vu|P~2Vu, and it is sought in
the Sobolev space

Q= {qge L (Q,RY|divqg € LP" (Q)}.

In the ensuing chapter, all the presented variational problems and minimum energy
principles are reobtained in the nonlocal setting.

3.2 Nonlocal operators

Similar to the previous chapter, we first introduce a nonlocal notion of the gradi-
ent. Since we treat the extension of the bond-based peridynamic model to thermal
diffusion, we first fix the nonlocal interaction horizon § > 0, which limits the range
at which material bonds can form. With caution, we remark that this implies that
points near the boundary of the domain €2 may interact with parts of its exterior.
As such, we consider the interaction domain

Q5 - UerBJ (l‘)u

where Bj(x) denotes the open ball in R? with radius § and center in 2 € R%. In
particular, we let By = Bs(0). The set I's = 5\ Q will be referred to as the nonlocal
boundary of Q). Figure displays some examples.

17



3.2. Nonlocal operators

A\ 4
(1)

Figure 3.1: Two examples of Lipschitz domains ) and their corresponding inter-
actions domains g, (a) is a square domain, (b) is an L-shaped domain. Their
respective nonlocal boundaries I'y are shaded grey, and the interaction horizon ¢ is
marked.

3.2.1 The nonlocal gradient

We first define the nonlocal gradient. We consider an extension of the definition
given in the previous chapter. In this case, the interaction horizon is taken into
account. Encoding the strength of the nonlocal interactions, we fix a nonlocal kernel
ws : R — [0, 00) with support in Bs. We will assume it to be radial, i.e.

ws(z) = ws(|x|), Vz € Bs.
We elaborate on its remaining properties after the following definition.

Definition 3.1. Let u: R — R. Then the nonlocal gradient of u is defined
Gsu(z,z') = (u(z) — u(z))ws(z — '), V(x,z') e R x RL

Remark that the nonlocal gradient is defined on the entirety of R? x R%. How-
ever, due to the interaction horizon, its support resides entirely within €25 x €.
Throughout this chapter we fix p € (1,00), and we view the nonlocal gradient as an
unbounded linear operator

Gs : 2(Gs) C LP(Q2) — LP(Qs x Q).

Here, we note that 2(Gs) denotes the domain of Gs. In order to consider the nonlocal
gradient of functions defined on €2, we implicitly extend the functions by zero outside
of their defined domains. This allows us to apply the nonlocal gradient operator to
functions defined on Q even if they are not defined everywhere in R?. The goal
of this section is to explore the properties of the nonlocal gradient. Naturally, the
properties of the kernel are defining for the nonlocality, and therefore it has to be
chosen suitably. The simplest kernel is perhaps the constant kernel

ws(x) = csxB, (), Vo€ R,

18



3. Principles of nonlocal diffusion M. Schytt

Here s is understood as the indicator function on the set M C R?. Similarly, a
continuous cutoff function such as

ws(x) = c5(0% — |2°)*xB, (z), Yz R, Va,B >0,

is also admissible. Note that these are both examples of bounded integrable kernels.
In contrast, one may also choose the singular kernel

ws(z) = p%m (z), VaeR\ {0},

with an appropriate choice of & > 0. For s € (0, 1), one such choice is & = d/p + s
in spirit of the fractional Sobolev spaces. Regardless of the choice of kernel, the
constant cs > 0 is chosen to normalize the kernel in such a way that

/Rd |z[Pws ()P do = Kp_,c]i (3.9)
Here K, 4 > 0 is defined by

1

K,q= = /Sd_l |s - e|Pds,

where S9! is the (d — 1)-dimensional unit sphere, |[S?~!| its Lebesgue measure,
and e € S9! is chosen arbitrarily. This choice of normalization is intrinsically
related to the approximation of Sobolev spaces by their nonlocal counterparts, as
first seen in [I5] and further developed in [58, 59]. In the same vein, we will use
in Section to mathematically describe the localization of our nonlocal model
as 6 N\, 0. For practical reasons, we give an example of the constant K, 4 and a
normalization constant cg.

Example 3.2. Assume d = p = 2 and consider the continuous cutoff kernel with
a>0and =2

ws(x) = 05(52 — \az|2)aXB(5(1:), vz € RY.

Let us determine ¢5 > 0 such that (3.9)) is satisfied. The constant Kj o is readily
found

Kyy = — / 5 - e2ds = /27r (£)2dt = *
= — S- e S = — COS = —.
22780 Ja 2 Jo 2

Meanwhile, the right-hand side of (3.9) can be computed by switching to polar
coordinates
) 71_0(255404—"-4

K—1:2/ 2052 _ 121229 dg = 2 2/ 3(52 — p2)20y — .

Rearranging the previous two equations, we get

42a+1)(a+1)
rodata :

i =
We note that as 0 N\, 0, the normalization constant cs * co.
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3.2. Nonlocal operators

With an appropriate kernel at hand, we begin our analysis of the nonlocal gradient
Gs as an unbounded linear operator. We start with the following density result.

Proposition 3.3. Let the domain of Gs be denoted Us. Then Uy is dense in LP(2).

Proof. We prove that Us belongs to a dense subset of LP(Q). Let ¢ € C2 () and
note that its extension by zero resides in Co ’1(95). Then

//!Qa«pxw P da’ dx—/ / lo(z (2" [Pws(z — 2/)P d2’ dx
_ p
:/ / Mh:—xﬂpwg(x—x/)pdx/dx
Qs Qs |z — 2|
<lel|? / / r — 2 |Pws(z — 2')P da’ dx
[l gy o, 95’ [Pass ( )

< HQOH%OJ(Q(S)/ / |2|Pws(2)Pd z dx
< |Q5|||s0||001 Qg) pé’

where the third inequality follows from the normalization assumption (3.9). This
shows that Gso € LP(€2s5 x Qs), which implies that CS(Q) C Us. Since C2H(R) is
dense in LP(Q2), so is Us. O

The domain Us will serve as the nonlocal analog of the equilibrium temperature
state space U = H} () discussed in Section It is important to note that the
boundary conditions imposed in Hg(Q) (in the trace sense) are not enforced in Us.
Instead, the practice of extending functions by zero outside their defined domains
leads to a different notion of boundary conditions in the nonlocal setting. We will
discuss this in more detail later.

In order to study variational principles on Us, we need to study its compactness
properties. In particular, we will show that Uf; is a reflexive Banach space. To do
this, we will rely on a series of results that shed light on the properties of the nonlocal
gradient. Initially, we will equip Us with the graph norm

1/p
lly = (Nl + 1G5ulls 0 0y ) -

Here, the notation is inspired by the graph of G5, which we denote ¥(Gs). Subject to
this norm, the nonlocal gradient trivially becomes a bounded linear operator on Uj.
Indeed for all u € Us, we see that

1G58 1y gy < Il iy + 1G5ty =l

and hence it has operator norm [|Gs|l,,,~ < 1. Here Us™ denotes the dual space of Us.
In connection we have the following result.

Proposition 3.4. The graph of Gs is closed in LP(Q2) x LP(Q2s x §s).

Proof. In order to prove the result, we assume that {ug, gx }ren C 4(Gs) is a sequence
which converges in LP(§2) x LP(£2sx2s) to the pair (u, ¢). By extracting a subsequence

20



3. Principles of nonlocal diffusion M. Schytt

indexed by k' € N we may obtain pointwise convergence. That is, for almost all
(x,2") € Q5 x Q5 we have

Gsu(z,z') = lim Gsup (z,2') = lim qp(z,2’) = q(z,2).
k'—o00 k' — 00

Here, the first equality follows from the pointwise convergence of uys, while the last
inequality follows from the pointwise convergence of g-. This suggests Gsu = ¢ and
(u,q) € 9(Gs). Thus, we find that the graph of Gs is closed. O

Similar to the previous chapter, we find it handy that the pointwise convergence
of a function automatically implies the same for its nonlocal gradient. We can now
draw the desired conclusion by using Proposition

Proposition 3.5. The space (Us, ||-||l4) is a reflexive Banach space.

Proof. Consider the canonical linear isometry 1" : Us — LP(§2) x LP(Q5 x ) defined
T(u) = (u,Gsu), Vu € Us.

It is clear that the range %Z(T') coincides with ¢(Gs). By Proposition [3.4, Z(T) is a
closed subspace of the reflexive Banach space LP(€2) x LP(§2s x 5), and so it inherits
the properties of reflexivity and completeness. Finally, since T is an isometry between
Us and the reflexive Banach space Z(T'), Uy also inherits those properties. O

In future proofs it will come in handy to have a nonlocal Poincaré inequality,
which will provide us knowledge about a function given that we have information
about its nonlocal gradient. In addition, it will provide an equivalent norm for Us,
which as an added bonus will simplify computations. In order to prove such an in-
equality, we need more information on the behaviour of the nonlocal gradient. Follow-
ing the steps of [38] we give the following compactness result from [58, Theorem 1.2],
here stated in the language of our framework.

Lemma 3.6 (Ponce inequality). Let 6o > 0 and let {0y }ren C (0,d0) be a sequence
of interaction horizons converging to zero. Assume {ug}tren C LP(Q) is a bounded
sequence and that there exists some M > 0 for which

/ / |G, uk(z, 2)|Pda’ de < M, Vk € N.
Q5, /s,

Then {ug }ren is relatively compact in LP(Qs,). Any limit point uw € LP(§s,) is also
in WHP(Qs,) and satisfies

VulP do < hmsup 95 ug(z, ") P da’ da. 3.10
k
Q

50 Qs,,

In contrast to Lemma [2.6], which we used to prove the Poincaré inequality given
in Proposition [2.8] Lemma [3.6] considers a sequence of different gradient operators,
defined by a corresponding vanishing sequence of interaction horizons. This result is
our first glimpse into the localization property of the nonlocal gradient. The obtained
inequality for the local limit points is known as the Ponce inequality. With it,
we can prove the nonlocal Poincaré inequality.
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3.2. Nonlocal operators

Proposition 3.7 (Nonlocal Poincaré inequality). There exists some dy > 0 and a
constant C(dg) > 0, such that for all § € (0, dp)

[ull ooy < C(00) GsullLo(oyxy) V1 € Us- (3.11)

Proof. We take the usual approach of proof by contradiction. Therefore, we assume
there exists a sequence {0y }ren in (0,d¢), for some dy > 0, which converges to zero,
and that for all £ € N we find corresponding uj, € Us, satisfying

[l gy > b 1Gs, 08l o, o
and [lug[;p(q) =1 for all k € N. Hence
HgékulgHLp(QékXQék) —0as k — oo.

For all k € N we define My = sup;>; Hg(;jujuip(ﬂs_mé < 00, and we get the
J

;)

uniform bound

/ / |G, uk(z, 2)|P da’ dz < My, < M. (3.12)
Qs, /9,

As 0 \, 0 we can use Lemma to see that {uy}ren is relatively compact in
LP(Qs,). If we consider such a limit point u € W1P(Qs,), we can use the Ponce

inequality (3.10) to get

J

This implies that Vu = 0, hence u is constant almost everywhere. We can prove
u = 0 on O, \ Q by pointwise convergence of the sequence {uy }ren. Indeed, since we
extend functions by zero outside their domains limy_,o ug(z) = 0 for all z € Qg, \ Q,
which implies the same almost everywhere for the limit u. Since w is constant, it
must vanish everywhere in 5,. But, due to the convergence in LP({)s,), we must
have that ||ul| Lp(Qs,) = 1 which is a contradiction. O

|[VulP do < hm / / |Gs, up(x, 2)|P da’ dz = 0.
Qs, /s,

)

It is important for us to note that the above nonlocal Poincaré inequality
only holds true if & > 0 is chosen sufficiently small, that is 6 € (0,dp). Throughout the
rest of this thesis, we assume that § is chosen as such, and we define the corresponding
constant Cp = C(dg) > 0. For practical reasons, we will also assume that all of the
numerically considered interaction horizons are permissible.

As promised, we can now define an equivalent norm on Uj.

Corollary 3.8. Define the norm

HUHL{5 = Hg5uHLP(Qé><Q6) ,  Yu € Us.

Then the space (Us, ||[[;,) is a reflexive Banach space. In particular, Us becomes a
Hilbert space, if p = 2, with inner product

(u,v)y, = / GsuGsvda' dz, Yu,v € Us. (3.13)
Qs Js
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Proof. Given the constant Cp > 0 from the nonlocal Poincaré inequality, we have
the following equivalence of norms

el < ully = Tl gy + 1G5l g gy < (1 -+ C) [l -

This proves the first claim. It is immediate to see that the norm is induced by the
inner product [[ull,,, = ((u,u)yys)'/?, when p = 2. O

With this choice of norm, it is again immediate to see that the nonlocal gradient
is continuous on Us. In fact, this time as an isometry. In particular, this implies that
the nonlocal gradient is an injective operator. Before our next step, we prove a final
property of the nonlocal gradient.

Proposition 3.9. The range %(Gs) is closed in LP(Q5 x Qs).

Proof. Let {ug}ren be a sequence in Us for which Gsur — ¢ in L*(Qs x Q). This
implies that {Gsug }xen is Cauchy in L2(Qs x Qs), which in turn implies {ug }rey is
Cauchy in Uy, since Gs is an isometry. Corollary implies that the sequence uy
has a limit u € Us due to the fact that Us is a Banach space. Moreover, since Gs is a
closed operator (as stated in Proposition , we can conclude that Gsu = ¢, which
proves that the range of Gs is closed. O

3.2.2 The nonlocal divergence

Now, let’s focus on constructing a nonlocal divergence operator. Like the nonlocal
gradient, we will treat and analyze the nonlocal divergence as an unbounded linear
operator. In contrast to the local divergence, which acts on vector fields, the nonlocal
divergence consider the nonlocal interactions. As such, it acts on scalar functions
defined on €25 x €25. To ease the use of notation, we introduce the integral notation

(u, v} = /Q u(z)v(z) de,
(4,0} 0wty = /Q 5 /Q (@ atjotea') daf a,

for measurable scalar functions u,v : Q — R, and ¢, 0 : {05 x 25 — R. We define the
nonlocal divergence as follows.

Definition 3.10. Let D : 2(D;) C LP" (5 x Q) — LP" () be the negative adjoint
of Gs : Us C LP(Q) — LP(Q5 x Qs). Then Ds denotes the nonlocal divergence. In
particular, it is the unique linear operator satisfying

(Dsq,u)ya = —(q,Gsu)a,xqs, Vg € P(Ds),u € Us. (3.14)

It is immediate to see that the nonlocal divergence is well-defined since the nonlo-
cal gradient is densely defined, see Proposition It should be noted that our char-
acterization, as expressed by equation , relies on identifying the dual Lebesgue
spaces LP(Q)* and LP(Q5 x Q)" with their corresponding Riesz representations,
namely LP" (Q) and LP (5 x €5). Remark that the characterization defines the
nonlocal gradient to satisfy an integration by parts formula in conjunction with the
nonlocal gradient, similar to the definitions of local operators. Further justification
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of this definition is presented in [33] by relating the local physical balance laws to the
nonlocal vector calculus of [45]. In the latter paper, the authors develop a nonlocal
vector calculus using the nonlocal operators, which generalizes Gauss’ theorem and
Green’s identities from the classical vector calculus.

We analyze the properties of the nonlocal divergence in a similar manner as we
did for the nonlocal gradient.

Proposition 3.11. Let Q5 = 2(Ds). Then Qs is dense in LP" (5 x Q).

Proof. We will show that C%1(Q5 x Qs) C Qs. To this end we let 1 € CO1(Qs x Qs),
and we will show that we may find Dgtp € LP"(Q) satisfying (3.14)). Let u € Us, and
for € > 0 let

O: = {(z,2") € Qs x Qs | |x — 2’| > &}.
Utilizing the Lebesgue dominated convergence theorem (DCT) we get
— (¥, Gsu)asx0s = / Yz, ") (u(z) — u(r))ws(z — 2') d2’ d
s 7 (s (3.15)
= lim Pz, ') (u(z) — u(x))ws(z — 2") dz’ d=.
el0 0.
Under this limit we claim that one can apply Fubini’s theorem to find

/ (o, 7Y (') — () ws ( — 2') da’ da
O¢

/051/1959: )w5(x—x)da:dx—/ bz, 7' )u(z)ws(z — ') dz’ de

O¢
_ / / ), a) (o st — o) o d

Here we utilize that w; is radial and exchange the variables in the first term. To verify
the assumptions of Fubini’s theorem, we first consider o(z,2') = ¢ (z,2")/|x — 2'|.
Since 1 is Lipschitz continuous, we may consider the Lipschitz extension of v to
the closure O.. Now o is continuous on O, and therefore C' = supy_o is finite.
Consequently, we may apply Hoélder’s inequality twice to see that

J[ D et e o) e

o. |z —a
<C | (") ’33 — 2/ |ws(z — 2’) dz d2’
< C’/ lu(2")| da’ / |z|ws(2)dz
<l K, g llull o) < oo

Returning to (3.15)) we can utilize the DCT again to obtain
_<Q7 g(su)QéXQ(s = lslﬁ)l // U(x)(l/’(xly $) - 1/1(377 x/))wé(x - ZI,'/) d(L’l dz
= / u(:c)/ (W2, 2) — Y(z,2'))ws(z — ') da’ du.
Q Qs
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3. Principles of nonlocal diffusion M. Schytt

By definition, we recognize that
Dswla) = | (Wla'2) — blaa sl — ) do', Vo€,
Qs

if Ds1p € LP"(Q). In particular, we find that the nonlocal divergence of 1) is bounded.
For z € 2 and by another application of Holder’s inequality we get

Dsih(z)] < /Q (!, ) — (x, o) we(w — ') da’
_ / (!, ) — ¥(z, 2')
Qs

/

|z — | Hw—fl%(fﬂ—x')dﬂ”
< 2|l co (0 x| VP K B

So [[Dsh| o+ () < o0 and as a result CO1(Qs x Qs) C Q5. Since COH(Qs x Q) is
dense in LP" (Qs x Q;5), density of Qs is immediate. O

The proof of Proposition [3.11] gives a formula for the nonlocal divergence

Corollary 3.12. Let g € C%'(Qs x Q5). Then the nonlocal divergence of q can be
represented by the formula

Dsq(x) = / (q(a’,x) — q(z,2"))ws(x — 2") da’, Vz € Q. (3.16)
Qs
As a straightforward consequence of Dy being an adjoint operator, we automat-

ically get the following property of the domain Qj.

Proposition 3.13. Define the norm

1/p*
lallo, = (gl @iy + Dsallr ) -
Then the space (Qs, ||| o,) is a reflexive Banach space.

Proof. Note that the nonlocal divergence Dy is a closed operator by virtue of being
an adjoint operator [18, Proposition 2.17]. Since the norm |[-[|o, is the graph norm
arising from Dy, the arguments follow the proof of Proposition [3.5] O

Using the fact that the nonlocal divergence is a closed operator by virtue of being
an adjoint operator, we conclude the proof. The following proposition summarizes
the remaining properties inherited by Ds.

Proposition 3.14. The nonlocal divergence Ds : Qs — LP"(Q) enjoys the following
properties:

(i) The range % (Ds) is closed in LY (£2).
(ii) Djs is surjective onto LP" ().
(iii) Ds is a bounded linear operator.
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3.2. Nonlocal operators

Proof. Since G5 is a closed operator, Z(Dy) is closed if and only if Z(Gs) is closed,
see e.g. [I8, Theorem 2.19|. Hence (i) follows by Proposition Since the nonlocal
gradient is injective, and the range of Dy is closed, we get the following equalities

Z(Ds) = N (G5)* = LP" (Q).

Here .4 (Gs) denotes the kernel of G5, and M~ denotes the orthogonal subspace of
a subspace M. This shows (ii). Lastly, (iii) follows from the closed graph theorem,
since the nonlocal divergence Dy is closed and Oy is a Banach space. O

In future discussions we will consider the following notion. For f € LP"(Q) we
define the closed affine subspace

Qs(f) ={q€ Q5| Dsq = f}.

Due to the surjectivity of the nonlocal divergence Dgs, we know that the affine space
Qs(f) is nonempty. By carefully choosing an element of Qs(f) for all f € LP"(Q),
we will now show that Ds admits a bounded right inverse.

Proposition 3.15. There exists C > 0 such that for all f € LP"(Q) there exists
some q € Qs(f) satisfying

lallg, < C 1l o -

Proof. From Proposition we know that Ds : Q5 — LP (Q) is a bounded sur-
jective operator. Let us now denote N = .4 (Ds) and consider the quotient space
Qs/N. Since N is closed Qs5/N is a Banach space with quotient norm

ldll gs/n = Jnf lg +nllg,, VYqe€ Qs/N, (3.17)

where ¢ € Qs is some fixed representative of ¢. Note that the infimum in (3.17))
is attained since Qj is a reflexive Banach space. Working in the quotient space,
bounded surjectivity of Ds induces a bijective bounded linear quotient operator Ds :
Qs/N — LP"(Q) defined by

Ds¢ = Dsq, Vg€ Qs/N.

By thgz open mapping theorem 'D(g is an open map, and hence its inverse opera-
tor (Ds)~' : LP" () — Qs/N is a bounded linear bijection. Therefore, for each
f € LP () there exists ¢ € Qs/N, such that (Ds)~!f = ¢, which implies that

ldllg, /v < C Nl e »

where C' > 0 is given by the boundedness of (755)_1. Since the implicit infimum
on the left-hand side is attained, there exists some ¢ € Qs(f) which satisfies the
inequality

lallgs < C NI llr ()

as we wanted. O

26



3. Principles of nonlocal diffusion M. Schytt

3.3 Nonlocal diffusion

Using the previously defined nonlocal operators, we now proceed to formulate a
nonlocal diffusion law. Similar to the local formulation, we address the question of
domain conductivity. To do so, we introduce a nonlocal conductivity distribution
ks € L®(Qs x Q). In contrast to the local case, the nonlocal conductivity distribu-
tion takes values on 5 x Q5. For physical reasons, we assume that kg is symmetric,
meaning that ks(x, ') = ks(a’, x) almost everywhere in Qs x Qg. Additionally, simi-
lar to its local counterpart, we assume that ks € [k, K] almost everywhere in Q5 x Q5.
Just like the nonlocal kernel, the nonlocal conductivity distribution allows for further
characterization of the nonlocal interactions.

We move on to consider the nonlocal analog of the generalized p-Laplace equa-
tion introduced in , which characterized the local equilibrium states. Given
a volumetric heat source f € LP" (), we study the generalized nonlocal p-Laplace
equation

—Ds(rs|GsulP~2Gsu) = f, in Q,
s(rslGsul""Gsu) = f | (3.18)
u=0, inTj.
We let Lsu = Ds(|GsulP~2Gsu) denote the nonlocal p-Laplacian of u : Q — R.
Utilizing the divergence formula in (3.16)), we formally write the nonlocal p-Laplacian
with the formula

Lsu(x) = 2/Q lu(z) — u(z) P2 (u(z) — u(z'))ws(z,2")Pda’, VzeQ. (3.19)

Depending on the choice of nonlocal kernel, it may be necessary to consider the
formula in the principal value sense. For the case of p = 2, the nonlocal
2-Laplacian arises in the formulation of the peridynamic equilibrium equation. The
general nonlocal p-Laplacian has been studied extensively in the literature, with
applications to anomalous diffusion and as fractional p-Laplacian operators. A com-
prehensive citation of the related works would be impractical, but notable studies
include |2, B]. The nonlocal p-Laplacian shares various properties with its local
counterpart, and for further discussion, we refer to [47] and the references therein.

Unique to the nonlocal approach, we impose a volume constraint on the nonlocal
boundary I's, as opposed to a boundary condition on I' in the local case. Unlike
the local case, where a boundary condition on I' is typically imposed, requiring
regularity of the temperature state, in the nonlocal case, it severely restricts the
admissible nonlocal kernels. Recall our findings in Chapter 2] In our present case,
we consider a homogeneous Dirichlet volume constraint, which enforces u = 0 on T';.
It is important to note that this constraint is automatically satisfied for temperature
states u € Uy since they are implicitly extended to vanish outside €). It is also possible
to impose inhomogeneous Dirichlet volume constraints by extending the states with a
given function g € LP(T's). Additionally, nonlocal Neumann and Robin-type volume
constraints can also be prescribed. Further details can be found in [33].

Let us clarify that we consider solutions of in the weak sense. In the present
case, we define them by the following procedure. Assuming that u € Us solves the
generalized nonlocal p-Laplace equation, we test the first equation of with
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3.3. Nonlocal diffusion

arbitrary v € Us and integrate over ). Formally invoking the integration by parts
formula (3.14)), we obtain the weak formulation

///<55|Q(;u|p2g5u95vdx/dx:/fvdx, Yv € Us. (3.20)
Qs JQs Q

This inspires the following definition.

Definition 3.16. We say u € Us is a solution to (3.18) if it satisfies (3.20)).

Observe that (3.20) is the direct nonlocal analog of the weak formulation char-
acterizing the generalized p-Laplacian equation.

3.3.1 Nonlocal Dirichlet principle

On par with the local analysis, we will study the variational problem in through
an equivalent minimum energy principle. Accordingly, we formulate the nonlocal
Dirichlet principle as the nonlocal analogue of . It states that the nonlocal
equilibrium temperature state u € Us, which solves , is equivalently found as
a minimizer of

min J(v) / / ks|Gsv|P da’ dx—/fvd:z: (3.21)
vEUs Qs J Qs

Here the functional .J : Us — R denotes the nonlocal Dirichlet energy. Following
the exact steps of the local theory, we argue the existence of a solution to
by application of the direct method, and we will derive (3.20)) as the characterizing
optimality condition. The following series of results provide the necessary tools.

Lemma 3.17. The functional J:Us > R is strictly convex.

Proof. We first define the function ¢(r) = 7P and note that it is strictly convex on
[0,00) since p > 1. With it, the first integrand of J : s — R may be written as

ks(x, 2 )p(|Gsv(z, ")), V(z,2') € Qs x Qs,Vv € Us. (3.22)
For arbitrary (z,z’) € Q5 x Qs, v,w € Us, and X € [0, 1], we see that
ks (@, 2")p(|Gs (A + (1 = Nw)(z,2")])

< ks(z, 2 )p(N|Gsv(x, 2)|
< ks(z, 2" )N Gsv(z, 2')|

+(1- )Igaw(w 2)))
) + (1= Nep(|Gsw(x, 2)]).

Here the first inequality follows from the triangle inequality and the linearity of the
nonlocal gradient, while the second inequality follows from the convexity of ¢. We
remark that the inequalities may be strict. Indeed, if v # w, then Gsv # Gsw due to
injectivity of the nonlocal gradient. If |Gsv| # |Gsw|, then the second inequality is
strict for almost every (z,2’) € Qs x 5 due to the strict convexity of . If not, then
|Gsv| = |Gsw]|, which in turn implies Gsv = —Ggw. In this case the first inequality
becomes strict for almost every (z,2') € Q5 x Qs, since A\Gsv and (1 — A)Gsw have
different signs. Integrating over 25 x {25 shows the strict convexity of the functional

1
Us v / / ks|Gsv|P da’ dz. (3.23)
P Jas Jas

x
/
x
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3. Principles of nonlocal diffusion M. Schytt

Strict convexity of the nonlocal Dirichlet energy follows since it is the sum of the
linear functional

UsDv— —/ fvdz, (3.24)
Q
and the strictly convex functional (3.23)). O

Proposition 3.18. The nonlocal Dirichlet energy J:Us >R satisfies:
(i) J is continuous in Us.
(ii) J is weakly lower semicontinuous in Us.

Proof. For (i) we consider the strictly convex term ({3.23) and the linear term (3.24))
separately. To this end, we first notice that (3.23) is bounded for all v € Uy in the
sense that

/ / fﬁé|g§“pdx,dx</€/ / |Gsv|P da’ daz =R ||v|l}, . (3.25)
Qs I Qs J Qs °

Note that the reverse triangle inequality together with (3.25]) yields

|55 /#1G50] — s 7\ Gsu |

:/ / 5| |Gsv] — 1Gswl|? da’ dz (3.26)
) Qs JQs

<[] wolgte - w)pas’ o
Qs J Qs

<Fllo — wll, -

LP(Q5xQs

By applying another reverse triangle inequality to the left-hand side of (3.26)) we get

p
<o —wlf,

o

_ H,%l/pgéw’

LP(Q(SXQ(S) LP(Q(;XQ(;)

This implies that v — Hm(sl/pg(;vHLp(QéxQé) is continuous from Us — R. The function

@(r) = rP from the proof of Lemma is continuous from [0,00) — R, and there
we have continuity Us — R of the scaled composition

1
> = / / ks|Gsv|P da’ dz
LP(Qs5x8s5) p Qs J Qs

This proves continuity of the strictly convex term (3.23)). Continuity of the linear
term (13.24)) follows immediately by Holder’s inequality and the nonlocal Poincaré
inequality. Indeed, for all v € Us we have

‘/vadx

Hence J is a continuous functional as the sum of two other continuous functionals,
which concludes the proof of (i). We realize that (ii) follows immediately. Indeed,
from (i) we know J is continuous, hence also lower semicontinuous. From Lemma
we know J is convex, which means that it is also weakly lower semicontinuous. [J

v ;go (ngl/?’ggu)

< o @) 10l o) < CP Al Lo 0 (101l -
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3.3. Nonlocal diffusion

Lemma 3.19. The functional J:Us — R is coercive.

Proof. Instead of showing that J(v) — oo as [vlly, — o0, we equivalently prove that

the lower level sets of J are bounded. To this end, let @ € R and assume v € U
satisfies J(v) < a, i.e.

1
/ / m5]Q5v|pdx’dx—/fvdx§a.
D Jas Jas Q

Rearranging and applying the boundedness of the linear term (3.24]), we obtain the
following string of inequalities

i olly, < /Q /Q sl GovlP da’ dz < pC || fll o o 10 + P
8 3

Dividing through by x and [|v|,,, we obtain

(0}
Co llfll oy + —— | -
( ’ HLP Q) HU‘Z/{5>

We now present two cases. If a > 0 and [|v[l,,, > 1, then

-1
lollz, <

= 13

p*—1
p
ol < |2 (Gl +a)|

since (p — 1)(p* — 1) = 1. However, if a < 0 and |[[v[[,, > 1, then

p*—1

p
lollg, < |£ (CP Il @)

In summary, we see that

p*—1
p
lelly, < max {1, [ (CP oo g + |a|)] } ,

which proves that the lower level set for « is bounded in Uj. O

We are now in a good position to prove that there exists a unique state satisfying
the nonlocal Dirichlet principle.

Theorem 3.20. There exists a unique solution u € Us to (3.21]).

Proof. We can establish the existence of a minimizer using the direct method. First,
we show that J is a proper functional by verifying that J (v) < oo for all v € Us.
Next, consider a minimizing sequence {ug }ren C Us. Since J is proper, the sequence
of values .J (uk) e is bounded above. From Lemma|3.19, we know that J is coercive.
Therefore, the minimizing sequence {uy }ren is bounded in Us. Since Us is a reflexive
Banach space (Corollary [.8)), the minimizing sequence {uj}ren is weakly relatively
compact. Thus, we can extract a convergent subsequence {uy }ien that converges
weakly to some u € Us. By Proposition the functional J is weakly lower
semicontinuous. Hence, we have J(u) < liminfy/_, J (up) = infy; J. This shows
that u is a minimizer. To prove the uniqueness of the minimizer, we use Lemma|3.1

which states the strict convexity of J. Therefore, there can be no other minimizer. In
conclusion, the direct method ensures the existence and uniqueness of a state u € Us
satisfying the nonlocal Dirichlet principle. O
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3. Principles of nonlocal diffusion M. Schytt

We now want to prove that the state u € Us satisfying the nonlocal Dirichlet
principle (3.21)) is indeed the solution to the generalized nonlocal p-Laplace equa-
tion (3.18]). To this end, we derive (3.20]) as the necessary and sufficient optimality

conditions for ([3.21)).
Theorem 3.21. The unique solution u € Us of (3.21)) is equivalently the unique u €

Us satisfying (3.20). In particular, we find u as the nonlocal equilibrium temperature
state subject to nonlocal nonlinear diffusion.

Proof. Let us study the first variation of J along the lines of [6, Section 6.11]. Note
that w € Us is a solution to (3.21) if and only if J(u) < J(v) for all v € Us. By
rearranging this and inserting v = u + tv for ¢t > 0, we may obtain the inequality

1 1
/ / —ks (|Gsu + tGsv|’ — |GsulP) da’ dw — / fvdx > 0. (3.27)
D JasJos t Q

Utilizing the DCT, we consider (3.27)) in the limit for £ ™\, 0. Towards this, we need to
verify the assumptions of the DCT. Therefore, we fix (z,2') € Q5 x Qs and consider
the first integrand of (3.27). We now define y(t) = |Gsu + tGsv|P for t € R, and note
that

,_Y/<t) _ {p‘géu + tg5’1)|p_2(g5u —+ tg(;v)g(;v, if ¢ 7é _géu/gév,

VvVt € R,
0, else,

is continuous since p > 1. Using the fundamental theorem of calculus, we see that
the first integrand of (3.27)) can be expressed as

1 1
Z%(W&U—i—tgavlp Gsul?) = *Ha(’Y(t)—’Y(O))

1 L,
=—rs | 7(s)ds
t " Jo
t
=Py / (Gsu + tGsvP~2(Gou + tG5v)Gsv ds.
0

With the goal of dominating this expression, we consider its absolute value for ¢t <1

| [0

—K
td

< /@5/ |Gsu + sGsvlP™ 1|Q(5v|d5

-t

< prs (|Gsul + 1Gsv])' ™ [Gsvl. (3.28)
Here, the first inequality follows from the triangle inequality for integrals, and the
second inequality uses the standard Euclidean triangle inequality. The third inequal-
ity follows because ¢t < 1 implies that |Gsu| + s|Gsv| < |Gsu| + |Gsv| for all s < ¢. As
a consequence, we may use Holder’s inequality to deduce that the term in is
integrable on Qs x 5. Indeed, since (p — 1)p* = p, we initially note that

|1Gsul + 16501 |”,

t
<Py / (IGsul + sIGsvl)*~! |Gso| ds
0

L (sx0) = H’g(gu‘ + |g5’U|HLP (QsxQs)

p
< (HQ(SUHLP(Q(;XQ(;) + ||g5vHLP(Q,;><Q5))

< 00,
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3.3. Nonlocal diffusion

where the first inequality follows due to the triangle inequality, and the strict in-
equality follows since u,v € Us. We can now apply Holder’s inequality

p/ / ks (|Gsu| + |g5U|)p_1]ggv| da’ dx
Qs Jas

gpﬁ/ / (1G] + |Gsv )" |Gov] da’ d
Qs JOs

< 5 [[(1Gsul + 1G5l o 1G5 (e
< 00,

which proves that the majorant (3.28]) is integrable. As such, it is valid to apply the
DCT in (3.27)). Since

v'(0) = p|GsulP~2GsuGsv,

we take the limit £ \, 0 and obtain the inequality

/ / /{5|Q5u|p_2ggug5vdx'dx—/fvd$20, Yo € Us,
Qs s Q

which yields the equality in (3.20) after inserting v = —v. The fact that is
sufficient for optimality in follows from standard convexity arguments. Let us
follow the steps taken in [47, Theorem 3.9]. We assume u € Us satisfies for
arbitrary v € Us. Inserting v = u — v yields the equality

/ / /<c5|ggu]pdx’dx—/ fudx :/ / n5|ggu]p_2gguggvdx’dx — / fudx.
Qs J Qs Q Qs J Qs Q
(3.29)

The right-hand side can be bounded as follows using Young’s inequality for products

/ / m!gaup_Qgguggvdm’dx—/fvdx
Qs J Qs Q
S/ / K;5|g(su|p_1|ggv|d1:’dx/fvdz:
Q5 JQs Q
1 1
< */ / ﬁg\gau\pda;’dx+/ / ﬁg!ggv\pdx’dx—/fvdx.
p Qs J Qs p Qs J Qs Q

Once again, we use the fact that (p — 1)p* = p. Rearranging this with (3.29) yields

1 1
/ / ﬁ5|§5u|pdx'dx—/fudx:<l—*>/ / ﬁ595u|pdx’dx—/fudx
P Jas Jas Q p Qs JQs Q
1
g/ / fig]ggv|pdx'd$—/fvdx,
P Jas Jas Q

which shows that u is a minimizer of the nonlocal Dirichlet energy. Hence u € Uj
minimizes (3.21)) if and only if it solves ((3.20)). O

Before we move on to consider the dual formulation of nonlocal diffusion, we
establish the following a priori stability bound for equilibrium temperature states.
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3. Principles of nonlocal diffusion M. Schytt

Corollary 3.22. Assume u € U solves the nonlocal equation (3.18]). Then there
exists some C > 0 independent of both f € LP"(Q) and § > 0 such that

*—1
lully, < CIFIE b -
Proof. By setting v = wu in equation (3.20) and applying the Holder inequality, as

well as the nonlocal Poincaré inequality, we obtain

sllulty < [ [ walour ast @ = [ fuds < Gyl lull, -
Qs JQ; Q

Dividing through by £ and [|ul[,,, we get

—1 _
||UHIL7{5 <K 'G HfHLp*(Q) :

The result thus follows by realizing (p — 1)(p* — 1) = 1. O

3.4 Dual formulations

We turn our attention towards the dual formulations of the nonlocal diffusion law
presented in the previous section. We consider two different approaches. In the
first approach, we aim to rewrite the weak variational problem by introducing
the nonlocal heat flux as an auxiliary variable. This leads to a mixed variational
formulation. However, in order to obtain a more convenient reformulation, we need
to introduce an additional nonlocal operator that is closely connected to the nonlocal
gradient. Since the nonlocal divergence is densely defined, we may introduce its
negative adjoint Dj : (D) C LP(2) — Qs”. Let us briefly summarize it properties.

Proposition 3.23. Let D : 2(Dj) C LP(Q) — Q5™ be the adjoint of the nonlocal
divergence Ds : Q5 C LP"(Qs x Q) — LP"(Q). Then we have:

() 2(D3) = L7(©).
(i) #(D) = A (Ds)"
(ili) Dj s closed, injective, and there exists some C > 0 such that

[0l o) < ClID5vllgye» Vv € LP(Q).

(iv) Dju is represented by Gsu for all u € Us.
Proof. For (i) let u € LP(§2) and note that for ¢ € Qs it holds that
|Dsu(q)| = ‘<U7D5Q>L2(Q)’ < HUHLP(Q) ||D5Q||LP*(Q) < HUHLP(Q) HQHQ(;'

Therefore, we see that LP(Q) C Z(Dj), which implies that they coincide. By Propo-
sition [3.14] we know Ds has closed range, and is surjective. Hence, the closed
range theorem implies (ii), and a characterization of operator surjectivity given
in [I8, Theorem 2.20]) implies (iii). For (iv) let (u,q) € Us x Qs and note that

Dsu(q) = —(u, Dsq)a = (Gsu, )05 x0;-

Thus Dju = Gsu as operators in Qs*. O
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In the second approach, we explore the convex dual problem of the nonlocal
Dirichlet principle using the Fenchel-Rockafellar duality theory. By applying
this theory, we establish a strong duality between the primal and dual problems. To
enable this approach, we introduce another nonlocal operator, now associated with
the nonlocal divergence. Consider the Banach space adjoint Gs* : LP" (Qs xQs) — Us*
of the nonlocal gradient Gs : Us — LP(Qs x §s), which we view as a bounded linear
operator. Similar to before, we summarize the necessary properties.

Proposition 3.24. Let G5* : LP" (Qs x Qs) — Us* be the Banach space adjoint of
the nonlocal gradient Gs : Us — LP(Q2s x Qs). Then we have:

(i) Gs* is surjective. In particular, for any ¢ € Us* there exists o, € LP" (Qs x Qs)
such that

p(v) = Gs5*(ap)(v), Vv els,
with ||80||u5* = ||U<P||Lp*(Q5x95)‘

(ii) Gs"q is represented by —Dsq for all ¢ € Qs.
Proof. We note that the adjoint Gs* is defined by the formula

Gs (o) (v) = / / oGsvda’ dz, Vv € Us,Vo € LP" (Qs x Q). (3.30)
Qs J Qs

For (i) Let us recall that the nonlocal gradient Gs : Us — LP(§25 x 2s) is an isometry,
by the definition of ||-[|;,. Therefore, G5 : Us — %(Gs) is a bounded linear bijection.
Since the range Z(Gs) is closed, see Proposition Gs : Us — Z(Gs) is in fact
an isometric isomorphism due to the classical bounded inverse theorem. Let us now
consider ¢ € Us™ and define the functional T': Z(Gs) — R by the formula

To = go(g(;_la), Vo € Z(Gs).

It is immediate to see that T is linear, and in addition it is actually bounded. In
fact |7 s(g,)« = lllly,+ since

Gs o Gs o v
ITlpgy = sup PG o) _ G PG 0) g, el

¥ 9) 0T = sup 2 = gl
o€Z(Gs) HU”LP(Q(;XQ(;) oe#(Gs) Hga IUH% vEUs ||U”u5 °

Consequently, we can apply the Hahn-Banach theorem to obtain the continuous
extension T': LP(Qs x Q5) — R with ||| 1»(q, x0,)+ = [1©lly=- It remains to consider

the Riesz representation LP(Qs x Qs)* = LP" (Qs x Qs), and hence there exists some
Op € P (Q5 x Q) with

Tq:/ / o,qdx’ dz, Vg€ LP(Qy x Qy),
Qs J Qs

and || T| 1o x5y = 106l o (05 25)- NoW take ¢ = Gsv for v € Us to see that

o(v) =T(Gsv) = / / o,Gsvda’ dz, Vv € Us.
Qs J Qs

This proves (i). Now for (ii) recall the nonlocal integration by parts formula defin-
ing the nonlocal divergence Dgs. It is the restriction of on Qs. Hence, for
q € Qg, the nonlocal divergence Dgsq is a representation of the functional —Gs*q.
Consequently, we may view —G;*|g, = Ds. O
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3. Principles of nonlocal diffusion M. Schytt

3.4.1 Mixed variational formulation

Inspired by the local case, we define the nonlocal heat flux as
q = —rs|GsulP"*Gsu, (3.31)

where u € Uy is the equilibrium temperature state. This definition resembles the
local Fourier’s law, where the heat flux is proportional to the temperature gradient.
However, in the nonlocal setting, the heat flux is determined by the nonlocal gradient
Gsu. The term |Q5u]p_2 serves as a nonlocal power-law weighting factor, akin to the
one present in local nonlinear diffusion. By including the nonlocal heat flux in the
formulation, we introduce a variable that captures the characteristics of the heat
transfer in the nonlocal diffusion process.

The mixed variational formulation is a system of two equations. The first equa-
tion is composed of the following inversion formula.

Lemma 3.25. Let u € Us be the equilibrium temperature state and let q be the
nonlocal flux defined in (3.31). Then q € LP" (s x Qs) and we have

Gsu = —rs' " [q|” 2q. (3.32)
Proof. First let us prove that ¢ € LP" (s x €5). This is once again a consequence of

(p—1)p*=p, as

lall? e :/ / ko" |GsulP da’ da < 7P [|ullp, < oo.
Q5 /s
Meanwhile, the inversion formula is obtained by inserting (3.31)) into the right-hand
side of ([3.32))
—ks P P %q = k" TP ksl GsulP 2 GsulP ksl GsulP 2 Gsu
= kg P kg g |Gau| PRI+ =2) g oy,
= |Gyu| P D@ =2+ =2) Gy,
= |Gyu|P NP =D-1G0,
- gé”v
since (p—1)(p* — 1) = 1. O

The flux inversion formula (3.32]) is also found in the local literature [8, 40,
41]. The second equation of the mixed formulation is the following unsurprising
observation.

Proposition 3.26. Let u € Us be the equilibrium temperature state. Then its non-
local flux q satisfies Dsq = f. In particular, ¢ € Qs(f).

Proof. Let v € Us. By (3.20)), we see that

(g, Gsvhasxas| = ‘/ / #s|GsulP 2 GsuGsv da’ da
Qs J s

:‘/vadx

< Gy 1l o () IVl -
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3.4. Dual formulations

where the last inequality follows the continuity of the linear form. This shows ¢ € Qs.
The defining integration by parts formula (3.14)) gives the result. Indeed,

(Dsq,v)a = / / Ko|GsulP~2GsuGsv da’ dz = / fodz,
Q5 J s Q
and therefore we see that
/ (Dsq — flude =0, Yvels. (3.33)
Qs

Since Us is dense in LP(Q2), (3.33) can be extended by continuity to hold for all
v € LP(Q). Consequently, we must have Dsq = f in LP (), which is what we
wanted. O

Testing the equations in Lemma [3.25] and Proposition [3.26] we are lead to con-
clude that the nonlocal equilibrium state-flux pair (u,q) € Us x Qs(f) satisfies the
mixed variational problem

(Aq)(0) + (Dsu)(o) =0, Vo € Qy,

Find (u,q) € LP(€) x Qs : (Dsq, v = (f,v)q, Yv € LP(),

(3.34)

where we define the nonlinear operator A : Q5 — Qs™ by
(Ag)(o) = </‘5617p*|q,p*72q70>95x957 Vq,0 € Qs, (3.35)

and we identify Gs = Dj by Proposition (iv). Considering further auxiliary
variables, one may propose inversion formulas different from that provide
variational systems equivalent to , see e.g. [24]. We will now demonstrate the
well-posedness of the mixed problem . The existence and uniqueness of a solu-
tion will be established using a variational approach inspired by the classical theory
of Ladyzhenskaya-Babuska-Brezzi (LBB) [14]. We will present a proof following the
framework outlined in [§].
First, we establish a preparatory lemma.

Lemma 3.27. Let A : Q5 — Qg™ be the operator defined in (3.35). Then A is
well-defined and there exist some C > 0 for which

*—1
HAq||Q5* < C ||q||ip*(96><96) ) vq € Q(5'

Proof. Given g € Qg it is clear from its definition that Agq is a linear functional. To
prove its boundedness, we apply Holder’s inequality to see that

(ks P |qP"2q,0) 0, x0
|Aqllg,- = sup | 005 x|
oc€Qs ||O-HQ5

q° -1 HLP(Q(;XQ(;) ||UHLP* (Q5xQs)

*

< sup k'
Qs ol g,

< ﬁl_p*

*—1
q° ‘

LP(Qsx0s)

1—p* -1
=x 7 HQHip*(Q(;XQS)'

Here the second inequality follows since ||o|| 1o+ (o, x0,) < o ]lg,, and our by now so
beloved identity (p* — 1)p = p* gives us the final equality. O
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3. Principles of nonlocal diffusion M. Schytt

We can now state and prove the following result.

Theorem 3.28. There exists a unique pair (u,q) € LP(Q) x Qs solving (3.34). In
addition, there exists two constants C,Co > 0 such that

lallg, < Cullf o oy

. (3.36)
lull oy < Ca 112ty -

Proof. We proceed by recasting with the classical LBB procedure. Since the
nonlocal divergence is surjective, we know that Qs(f) is nonempty, and in particular
by Proposition we know that there exists some ¢y € Qs(f) and a constant
C1 > 0 such that

laslg, < C1 1l - (3:37)
Applying the superposition ¢ = g¢ + qo, with go € Q5(0) we are left with
Find (u,qo) € LP(Q) x Q5(0) : A(qo + q¢)(0) + (Dsu)(c) =0, Vo e Q5. (3.38)
To solve this formulation, it is useful to consider the following auxiliary problem
Find g0 € Q5(0) :  A(gs +qo)(0) =0, Vo € Qs5(0). (3.39)
Let us write out the the equation in (8.39). Assuming gy € Q5(0) is a solution, the
superposition g = gy + qo satisfies

/ / ks P |qP 2qoda’ dz =0, Vo € Q5(0). (3.40)
Qs /s

Using similar arguments as in Theorem we realize that (3.40]) is the necessary
and sufficient optimality condition for ¢g to be the minimizer of

o 1 * *
min  J(qr+ qo) = */ / ks P |qr + qolP” da’ dx. 3.41
q0€Q5(0) (s ) P Jas Jas las | ( )

Luckily, we have already studied the solvability of . In fact, the arguments
are analogous to those given in the proof of Theorem [3.20] Consequently, there
exists a unique qo € Qs(0) satisfying (3.39). The equality in implies that
—A(qs + q0) = —Aq € A (Ds)*. Due to Proposition (ii), we know that

N (Ds)* = %(D;),
and therefore there must exist some u € LP(2) for which
—Aq =Dju, in Q5. (3.42)

Rearranging, we realize that the pair (u,q) € LP(2) x Qs satisfies the original mixed
formulation (3.34). We now argue its uniqueness. Given ¢ € Qs(f) we found
qo € Qs(0) as the unique minimizer of (3.41)). If instead gy € Qs(f) was chosen
distinct from gy, then its gop would be found as the unique minimizer of

min J (s + o)

Go€Q5(0)
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3.4. Dual formulations

But ¢ = qf + qo = ¢y + Go since uniqueness of qg forces go = qy — Gy + qo. Hence
the superposition ¢ = g + qo is unique. Consequently, u is also unique due to the
injectivity of D established in Proposition (iii). Finally, we prove the stability
estimates . Since g = gy + qo is the unique minimizer of J in Qy, we see that

p*—1
p* *—p*—1 7T x—p*—1 7 E p*
gl 0y x0p) S PR @y +q0) <P RP I (gp) < <;<;) las 1o 0y %)

Inserting (3.37]), we see that

=\ /P =\ 1/p
KR K
il @ < (5 Narllgy < () Cullllne o

which proves the first estimate of (3.36). Towards the second estimate, we apply the
stability estimate from Lemma to see that there exists some Cy > 0 such that

*—1
|Adllg, < CallalZl, o
We now invoke the equality in (3.42)) and the constant C5 > 0 found in Proposition
[3.23|(iii) to see that

* 1
”uHLP(Q) < C3[|Agllg;» < C2Cs HqH}Zp*(QMQ&) '

Inserting the first estimate of (3.36)), we get some C' > 0 satisfying

lull oy < C I gy -
O]

Our proof relies heavily on the surjectivity of the nonlocal divergence, and the
injectivity of its negative adjoint. Both of these properties are fundamental pieces in
the study of mixed variational problems. In fact, they are intimately related to the
famous LBB condition, also known as the inf-sup condition. The LBB condition for
our mixed problem is the following:

D
There exists > 0s.t. inf sup _{Dsorv)a > B. (3.43)
veLlP(Q) 5eQ;s HUHLP(Q) HUHQ5

In general, the LBB condition is a sufficient condition to guarantee the results of
Theorem [3.28] However, when the heat flux space Qs is finite dimensional, the
LBB condition becomes necessary to preserve the uniqueness of the heat flux. This
fact makes the numerical approximation of mixed problems difficult, as violation of
the LBB condition can lead to nonphysical behavior of numerical solutions. Well-
known examples include the checkerboard oscillations, spurious modes, and locking
phenomena observed by unstable finite element approximations [14, [16] [36]. The
LBB condition holds in the present case.

Corollary 3.29. The LBB condition (3.43|) holds.

38



3. Principles of nonlocal diffusion M. Schytt

Proof. The result can follow from either Proposition or Proposition [3.23((iii).
In fact, the three statements are equivalent, and we refer to [62, Lemma A.1| for a
proof. Here we present the proof using Proposition |3.23(iii). To this end, we first
note that
inf sup —<D50,v>9 = inf sup —DEU(J) = inf 7HD§UHQ‘S*.
vELP(Q) e Q; ||UHLp(Q) ”UHQ& vELP(Q) e Q5 HUHLP(Q) HU”Q(S veLr(Q) HUHLP(Q)

Now we use that Proposition [3.23(iii) gives us some C' > 0 such that
[0l o) < C D5l g -

Consequently, we get the result

D
inf sup w >0 >0.
vel?(Q) ge; 1Vl Loy llollg,

3.4.2 Nonlocal Kelvin principle

We have now shown that the equilibrium state-flux pair (u,q) € Us x Qg is found as
the unique solution to the mixed variational problem . Reading from the proof
of Theorem we see that the equilibrium heat flux ¢ € Qg satisfies a minimum
energy principle. Indeed, it is found as the minimizer of

min_J(0) = 1/ / kst P |o|P” da’ da. (3.44)
o€Qs(f) P* Jos Jas

This may be seen as a nonlocal analog of the Kelvin principle introduced in .
Another way to obtain is through Fenchel-Rockafellar duality. Indeed (3.44))
arises as the dual problem of the nonlocal Dirichlet principle . We conclude this
section by detailing the proof. To this end, we will briefly introduce some notions
from convex analysis. For further details we refer to [6] [I8]. We begin with recalling
the definition of the convex conjugate.

Definition 3.30. Let U be a Banach space, and let F' : U — (—o0, 00| be a proper
functional. Then the convexr conjugate of F is the functional F* : U* — (—o0, 0]
defined by
F*(¢) =supp(v) — F(v), VeelU”.
veld
It is important to note that for F' to have a well-defined convex conjugate F™*, F
must satisfy certain properties. Specifically, F' should be proper, convex, and lower
semicontinuous. When these conditions are satisfied, F* is also proper and convex.
The convex conjugate plays a fundamental role in convex analysis and optimization.
Let us briefly consider its geometric interpretation. The supremum defining F*
determines supporting hyperplanes of the epigraph of F', each associated with a
¢ € Us™. The points v € U that attain the supremum value F*(p) are exactly the
support points of the supporting hyperplane associated to . In particular, the points
v € U attaining F*(0) are support points of the ¢ = 0 hyperplane and are in fact
minimizers of F. With this notion, we formulate the classical Fenchel-Rockafellar
duality theorem [0, Theorem 9.8.1].
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3.4. Dual formulations

Theorem 3.31. Let U, Q be two Banach spaces, and assume F : Q — (—o00, 0]
and G : U — (—o0, 00| are proper, convex, and lower semicontinuous functionals.
Given a linear continuous operator K : U — Q, consider the primal problem

E;%izljl L(v) = F(Kv) + G(v), (3.45)

and its corresponding dual problem

max L(o) = —F*(0) — G*(-K*0). (3.46)

If there exists vg € U for which i(vo) < o0 and F is continuous at Kvg, then the dual

problem (3.46|) admits a solution q € Q*. Additionally, if the primal problem (3.45))
admits a solution u € U, then strong duality holds, and there is no duality gap

L(u) = L(q). (3.47)
Let us apply Theorem to the nonlocal Dirichlet principle. First, we identify

the spaces U = Us and Q = LP(Qs x Q5), and we consider the nonlocal gradient
K= g(; : Z/[5 — LP(Q(s X Q(;). By deﬁning

F(o) = 1/ / KslolP da’dz, Vo € LP(Qs x Qy), (3.48)
P Jas Jas
Gv) = —/ fvde, Vv € Us, (3.49)
9)

we see that the primal problem becomes the nonlocal Dirichlet principle
from , ie. L = J. Note that we have previously argued in Lemma
and Proposition [3.1§] that both functionals are proper, convex and continuous. In
addition, we know that the nonlocal gradient Gs : Us — LP(2s5 x Q) is continuous.
Hence, the assumptions of Theorem [3.31] are satisfied. We move on to determine the
corresponding dual problem .

To this end, let us first study the dual space Us*. Since Us C LP(2), we may
view LP" () C Us*. Indeed, consider g € LP (Q) and define ¢, : Us — R by the
formula

g(v) = / gvdx, Vv e Us.
Q
It is immediate to see that ¢, is a bounded linear operator on Us since

o9 ()] < Mlgll Lo () [0l o) < CP llgll Lo () [[Vllay - V0 € Us. (3.50)

Here we utilize the Holder inequality, and the nonlocal Poincaré inequality gives
the constant Cp > 0 as usual. Therefore, ¢, € Us" is represented by g € LP" ().
However, this is not the only way in which elements of Us™ can be represented. From
Proposition (1) we quickly observe that there exists some o, € LP" (Q5 x Q) for
which

cpg(v):/ / Ugggvda:’dx:/gvdx Yo € Us.
Qs J Qs Q
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3. Principles of nonlocal diffusion M. Schytt

As a consequence, we may apply (3.50) to obtain

//Ugg(;vdx'dz
Q5 J0s

hence we have o4 € Q5 with —Dsoy = ¢g. More generally, if ¢ € Us"™ admits o, € Oy,
then we may write

< Ngllpe @) Il oy, Vv €Us,

¢(v) :/ / O-cpgtsvdm/dx:—/D(SO'(pUdZE, Yv € Us,
Qs J Qs Q

and we have ¢ = ¢_p,, . Hence ¢ has a representative —Dso, € LP"(Q) with

'/ / Ugog(sv
Qs J Qs

Therefore, we view ¢ € LP () C Us*. Recall that (3.51) is defining for Qs being
the domain of the unbounded linear operator Ds : Qs C LP (Qs x Q5) — L (Q).
Consequently, if ¢ € Us* admits o, & Qs then for all ¢ > 0 there exists some ¥ € Us

for which
el =|[ [ o
Qs J;

Consequently ¢ admits no LP" () representative, and we write ¢ € Us* \ LP" (Q).
This observation allows us to compute the convex conjugate of G.

< | Ds0ll oy 10l oy - o € Us. (3.51)

> |0l oo - (3.52)

Lemma 3.32. Let the functional G : Us — R be defined as in (3.49)). Then

. 0, if o € LP"(Q) with ¢ = —f, .
G(w)z{ fo el (@ uithe==F y, cyy
0, else,
Proof. For ¢ € LP" () we have
G*((p) = sup <907U>Q + <f7U>Q = Sup <(P+fa U>Q' (353)

vEUS vEUSs

We realize that if ¢ = —f, then G*(u) = 0. If not, then (p + f,v)q # 0 for at least
one v € Us, since Us is dense in LP(Q)). Taking scalar multiplies of this v proves that
the supremum is unbounded. Consider now ¢ € Us* \ LP" (). For such ¢ we see
from that for all ¢ > 0 there exists some v € U for which

G*(p) = Sup e(v) + (f,v)a 2 @) + (f,0)a > c[|t] o) + ([ D)o

By the Holder inequality, we see that

G () > (= Ifll @) 15 Logen -

Choosing ¢ > || f|| () and taking scalar multiples of the corresponding o € Us
proves that G*(y) = oo since the supremum is scale invariant. O
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Recall from Proposition [3.24{(ii) that G5*(c) = —Dso for o € Qs. Consequently,
the last term in the dual problem may be computed for o € LP" (25 x Qs) as

0, if — g(;*(O') e L (Q) with Dso = —f,
0, else,

G*(—Gs*(0)) = {
B {0, it o € Qs(—1),

o0, else.

It remains to find the convex conjugate of F.

Lemma 3.33. Let the functional F' : LP(Qs x Q5) — R be defined as in (3.48)). Then
1 * * *
Fla) = [ [ ol dalde, g € D@5 x ).
P* Jas Jos
Proof. We first define the scalar function j : 5 x Qs x R — R by
1
j(z, 2’ r) = ;?K}(;(x,l‘,)‘ﬂp, V(z,2') € Qs x Qs, Vr € R.
With it, it is clear that
F(o) = / / j(z, 2" o(z,2"))da’ dz, Vo € LP(Qs5 x Q).
Q5 J Qs

Invoking [6l Theorem 9.3.3], we see that the convex conjugate of such a functional is
given by

F*(q) = /Q /Q (2, q(z, 2)) da’ dz, Vg € LP(Qs x Q), (3.54)
S 5

where j* is the convex conjugate of j with respect to the last variable. To ease
the use of notation we will write k5 = rs(z,2') and j*(-) = j*(z,2/,-) for fixed
(xz,2") € Qs x Q5. Now let s € R and consider the definition of the convex conjugate

1
j*(s) = sup sr — —kg|r|P. (3.55)
reR p

The concave function ((r) = sr — %/@5|r|p attains it maximum on R at the point
7 € R with /() = 0. This leads us to the equation

0=C((F) =5 — rs|F|P2F = 5= rg|F[P2F (3.56)

We now recall the inversion formula (3.32)) from Lemma and realize that it is
applicable to (3.56). Hence, we obtain

F= ks TP |s|P" " 2s.
Inserting this optimum in (3.55) yields us
* * ]_ * *
55 (s) = w5 P [s|P — ];Ha\f%l_p s 25"
* * 1 * *
= kg TP |s[P" — Zgglm T Dp|g| (07— 1)p

17}7* S‘p*7

1
= 7[§/5
q

by using the identities (p* — 1)p = p* and 1/¢ = 1 — 1/p. Inserting this back into
(3.54)) gives us the result. O
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3. Principles of nonlocal diffusion M. Schytt

Applying the above results we see that the dual problem (3.46]) takes the form

? 1 A 0 if _
max L(o) = _*/ / ml—p |o|? de’ do — ) it o e Qa( 1),
) P Jaos Jos

oELP* (5 x Qs o0, else.

Equivalently, we may write the dual problem as

o ]. * *
max L(o)= —*/ / kst P |o|P" da’ de,
o€Qs(—f) p Q5 J Qs

where the dual variables are sought among o € Qs with —Dgo = f. Consequently,
the optimal dual variable represents the negative thermal flux of the nonlocal equi-
librium temperature state. Since the optimal value is invariant whether we consider
o or —o, we can equivalently seek dual variables satisfying Dso = f. Rewriting the
dual problem as a minimization problem

]. * *
min */ / ks P 0P da’ da,
UEQé(f)p Qs JQs

we regain the nonlocal Kelvin principle.

Theorem 3.34. Let (u,q) € Us x Qs be the equilibrium state-flux pair solving the
nonlocal equation . Assume that J - Us — R and J : Qs — R denote to the
nonlocal Dirichlet and complementary energy functionals, respectively. Then we have
the equality

J(u)+ J(g) =0. (3.57)

Proof. This is the result of Theorem [3.31] since all the assumptions are satisfied.
Indeed, our derivations have shown that L = J on Us and that —L = J on Qs(f).

As such, the equality (3.57) is in fact (3.47)). O

3.5 Local convergence

We will conclude this chapter by studying the localization of the presented nonlocal
model. In particular, we will show that the nonlocal equilibrium temperature states
converge to the local equilibrium state as the interaction horizon vanishes. To do
this, we first recall their defining diffusion laws. The equilibrium temperature state
under local nonlinear diffusion satisfies the Dirichlet principle

v 1
min I(v) = / ﬁ\Vv]pdx—/fvdx. (3.58)
vEW,P(Q) P Ja Q

Our goal is to show that the local state, which we denote by u € Wol’p(Q), can be

approximated by a sequence of nonlocal equilibrium temperature states all satisfying
the nonlocal Dirichlet principle

v 1
min Js(v) = / / ks|Gsv|P dz’ dz — / fvdz. (3.59)
P Jos Jas Q

veEUs
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We denote the sequence of nonlocal states as {us}s\0, and we write the Dirichlet
energy jg with subscript § to signify the dependence. Throughout this discussion
lims\ o will mean the limit for a discrete vanishing sequence of interaction horizons
§ € (0,8p). Both problems are specified by a volumetric heat source f € LP" (1),
and the local conductivity distribution x € L*°(Q). Indeed, by extending the local
conductivity by k = k outside of €2, we define the nonlocal conductivity distribution
as the mean of the two point conductivities

k(x) + k(z)
5
Note here that we propose that the nonlocal conductivity distribution arises as the
arithmetic mean of the local conductivity. It will be clear from the following survey
that this choice is not exclusive. Indeed, both the geometric and harmonic means
are also common admissible choices.

The analysis in this section is motivated by the important paper [I5] which
catalyzed the research on nonlocal approximations of Sobolev spaces. We present
the main results of this paper. First we have [I5, Theorem 1|, which presents the
following inequality.

Iig(l‘,x/) = V(m,az/) € Qs x Q.

Proposition 3.35. Let u € Wol’p(Q). Then there exists some C' > 0 such that

/Q /Q |GsulP do’ do < C’Kpjé Hquw,p(Q) . (3.60)
6 é

In particular, we have u € Us.

Remark that Proposition implies that our nonlocal state space Us acts as
an intermediate space between LP(2) and VVO1 P(Q)). Indeed, we have

W, P(Q) C Us C LP(Q).

The constant K, 4 in (3.60) appears due to the normalization of the nonlocal kernel
given in (3.9). This choice is important since it provides the correct scaling for the
following convergence result of [15, Theorem 2 & Corollary 1.

Proposition 3.36. Let u € Wol’p(Q). Then we have the following convergence result

. p / _ p
Ny /Q(; /95 Gsul” o dw = flully 1) -

In particular, we have

lim |Gsu(-, )P dz’ — |Vu(-)|P, in L' (Qs,).
ON\0 Qs
A simple consequence of Proposition [3.36] shows that that the nonlocal Dirichlet
energies of the local equilibrium state converges towards the local Dirichlet energy.

Proposition 3.37. Let I: Wol’p(Q) — R and j5 : Us — R denote the local and
nonlocal Dirichlet energies from (3.58))-(3.59), respectively. If u € Wol’p(Q) denotes
the local equilibrium state, then
I(u) = lim Js(u).

(u) = lim Jy(w)

44



3. Principles of nonlocal diffusion M. Schytt

Proof. Utilizing the L!({s,)-convergence from Proposition we know that

lim/ / ﬁ(x)\ggu(x,m’)\pdx’dx—/ﬁ(m)]Vu(x)\pdx,
N0 Qs J Qs Q

since k € L*>(Qs,). Here we note that the right-hand side integral is taken over €
since Vu = 0 outside of €). Applying Fubini’s theorem and renaming the variables
on the left-hand side, we similarly obtain

i [ [ (@)l Gsute, )P d'do = [ (o) Vu(o) da,
ON\0 Qs J Qs Q

since the nonlocal gradient is anti-symmetric. As the nonlocal conductivity distri-
bution kg(z,x’) arises from the arithmetic mean, we then have

lim J5(u) = lim = ///1537 2)|Gsu(z, 2')|P dz’ dz — /f

N0 INO P

:éi{%<2p// |g5uxx)|pdxdx—/f dx
// NGsu(x, 2")|P da’ dx—/f da:)
— ; /Q k(z)|Vu(z)P dz — /Q f(x)u(z) dz

v

= I(u),
which proves the result. O

In order to study the limiting behaviour of the nonlocal equilibrium states, we
need to establish a notion of compactness for vanishing interaction horizons. We
previously introduced Lemma [3.6] which provided the Ponce inequality

/ |Va|P dz < lim sup/ / |G, uk|? dz’ da.
Q(;O k—o00 ng Qék

for limit points @ € LP(Qs,) of certain uniformly bounded sequences of {us, }ren.
However, the present case requires a similar result which also accounts for the conver-
gence of nonlocal conductivities. To this end, we introduce the following generalized
Ponce inequality [54], 55].

Lemma 3.38 (Generalized Ponce inequality). Let {d;}ren C (0,d0) be a sequence
of interaction horizons converging to zero. Assume {ug}tren C LP(Q2) is a bounded
sequence and that there exists some M > 0 for which

/ / ks|Gs, up(z, 2')|P da’ doe < M, VkeN.
Qs, /s,

Then {ug }ren is relatively compact in LP(Qs,). Any limit point 4 € LP($5,) is also
in WHP(Qs,) and satisfies

J

kIVaP dz < hm 1nf/ / rs|Gs, ug|P da’ d. (3.61)
Qs,,

)
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3.5. Local convergence

The question now is whether the result obtained in Proposition [3.37] also holds
for the sequence of nonlocal equilibrium states. The following theorem establishes
the localizing property.

Theorem 3.39. Following the previous assumptions we have

min / = lim min J5
Wl P(Q) NGO Us

In particular, assume {us}s~o0 s a sequence of nonlocal equilibrium states, then
Hu—u(;HLp — 0 and

I(u) = %ii]% Js(us).

Proof. We first realize that the sequence of nonlocal equilibrium states {us}s\ o satis-
fies the assumptions of Lemma Indeed, the a priori stability estimates obtained
in the proof of Corollary provides us a constant C' > 0 independent of ¢ € (0, dp)
for which we can uniformly bound the nonlocal gradients

|| wolGaup da'dz < €I oy Y6 € (0,60
Qs J Qs

and due to the nonlocal Poincaré inequality of Proposition [3.7] there exists another
constant C' > 0 independent of ¢ € (0, dg) for which

lusll Loy < C I iy 78 € (0,00).

Hence, the sequence of states is uniformly bounded. This allows us extract a subse-
quence, which converges to % € W1P(Qs,) strongly in LP(£s,). For this discussion,
we will not relabel subsequences. Since each us € Us is extended by zero outside of
the domain €2, so is @. Indeed, by the strong convergence in LP({2s5,) we can extract
a further subsequence which converges pointwise almost everywhere in €5,. Hence
we have the pointwise limit

| =u(x) = for a.e. Qs, \ Q.
5{1%%() a(x) =0, forae x€ Qs \

Appealing to the characterization of [I8, Proposition 9.18] again implies that a4 €
WO1 P(Q). The generalized Ponce inequality now yields

1
/H\V&]pdm—/fﬁghmmf / / ks|Gsus(x, 2")|P da’ dx—/fugd:):
P Ja Q N0 D Jas Jos

since us — 4 strongly in LP(2). Recalling that the local state u € Wol’p(Q) satisfies
the local Dirichlet principle, we get

1 1
/R\Vu]pdx—/fudxg/m\VMde—/fﬂdx.
PJa Q PJa Q
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3. Principles of nonlocal diffusion M. Schytt

In summary, we have

f(u)zl/mVu|pdx—/fudx
PJa Q

1
S/mVﬁ|pdx—/fﬂd3:
P Ja Q

1
§liminf/ / ks|Gsus(x, ' pdx’dx—/fu(gdx
e o o, |Gsus(w,2)| A

= lim inf J5(us).
i in 5(us)
The reverse inequality follows from Proposition [3:37] Indeed, we see that

F(u) = 1/;@Vu|pdm—/fudm

= lim — //Ii(;ggupd:cda:—/ wdz
25 o, Jo |Gsul f

>limsup/ / mg]ggu(;\pdx’dx—/fu(gdx
N0 P Jas Jas Q

= lim sup jg(u(;).
\0

Here, the inequality follows since the nonlocal states satisfy the nonlocal Dirichlet
principle. Gathering both of these estimates, we obtain the equality

I(u) = %ig% Js(us).

We now claim that 4@ = u. This is however immediate from the previous arguments
showing

v

lim Js, (ug) < I(u) < (@) < lim Js, (ug),
k—o00 k—o0

implying that I(u) = I(@). This demonstrates that @ satisfies the local Dirichlet
principle, and therefore it has to be the unique local equilibrium state w. This
proves that the limiting point is unique and that the entire sequence of nonlocal
states {us}s\,0 converges to the local equilibrium state u in LP(2). O
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Chapter 4

Nonlocal optimal control &
obstacle problems

The goal of the following chapter is to further illustrate the applicability of our
nonlocal diffusion law. We will show that it can substitute the local diffusion law
in prototypical model problems in optimal control, as well as in the famous obstacle
problem. Of course, the nonlocal formulations differ from their local counterparts,
however, they are derived analogously. In this chapter we will consider only the
linear case with p = 2 in order to simplify the exposition. First, we consider the
linear-quadratic problem of optimal control in the volumetric heat source. Nonlocal
optimal control in the source was first studied in [28] for p = 2, and subsequently
extended in [21), 56] for p # 2. We then turn our attention towards optimal control
in the conductivity distribution. Its study is made difficult by the nonlinear relation
between conductivities and optimal equilibrium states. We first consider the problem
of parameter identification as in [29], and then the nonlocal saddle-point problem
studied in [4, 38, B9] extending the local case proposed in [22]. In particular, we
demonstrate that the analysis of the latter problem benefits from a dual formulation
of nonlocal diffusion. Lastly, we consider the classical obstacle problems. We discuss
their nonlocal variants as presented in |20, 44]. Specifically for the nonlocal case, we
will see that the analysis of nonlocal obstacle problems is not necessarily complicated
by irregular obstacles.

4.1 Distributed control

The first problem we consider seeks to identify the volumetric heat source which
provides the best reconstruction of a target equilibrium temperature state. This
amounts to a linear-quadratic optimal control problem known as distributed control.
In this section, we will assume that the material body €2 has a homogeneous conduc-
tivity distribution. The case with inhomogeneous conductivity distributions extends
similarly. Let us recall the local problem.

Assume a target equilibrium state ug € L?(§2) arises from the linear diffusion law

—Au=f, in Q,

u=0, onl,
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4.1. Distributed control

whose volumetric heat source f € L?(f2) is unknown. Our goal is to estimate it.
To this end, we formulate a minimization problem whose solution minimizes the
difference between the realized and target equilibrium states. Specifically, we seek a
solution to

. 1 A
min I(u, f) = B l[u— UQH%Q(Q) Ty Hf”%?(g) ;

st —Au=f, inQ (4.1)

u=0, onT.

Remark that we specify the problem with an additional quadratic term parameterized
by a parameter A > 0. As we will soon see, its role is to regularize the problem.
It is straightforward to see that the nonlocal analogue of (4.1)) is

. 1 A
min Ia(u, f) = B Ju— UQ”%Q(Q) Ty Hf”%Q(Q) ;

st. —Lsu=f, inQ,
u = 0, in F(;,

(4.2)

where L5 denotes the nonlocal 2-Laplacian for some fixed § > 0. Note that the only
difference between (4.1]) and is the physical enforcement of a local or nonlocal
diffusion law. As a standard approach of the classical control theory, we will consider
the reduced form of . It is formulated using the control-to-state operator.

Definition 4.1. The control-to-state operator Ss : L*(Q) — Us of (4.2)) is defined as
the operator which maps a heat source f € L?(Q) to its corresponding equilibrium
state Ssf € Us.

The control-to-state operator is clearly well-defined, since for each heat source
f € L%(Q) there exists a unique corresponding equilibrium state u € Us, which
satisfies the nonlocal diffusion law imposed in . Hence S5f = u. We remark the
following properties of the control-to-state operator.

Lemma 4.2. The control-to-state operator Ss : L*(Q) — Us of ([A.2)) is a bounded
linear operator.

Proof. Bounded linearity follows immediately since p = 2. Indeed, let f,g € L?(12)
be two distinct heat sources, and let o, 8 € R. The state induced by «f 4 8¢ satisfies
the variational formulation (3.20)), and for all v € U it holds that

/ GsSs(af + Bg)Gavde’ do = / (af + Bg)vda.
Qs Jas

Q

Expanding the right-hand side and writing the variational formulations for f and g
separately yields

/(Oéf+59)vd$ :/ gd(asaf)gavdx'der/ Gs5(8Ss59)Gsv da’ dz
Q a5 Ja,

Qs J Qs

_ /Q /Q Gs(aSsf + $Ss9)Gsv da’ dx,
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4. Nonlocal optimal control & obstacle problems M. Schytt

which proves that Ss(af + 8g) = aSsf + Ssg. Finally, boundedness is obtained
by the stability estimate given by Corollary [3.22] It gives some constant C' > 0 such
that

1S5 £ llyyy < C Ifll 2y VF € L2(9),

which is what we desired. O

We introduce the reduced functional J\(f) = Jx(Ssf, f) and simply reformulate
the problem (4.2) as

min Ia(f)- (4.3)

Here As C L?(Q) denotes the set of admissible controls. Solvability of (4.3)) is the
subject of the following theorem.

Theorem 4.3. Let As = L*(), and assume that X > 0. Then ([£.3)) admits a
unique optimal control f € As.

Proof. We employ the direct method. First we note that the reduced functional

1 A
() =5 1S5f ~ uo 720 + 5 11172 - (4.4)

is bounded below by zero and is proper. In addition, it is both convex, and continuous
as a sum of norms composed with the continuous affine function f — Ssf — uq,
see Lemma Consequently, it is weakly lower semicontinuous. Due to the last
quadratic term in , the reduced functional Jy is in fact strictly convex, since
A > 0. The same term also gives the coercivity of Jy. Indeed, we see that

A
I(f) = 3 ||f||i2(g)v

which implies that Jx(f) — oo as || f|[ 2y — co. Since coercivity and weak lower
semicontinuity is established, the existence of an optimal control f € L%() follows
from the direct method. Uniqueness of f is immediate due to the strict convexity of
the reduced functional Jy. ]

Note that the proof relies on the coercivity of the reduced functional Jy, which
in turn holds since A > 0. When A = 0 further assumptions need to be made. For
practical purposes it may be necessary to constrain the set of admissible controls As.
A common practical choice is the set of box constraints. Fixing two bounding heat
sources f, f € L?(Q) satisfying f < f a.e. in Q, their corresponding box constraints
are defined by B

As={feL*Q)|f<f<Ff ae inQ} (4.5)

Imposing such constraints on the optimal control provides a different approach to-
wards solvability.

Theorem 4.4. Assume Ay is weakly compact. Then (4.3|) admits an optimal control
f € As, which is unique if A > 0
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4.1. Distributed control

Proof. Similar to the proof of Theorem we apply the direct method. The re-
duced functional Jy is still weakly lower semicontinuous, even if A = 0. However,
coercivity is not given unless A > 0. Since coercivity provides the direct method with
weak compactness for minimizing sequences, we can exchange it for the condition
that minimizing sequences are assumed to be weakly compact. This is exactly the
assumption we have made for As. Thus, the direct method finds an optimal control
f € L?(Q). Similar to before, the optimal control is unique if A > 0. O

We remark that the box constraints defined in (4.5)) satisfies the assumptions of
Theorem . In general any nonempty, closed, bounded, and convex subset of L?(£2)
is also weakly compact.

Optimality system

In the subsequent chapter, we will explore the numerical approximation of the present
linear quadratic control problem. To this end, it will prove useful to know the
conditions for optimality of controls. We will embed the control-to-state operator
Ss : L3(Q) — L%*(Q) for the purposes of this discussion. In this form, it remains a
bounded linear operator due to the continuous embedding of s in L?(Q). Realizing
that is a convex minimization problem posed in the Hilbert space L?(£2), we
find that any optimal source control f € As has to satisfy the necessary and sufficient
optimality condition

(VIx(f)sg—fla >0, Vge As. (4.6)

Here, the gradient of the reduced functional V.Jy : L?(2) — L?(Q) is understood in
the Fréchet sense. The gradient may be explicitly found as

VIN(f) = S5*(Ssf —uq) + Nf, Vf e L*(Q), (4.7)

where Ss* : L%(Q) — L?(f) is the Hilbert space adjoint of Ss. The nature of the
adjoint is settled in following lemma.

Lemma 4.5. The control-to-state operator Ss : L*(Q) — L?() is self-adjoint.

Proof. Let f,g € L?(Q) and consider the variational formulation of their states
/ Gs(Ssf)Gsvda’ do = / fvdx, Vv e Uy,
Q5 J Qs Q
/ Gs(Ss9)Gsvda’ dz = / gvdx, Vv € Us.
Q5 /s Q
Testing these with v = S5g and v = Sgg, respectively, we obtain the equalities
(f;Ss9)a = /Q /Q G5S59GsSs f da’ dx = (Ssf, g)a,
S §

which proves that S5 = Ss*, that is Ss is self-adjoint. O

This inspires the following definition.
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4. Nonlocal optimal control & obstacle problems M. Schytt

Definition 4.6. Let f € L?(2) be an optimal control of (#.3]). Then we define the
adjoint state of f as the unique solution w € Us to

—Lsw = Ssf —ug, in €,
w = 0, in T's.
Let us now reconsider (4.6)).

Proposition 4.7. Let f € L*(Q0). Then f is an optimal control of (£.3)) if and only
if there exists some w € L?()) satisfying the optimality system

(w+Af,g— fla>0, Vg € As,
—Lsw = Ssf —uq, inf, (4.8)
w =0, m L.

Proof. By inserting the formula for the gradient (4.7)) into (4.6)), we get exactly (4.8)).
Here the last two equations of (4.8)) arise from Lemma noting that

w = 85" (Ssf — uw) = Ss(Ss.f — uq)-

Since (4.6)) is both a necessary and sufficient optimality condition, the result follows.
O

We conclude our discussion on source control by examining a specific case that
compares the nonlocal optimal controls to their local counterparts.

Example 4.8. We consider the special case where we allow As; = L?(Q2) and assume
that the regularization parameter is present A > 0. Now, the inequality in (4.8) takes
the form of an equality

(w+Af,g) =0, Vge L*(Q),

by linearity in L?(€2). In particular, this implies that w + Af = 0, and hence the
optimal control and its adjoint state (f,w) € L?(Q2) x Us has to satisfy the relation

1
and the optimality system
—L5Ssf = -X"tw, inQ, —Lsw = Ssf —ug, inQ, (4.10)
Ssf =0, in T;, w =0, in Ts. '

We remark that the corresponding local optimality conditions share the relation
(4.9)), and the optimality system (4.10) is exactly the nonlocal equivalent of the local
optimality system

_ASf - _>\_1w, ln Q, —Aw = Sf - UQ, ln Q,
Sf=0, in 'y, w =0, in I's.

Here S : L%(Q) — L?(f) denotes the local control-to-state operator. This further
illustrates the extension of the local theory to the nonlocal framework.
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4.2. Control in the conductivity

4.2 Control in the conductivity

Let us now consider a different type of optimal control problem. Specifically, we
will now keep the volumetric heat source fixed, and instead assume control over the
thermal conductivity distribution. The analysis of optimal control in the source was
relatively simple, due to the fact that equilibrium temperature states depend linearly
on their heat sources. In the case of conductivity control, the analysis of the consid-
ered control problems is complicated by the fact that the equilibrium temperature
states are nonlinear with respect to the conductivity. As such, further considerations
must be made in order to apply the direct method. Be that as it may, our objective
will be twofold. First, we study the optimal control with respect to the functional
from the previous section. This problem is known as parameter identification, in
which we seek to estimate the material properties of a spatial domain, here the ther-
mal conductivity, from an observed temperature state generated by a known heat
source. Second, we consider the saddle-point problem of Cea and Malankowski [22],
which seeks to identify the optimal thermal conductivity distribution, which mini-
mizes the weighted average of the equilibrium temperature state. This problem is a
prototype of the famous compliance minimization problem from topology optimiza-
tion, which seeks to maximize the stiffness of a structure under a specified load. For
more details we refer to [I] and the references in |4l 38| [39).

The analysis of both problems requires good continuity properties of their control-
to-state operators. Again, we first recall the local state equation. Given a volumetric
heat source f € L?(f)), we assume that the corresponding equilibrium temperature
state u arises from the linear diffusion law

—div(kVu) = f in Q,
u=0onT,
specified by an unknown conductivity distribution x € L%(2). Analogously, the
nonlocal state equation arises from the nonlocal diffusion law
—Ds(ksGsu) = f in €, (4.11)
u=0in Ty, (4.12)
where the nonlocal conductivity distribution k5 € L% (2 x €25) is unknown. In order

to define the corresponding control-to-state operator, we recall that the nonlocal
conductivity distribution was subject to the following assumptions

As = {Ii(; S LOO(Q(S X 95) | K§ € [E,E], a.e. in {5 x Qg}.

In order to differentiate between the previous and present discussions, we define the
control-to-state operator as follows.

Definition 4.9. The conductivity-to-state operator S5 : As — Uy of (4.11)) is defined
as the operator which maps a nonlocal conductivity distribution ks € As to its
corresponding equilibrium state Sskgs € Us.

Note that we now relate the conductivity-to-state operator S5 to the state equa-
tion (4.11)), since it will not change between the upcoming control problems. Unfor-
tunately, Ss is no longer linear due to the nonlinearity of its variational formulation.
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4. Nonlocal optimal control & obstacle problems M. Schytt

As a consequence, it will be more difficult to apply the direct method to obtain
optimal controls. Alas, we present two different approaches, each of which requiring
additional assumptions and consulting different topologies on L™ (€5 x €s).

The first approach is found in [29]. Their main tool is the strong continuity of
the conductivity-to-state operator.

Proposition 4.10. The conductivity-to-state operator S5 : As — Us is Lipschitz
continuous, i.e. there exists C' > 0 such that

1S5t — Sstisllyy < Cllks — Ksll oo (snny) s VEas Fs € As.

Proof. The proof follows along the lines of [29, Lemma 3.1|. Let ks, K5 € As be
two conductivities, and consider the variational formulations of their corresponding
states

//Haga(saﬁé)g(sﬁda:’da::/fvdx, Yo € Us,
o " (4.13)

//5595(5555)Q517dx’dx:/fvda:, Yo € Us.
Qs JQs Q

Denoting u = Ssks and @ = SgKg, we fix v € Us and realize that comparing equations

in (4.13) yields
/ / ksGs(u — 1) Gsv da’ do = / / ksGsuGsv da’ do — / / ksGsuGsv da’ dz
Qs JQs Qs JQs Qs JQs
= / / K5GstuGsv da’ do — / / ksGsuGsv da’ dz
Qs J Qs Qs J Qs

:/ / (s — ks)GstuGsv da’ du.
Qs J Qs

We now insert v = v — @ and obtain the estimate
-2 - - -
sllu =13, < s = foll ooy | [ 1GsiGs(u— )| do’da
5 )

< lrs — /55||Loo(9,;x9,;) ||ﬂ||u5 Ju— ﬂ||u5 .

through the Hélder and Cauchy-Schwarz inequalities. Invoking the stability estimate
of Corollary there exists some C' > 0 independent of K5 (but dependent of &
and %) such that [[all,, < C[|f|[2(q)- All that remains is to rearrange the previous
inequalities to get

~ ~ -1 ~
|Ssks — 55“6Hu5 = [lu— UH% <k C ||f||L2(Q) Ko — H5||Loo(95x95) :

That is what we wanted. O

Wishing to invoke the usual strong topology on L>(€s x €2s), a similarly strong

compactness property is needed. Therefore we assume that the admissible conductiv-

ity distributions admit uniformly bounded weak derivatives. This leads us to study
an alternative set of admissible controls

A§ = {rs € AsNWH(Q5 x Q) | |85l yrce 0y x5 < @)

for some a € (0,00). Regrettably, this set excludes certain discontinuous conduc-
tivity distributions which may arise in practical applications. On the other hand, it
will simplify the line of reasoning. We present the following result.
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4.2. Control in the conductivity

Proposition 4.11. Let o« € (0,00). Then the set of admissible controls A§ is
compact in L (Qs x Q).

Proof. The Sobolev embedding theorem given in [Brel0, Theorem 9.16] asserts that
W1 (Qs x Q) is compactly embedded in L>®(Qs x Qs). Since A¢, by definition, is
bounded in W1(Qs x Qs), relative compactness in L>(Qs x §25) follows. But A
is closed in L>°(£25 x §25) due to the bounds k < k5 < & for all k5 € A§. d

The second approach follows [38] and keeps Ajs as defined. As such, this ap-
proach does allow discontinuous conductivity distributions. However, continuity and
compactness properties become much harder to obtain. Unlike the first approach,
we now look for continuity in the weak*-topology on L>®(s x Qs). In the local
case this approach is naive, since the conductivity-to-state operator is generally not
continuous with respect to the weak*-topology [Il, [67]. In stark contrast, the non-
local conductivity-to-state operator is, if Us is compactly embedded in L?(Q). We
demonstrate this by considering the arguments of [5, 38], in which U is continuously
embedded in a fractional Sobolev space. To this end, it proves sufficient to assume
that the nonlocal kernel satisfies the additional assumption

ws(z) > MCS , Va € By \ {0}, (4.14)

for some fractional exponent s € (0,1) and constant ¢; > 0.

Lemma 4.12. Assume (4.14) holds with some s > 0. Then Us is continuously
embedded in W*2(Q). In particular, Us is compactly embedded in L*().

Proof. Let u € Us. By (4.14]) there exists s € (0,1) and ¢s > 0 for which we can
establish the inequality

Jul?, = /Q /Q () — u(a') Pws(z — o) do’ da
5 5
> / / |u($) —u(x) Pws(z — 2')? da’ dz
Qs /QsNBs /o (x

/ / (z) - /d+2$’2 dz’ dz.
Qs Q(;QB(;/Q(.Z‘) ’x - ’

Invoking [12, Proposition 6.1], there exists some Cy > 0, for which we see that the
last expression is bounded below as

|U z) —u(@)? .,
|ul? 2(0p) < Cl/ / dz’ dz.
w 5 JsnBsae) 1T — e — ]

This gives us an initial inequality

- 2
[ulfy 2oy < 5 O llully, -

Invoking a fractional Poincaré inequality, there exists another constant Co > 0 with
which we can establish

HU||L2 < C2W|Ws 2(Qs)
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4. Nonlocal optimal control & obstacle problems M. Schytt

Such an inequality can be obtained by considering either Proposition [3.7] with the
nonlocal kernel
Cs

ws(r) = s

[

Vo € Bs \ {0}7
or the arguments presented in [33, Lemma 4.3]. Consequently, we can write
2 2 2 -1 2
Hu||L2(Q5) = HUHLQ(Q) < 02|U‘W5a2(§25) < ¢ G0y HUHU(;,
where the equality follows since u € Us is extended by zero outside of 2. We have
2 2 2 -1 2
ullfys2) < lulliyazio,) = lulliz@) + [ulfyazo, < e Crl+ Co) ully, ,

which shows the continuous embedding of Us in W*2(Q) The compact embedding
in L?(f2) is now a consequence of the embedding theorems for fractional Sobolev
spaces, see |32, Theorem 7.1]. O

We can now prove the following continuity result.

Proposition 4.13. Assume holds. Then Ss : As — Us is weakly continuous
with respect to the weak*-topology on L™ (Qs x Q). Specifically, if {ksi tren C As is
a sequence of conductivity distributions converging in the weak*-topology to ks € As,
which we denote kg, A Kg, then

lim ||Ssksp — Ssk =0.

Jim [|Ssrsr — Sstislly,

Proof. We give the proof found in [38, Theorem 2.3|. Assume we have a sequence
{Kksp tren C Ajs for which kg, X k5. We denote their corresponding states u = Sskg,

and uy = Sskgy, for all k& € N. The variational formulation of the equilibrium states
is used to establish the equalities

um(; / / k5| Gsul? da’ do — /fudx——/fudac
Qs Js

J (ug; Ks1,) = /Q /Q Kor|Goug|* da’ diﬂ—/fukdlf——/fwdiv
5 )

written in terms of the nonlocal Dirichlet energy J (;+), which we have supplied
with an additional argument denoting the dependence on the conductivity. We now
realize that

0 <k [Jug — qu{é < / / ksl Gs(up — w)|* da’ da
Qs Js

=/ / %5k|95uk!2dl"d$+/ / ksr|Gsul? da’ dw
Qs J Qs Qs JQs

—2/ / ks GsuGsuy dz’ dx
Q5 J0s

v

:2J(uk;/£5k)+2j(u;/£5k)+2/fukdm+2/fudx
Q Q

—2/ / ks GsuGsuy da’ da
Q5 J0s

v

= 2J(u; ksy) — 2J (ug; Ksy)- (4.16)

(4.15)
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4.2. Control in the conductivity

Here, left-hand side equalities of gives the second equality, and the right-hand
side equalities of , together with the variational formulations, gives the last
equality. It is now evident that if the convergence for k& — oo is well behaved, the
terms in will cancel in the limit. This would prove our promised result. Let

us consider the first term in (4.16). Testing the weak*-convergence k), — ks with
|Gsu|? € LY(Qs x Qs), we obtain

lim J(u; ksy) = hm / / K| Gsul? da’ dx — /fudm
Qs

k—o0
/ / rs|Gsul? da’ do — / fudz
Qs Js Q

—Ju/i(;

As for the second term in , we consider both its limsup and liminf. Recalling
the nonlocal Dirichlet principle, u is the unique minimizer of the Dirichlet energy
J (:; k), and similarly uy is the unique minimizer of J (s ksy) for all £ € N. Hence
we may establish the following inequality

lim sup J (ug; i) < limsup J (u; k55) = J(u; k). (4.17)

k— o0 k—o0

On the other hand, we may extract a subsequence {(uy, ksi) }ien for which

lim J (g keg) = Hminf J(up; kg (4.18)
k' =00 k—ro00

We now recall that Us is compactly embedded in L?(Q2), due to Lemma As
the states are uniformly bounded by |lug[ly, < C[|f|[12(q), for some C' > 0 from

Corollary we know {uy }ren is relatively compact in LQ(Q). Hence we may
use the same argumentatlon as in Lemma [2.6] to extract further subsequences, not
relabeled, for which there exists some u € Uy satisfying

U — U in LQ(Q>,

up () — u(x) a.e. in Q.

We will use the a.e. pointwise convergence of {uy }r/en (and hence also of {Gsug }ren)
to control (#.18). By continuity in L?(Q) we have

lim /fuk/dxz/fadx. (4.19)
Q

k'—o0 Jq

As for the quadratic term in .J (ugr; Ko ), we claim that

/ / rs|Gsul|* da’ dx<hm1nf/ / ks |Gsup | da’ de. (4.20)
Qs JQs Qs

To this end, we define

:/ / Xaksy dz’ dz, uk/(A):/ / Yaksp dz’dz, VK €N,
Q5 J Qs Qs J Qs

o8



4. Nonlocal optimal control & obstacle problems M. Schytt

and prove that lim ug (A) = p(A) for all measurable A C s x Q5. Indeed for
such subsets we have x4 € L'(Qs x Qs) and therefore weak*-convergence of the
conductivity distributions gives us the setwise convergence of measures. We now

realize that (4.20) is obtained by the generalized Fatou’s lemma [61], Section 11.4].
Therefore, we may combine (4.19)-(4.20) with (4.18) to get

J(@; k5) < Hm J(ups ks ) = liminf J (ug; ksp)-
k—oo k—o0

At last, since J (u; ks) < J (u; ks) due to the nonlocal Dirichlet principle, we may
recall (4.17) and conclude that limg o J(ug; ks) = J(u; ks). Finally, returning to

(4.16)), we see that

0 < limsupk |Jug — uHZ{ < lim |2 (us ksy) — 2J (ug; ksg,) | = 0,
k—o00 * 7 koo

and we have the result. O

Note that this approach follows the same idea as the one-dimensional framework
in Chapter 2] In particular, we secure an embedding in a fractional Sobolev space
W#2(Q), which in turn gives us a compact embedding in L?(©2). The compact
embedding is then used to obtain pointwise convergence of states, which due to the
nonlocal framework also provides pointwise convergence of their nonlocal gradients.
With pointwise convergence established, a continuity property is proved using a
Fatou-type lemma and the direct method becomes applicable. The current approach
will use the following compactness result.

Proposition 4.14. The set of admissible controls Ag is weakly compact with respect
to the weak*-topology on L>(Qs x Q).

Proof. We appeal to the Banach-Alaoglu theorem [I8, Theorem 3.16|, which states
that the closed unit ball in L™ (s x s) is weakly compact with respect to the
weak*-topology. Note that Ay is merely an affine transformation of the closed unit
ball, and hence also weakly compact in the weak*-topology on L% (s x Qs). O

4.2.1 Identification

We are now ready to study the nonlocal identification problem. As we previ-
ously mentioned, both the heat source f € L?(2) and the target temperature state
ug € L%(Q) are assumed to be known. The problem is seeking the optimal conduc-
tivity distribution kg, with corresponding temperature state minimizing the distance
from the observed state. Therefore, we study

. 1 2
min J(u, k5) = 3 v~ uallz2(q)

s.t. — Ds(ksGsu) = f  in Q,
u =0 in T's.

(4.21)

We invoke the conductivity-to-state operator. Instead of considering (4.21)), we look
for a minimizer of the reduced functional J(ks) = J(Ssks, ks ), 1.€.

min J(ks), (4.22)

K§EC
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with o = A$ or o = Aj for the first or second approach, respectively. Having done
the groundwork, we are ready to state and prove that either approach admits optimal
controls.

Theorem 4.15. Assume either
(i) o= A§ for some o> 0, or

(i) o = As and (4.14) holds.
Then there exists an optimal control to (4.22)).

Proof. We apply the direct method in both cases. Note that in either case the
reduced functional J : © — Us is proper and bounded below by zero. Hence there
exists a minimizing sequence {ksy }ren C © with J(ks,) — infs J. We will now prove
that {ksp}reny has a limit ks € ¢ in a specified topology, and that the associated
state u = Ssks is the strong L?(Q)-limit of the states uj, = Ssksy, possibly for some
subsequence. As such, we can invoke continuity of the norm to show that

. . .1 2 1 2
inf J = lim J(ks) = lm 5 [lu —uelz(q) = 5 llu—uallizq) = J(ks),

which proves that the limit point ks is a solution.

For (i) we note that o = A$ is compact in L>°(£25 x €25) due to Proposition
Therefore there exists a subsequence {sy }iren that converges to some k5 € Af§
strongly in L*°(Qs x Q). The corresponding states up = Sskgy all satisfy their
variational formulations

//ﬁgk/ggukfggvdm’dx:/fvdw, Yv €Us, VE €N. (4.23)
Qs J Qs Q

Again, the a priori stability bound from Corollary yields boundedness of the
subsequence {uy }rren in Us. Therefore, we may extract a further subsequence, not
relabelled, which converges weakly to some u € U, since Us is a reflexive Banach
space. We now wish to prove that u = Sskg. To this end we exploit the linearity of
the variational formulation and rewrite (4.23)) as

/fvdx:/ / /fggguggvdm’dx—i—/ / ksGs(up — u)Gsv da' da
Q Q(; Q§ Q& Qé

(4.24)
+/ / (Kspr — K5)Gsug Gsv dz' dz.
Qs Jas

Let us now study the last two terms on the right-hand side of (4.24]) in the limit as
k" — oco. Weak convergence of states in Us implies

lim/ / figg(;uk/ggvda:’dx:/ / ksGsuGsvda' dz, Vv € Us,
k'—oo Jas JQs Qs Qs

since ksGsv € L?(s5 x Qs). On the other hand, the Hélder and Cauchy-Schwarz
inequalities implies

/ / (56k'—/‘0)gauk/g5?)dx/dx
Qs s
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4. Nonlocal optimal control & obstacle problems M. Schytt

Since the states are uniformly bounded, the strong convergence ks, — kg asserts

that taking the limit in (4.24]) gives

//ﬁggguggvdx’dx:/fvdx, Yo € Uy,
Qs J Qs Q

proving u = Sgkgs. Strong continuity of the conductivity-to-state operator, Proposi-
tion , then implies the strong convergence ux — u in Us, and by the nonlocal
Poincaré inequality, also in L?(€2).

For (ii), Propositionimplies A is weakly compact with respect to the weak*-
topology on L (€25 x s). Therefore we may extract a subsequence, without rela-
belling, for which ks, — ks € As. For each conductivity distribution we have
corresponding states which we again denote u = Sykgs, and ug = Sskgy, for all k € N.
We now recall the continuity result of Proposition [4.13] which implies that up — u
in L2(Q) when ks, — kg in As. O

4.2.2 Compliance minimization

We now turn our attention to the compliance minimization problem. Our goal is to
minimize the weighted average of the equilibrium temperature state with respect to
a given heat source f € L?(€2). Hence, we consider

u,kg
s.t. — Ds(ksGsu) = f  in Q,
u=0 in T's.

min J(u, Kg) /fud:v
(4.25)

The functional J is known in the literature as the compliance. Recalling the varia-
tional formulations of the state equation, the reduced functional of (4.25)) takes many
forms

J(ks) —/Qfsaf‘% dx —/Q /Q ki5|GsSsks|? da’ da = 2 (Ssks; ks), (4.26)
5 5

where J is the Dirichlet energy functional. In particular, note that the reduced
functional is bounded below by zero on Ajg, and that it is a bounded linear functional
with respect to the state. Consequently, we may prove the existence of a optimal
control to following the exact same arguments presented for the identification
problem. For completeness, we present the resolution of the reduced problem

min J(ks). (4.27)

ks €S
Theorem 4.16. Assume either
(i) o= A§ for some a < 00, or
(i) o = As and holds.
Then there ezists a solution to (4.27).
Proof. See the proof of Theorem [£.15] ]
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Dual formulation

In view of the nonlocal Dirichlet principle, the compliance minimization problem may
actually be stated as a saddle-point problem. Indeed inserting (4.26|) into (4.27]), we
see that it is equivalent to

J 4.28
max min J(u; fis). (4.28)

This is the nonlocal equivalent of the saddle-point problem introduced in [22]. We
will now present the reformulation of introduced in [39]. Recall that the
nonlocal Kelvin principle is the dual problem to the nonlocal Dirichlet principle, see
Theorem [3.34] Their strong duality gave us the equality

J(Sstis; 1i5) + J(q; 15) = 0, (4.29)

where ¢ € Qs(f) is the nonlocal flux associated to Ssks, and J is the complementary
energy functional. Inserting (4.29) into (4.28)), we see that it is equivalently stated
as a single minimization problem

n

min J(q; Ks). (4.30)
(ks, 0)€As x Qs (f) ’
Note that we state (4.30) to seek conductivity distributions ks € A, without further
regularity assumptions. In the present case, convexity of the complementary energy
functional J, in both arguments, is sufficient to find a solution.

Theorem 4.17. There exists a solution (ks,q) € As x Qs(f) to (4.30)), which equiv-
alently induces a solution (ks,Ssks) € As x Us of (4.28). In either case, we obtain

an optimal control ks € Uy to (4.27)).

Proof. The functional J is proper and bounded below by zero. Hence, we can extract
a minimizing sequence {Ksk, qk } keN € Asx Qs(f) for which the sequence of functional
values J(qy; ksp) \ inf Asx Qs(f) J monotonically. Recalling that

1__
J(g; 5s) / /Q m Mo da’ d > SR 0oy Vims0) € As x Qs
8

we see that J is coercive in its second argument with respect to L?(Q5 x Qs),
for all conductivity distributions in As. Since Dgq = f for all ¢ € Qs(f), co-
ercivity in Qs(f) is equivalent to coercivity in L?(Qs x €s). Now, boundedness
of {J(qw; ksx) wen implies {qxtren is bounded in Qj(f). Since Qs(f) is a closed
subset of a reflexive Banach space, there exists a weakly convergent subsequence
{qi }rren. Using Proposition the weak compactness of A in the weak*-topology
implies that we can extract an additional subsequence, not relabelled, for which
ks — ks € As. However, we argue that the weak* limit in L>°(Qs x ) is also
a weak limit in L?(Qs x €5). To this end let o € L?*(Qs x ), and note that
o € LY(Qs x Qs) since Qs x Qs is bounded. Hence, the weak* convergence of con-
ductivities gives

lim </~€5k/,0>§25><95 = <'L€570>95><96’
k' —00

62
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which proves it is a weak L%(Qs x Q) limit as well. In total we have a subsequence
{Kksw, Qi }iren and some (kg,q) € As x Qs(f) with

R§k! — R§ in LZ(Q(; X 95),

g —q in Qs(f).

We equip L?(Qs x Q) x Qs(f) with any appropriate choice of norm such that we
can apply Mazur’s lemma [I8, Corollary 3.8]. Consequently, there exists a sequence
of convex combinations described by a function N : N — N

N(K")
AK€ [01][ =K, ...,N(K)} pen, with D A(E)e=1, VK €N,
(=K'

for which we get the following strong convergence as k' — oo

Nk

> MK e(kse,qe) = (ko @), in L2 (Q5 x Q5) x Qs(f).
p—y

Extracting a further subsequence, not relabelled, we have pointwise convergence
almost everywhere on Q5 x 5. Fatou’s lemma will complete the argument. Indeed
by nonnegativity and convexity of J in both arguments, we obtain

N(K') N(K')
J(g.rs) < liminf J {37 K, Y MK ks
—00 Py —
N
< 1 . f k/ T
< lim in l_zk:/ AE ) (@1, k1)
N(K)
<1 inf o] , , /
< liminf J gy, kop) gk: AE )i

= lim l]flf j(Qk’> Ii(sk/)
k'—o0

= inf J.
AsxQs(f)

Here, the third inequality follows by the monotone convergence of the minimizing
sequence. This proves that (kg, ¢) is a solution of (4.30)). The remaining points follow

from the strong duality (4.29)). O

Upon examining the current problem formulation, it becomes apparent that the
non-uniqueness of solutions can be understood analytically. The functional being
minimized is strictly convex with respect to each variable individually, but not jointly.
As a result, multiple solutions can arise. Indeed, note that the quadratic term
becomes zero as the flux vanishes. When this happens the conductivity distribution
may be arbitrarily determined, as it does not change the complimentary energy.
However, we will prove that the optimal state, and thus also the optimal flux, is
uniquely determined for optimal controls.
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Maximum principle

Let us proceed by considering a necessary condition for optimal controls. For the
problem at hand, we present a maximum principle, which parallels the maximum
principle described in [22, Theorem 3.1] for the local case.

Theorem 4.18. Let k5 € A be an optimal control to (4.27) and assume u = Ssks
denotes its associated state. Then the pair (ks,u) satisfies the following mazimum
principle:

//ﬁglggu\de'dwg/ / ks|Gsu? da’ dx,  VEs € As. (4.31)
Qs /€ Qs /€

Proof. Assume ks € As is an optimal control with associated state u = Sskg, and
let K5 € A be arbitrary. Fix some A € [0, 1] and consider the control ks + A(Ks — Ks)
and its associated state which we denote v + w = S5(ks + A(Ks — Ks)). We utilize
the variational formulation of states to see that

/ fvdx = / / (ks + N(Ks — Ks))Gs(u +w)Gsvda' dz, Vv € Us.
Q Q5 /s

Expanding the right-hand side yields for all v € Us

/ fodx = / / ksGs(u + w)Gsv dz’ dz
Q Q5 /s
+ )\/ / (Ks — ks)Gs(u + w)Gsv dz’ dz.
Q5 /s
Explicitly writing the variational formulation of u now gives us for all v € U

0 —/ / ksGs(u + w)Gsv da’ dx+>\/ / (s — ks5)Gs(u + w)Gsv da’ da
Qs JQs Qs

—/ / ksGsuGsv dz’ dz.
Qs JQs

Testing this with v = u + w yields

0—/ / ng\gg(u+w)]2dx'dx+)\/ / (K5 — 15)|Gs(u + w) > dz’ dz
Qs JQs Qs JQs

(4.32)
—/ / ksGsuGs(u + w) da’ dz.
Qs JQs
We leave this inequality for now, and now wish to show that
/ fwdx > 0. (4.33)
Q

Indeed, since kg is assumed optimal we have

0§J(/€5+)\(/€5—55))—J(/§5)—/Qf(u—l—w)—fudx—/gfwdx.

64



4. Nonlocal optimal control & obstacle problems M. Schytt

Similarly, the Dirichlet principle gives us the inequality
I (u; 15) < J(u+ w; k).

Expanding both sides and rearranging we get the inequality

///i5|g(5u|2dx'dx§/ / /<;5|g(5(u-|—w)|2dx/d:c—2/fwd:c.
Qs /€2 Qs /s Q

Since we have (4.33]), we can write

/Qa /Qa m'ngJr/wade/Qé /95 “6|95(U+w)|2dx’dx/gfwdx

g/ / rs|Gs(u 4 w)|? da’ de,
Qs J Qs

which we by the variational formulation of © means

| [ sstsubsturwy < [ [ walstu+u)P astda.
Qs JQs Qs JQs
But for (4.32) to hold, this implies that

//(/55—/@5)|Q(5(u+w)]2d:c’dx<(),
Qs JOs

which rearranged gives

///{5|95 (u + w)|? da’ dx</ / r5|Gs(u 4 w)|? da’ de. (4.34)
Qs J Qs Qs

Recalling the strong continuity of the conductivity-to-state operator given in Propo-
sition [4.10, we know that w +w — u in Us as A N\, 0. Indeed, there exists some
C > 0 such that

[u—= (u+w)lly, < Cllks — (ks + MKs = K£8))l Loo (05 x62)

< AC||Ks — /‘%HLOO(anQa) -0

By Proposition the functional

Ugavr—>/ / /<55|Q(;U]2dx’dx
Qs Js

is continuous for all conductivities k5 € As. Hence (4.34]) also holds in the limit, and

we get
/ / K5|Gsul? do’ do < / / ks|Gsul® da’ de,
Qs J Qs Qs J Qs

which is what we wanted. O

The maximum principle was utilized in [22] to construct an algorithm for
the numerical approximation of optimal controls to . This was extended to
the nonlocal case in [4]. Another use of the maximum principle is to assert the
uniqueness of optimal states.
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Proposition 4.19. Let kg5,k5 € As and assume they and their equilibrium states
(u,w) = (Ssks, SsKs) both satisfy the mazimum principle (4.31). Then uw = w. Par-
ticularly, if both ks and K5 are optimal controls to (4.27)), then their states coincide.

Proof. Let us use the nonlocal Dirichlet principle. We see that

n%j@MwSjW%@Sjmm@:mgjmmﬁgﬂwmﬂgﬂm%L (4.35)
vEUs veEls

where the equality and the second inequality follow from the nonlocal Dirichlet prin-
ciple and maximum principle for (ks,u), respectively. The last inequality follows
from the maximum principle for (K5, w), and its nonlocal Dirichlet principle implies

J(w; i) = min J(v; Kp).

Consequently, everything in (4.35)) holds with equality. In particular w satisfies the
Dirichlet principle

min j(v; K§) = j(w’%)»
vEUSs

which by uniqueness means v = w. Since optimal controls satisfy the maximum
principle, the last statement follows. O

As an easy corollary to Proposition we find that the maximum principle is
actually a sufficient optimality condition.

Corollary 4.20. Let k5 € As and let u = Sskg be its corresponding state. If (kgs,u)
satisfies the mazimum principle (4.31)), then ks is an optimal control to (4.27)).

Proof. We know that (4.27)) admits an optimal control K5 € Ay with associated state
w = Sgks. Applying Proposition we find that u = w, which implies that

ﬂmzémmzémm:ﬂ@.

This proves that ks minimizes the reduced functional J. O

4.3 Obstacle problems

The last problem we introduce is the nonlocal equivalent of the famous local obstacle
problem. Our formulation can be seen as a prototype for a problem that models the
equilibrium position of an elastic membrane under the influence of a vertical force,
constrained by an obstacle within the domain. First, let’s recall the local problem.
Given an obstacle function g : Q — R, and assuming the equilibrium state u € H} (1)
is subjected to a load f € L?(Q), we impose the condition that the equilibrium state
lies above the obstacle. This leads to the definition of the set of admissible states as

Alg) ={v e H}(Q)|v>g, ae. in Q}. (4.36)

Note that without further assumptions, the set of admissible states can be empty.
This is the case if the obstacle admits positive values on the boundary I', which are

66



4. Nonlocal optimal control & obstacle problems M. Schytt

unattainable by states in H}(2). Thus, if an admissible state must both vanish on
the boundary and satisfy the unilateral constraint v > g in , then we need g < 0
on I'. Assuming g € H&(Q) is a simple solution, since it implies that the obstacle
itself is an admissible state. However, such an assumption prohibits obstacles with
jump discontinuities, which is symptomatic of local theory. For further discussions
on the unilateral constraint and more general obstacles, we refer to [37] for regular
obstacles and [6] for a capacity theory-based approach.

The local obstacle problem supposes that the equilibrium state satisfies a mini-
mum energy principle. Hence we wish to find the admissible state which minimizes
the Dirichlet energy. We consider

v 1
min I(v —/ VUle'—/ vdzx. 4.37
min [0) = [ [Vofde— | 1 (4.37)

The nonlocal analog of (4.37)) is simply obtained by constraining the nonlocal Dirich-
let principle to the corresponding set of nonlocal admissible states

As(g) ={vels|v>g,ae. in Q}.

Consequently, we consider

v 1
min J(v —/ / Qdex’dx—/ vdz. 4.38
veAs(g) (©) 2 Joy 95’ ol Qf (4.38)

In contrast to the local case, assuming that the obstacle itself is an admissible
state, i.e., ¢ € Us, may not be restrictive in the nonlocal setting. The elements of
the nonlocal state space Us are generally not continuous. We consider two cases as
presented in [44]. In the first case, under certain assumptions on the nonlocal kernel,
we find that the norm on Uy is equivalent to the norm on the fractional Sobolev space
W$2(Q) for fractional exponents s < 1/2. We will simply say that Us is equivalent
to W*2(2). In this case, the admissible states may exhibit jump discontinuities, as
shown in [48, Lemma 6.1|. In the second case, under different assumptions, we find
that Us is equivalent to L2(Q). In this case, the admissible states and permitted
obstacles can be even more irregular. However, the solution to can still be
obtained straightforwardly, as demonstrated in the following results.

Lemma 4.21. Let g € Us be an obstacle. Then the set of nonlocal admissible states
As(g) is weakly closed in Us.

Proof. We prove that As(g) is closed, and convex in Us. To show convexity, let
u,v € As(g), and consider the sets of zero measure N,,, N,, C § such that u(z) > g(x)
for all z € Q\ N, and v(z) > g(z) for all x € Q\ N,. For any A € [0, 1], we have

M) + (1= No(a) 2 Ag() + (1= Ng(a) = g(), Vo € Q\ (NaNN,),

which implies that Au + (1 — A\)v > ¢ almost everywhere in 2. Hence, Aj(g) is
convex. To show closedness, let uy, be a sequence in As(g) that converges strongly to
u € Us. By the nonlocal Poincaré inequality, we have up — u in L?(Q). Therefore,
there exists a subsequence uy that converges pointwise on 2\ N, where N is a
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zero measure set in . For each &k, there exists further zero measure sets Ny C Q
such that ug (x) > g(z) for all x € Q\ Ny, Hence, we have

likrpuk/(:v) =u(x) > g(z), YreQ\ ( U Ny UNOO) .

k’eN

Since a countable union of zero measure sets has zero measure, we have shown that
u > g almost everywhere in 2, and therefore u € As(g). Thus, As(g) is closed. In
conclusion, As(g) is closed, and convex, which implies that it is weakly closed. [

Theorem 4.22. Let g € Us be an obstacle. Then there exists a unique nonlocal
admissible state u € As(g) solving the obstacle problem (4.38)).

Proof. The obstacle problem is clearly the nonlocal Dirichlet principle con-
strained to the nonempty, weakly closed set of nonlocal admissible states As(g).
Following the direct method as in the proof of Theorem [3.20] we find that there
exists a minimizing sequence in 4;5(g) which converges weakly in Us. However, since
As(g) is weakly closed, the minimizing sequence converges in As(g) and the result
follows. Uniqueness of the solution follows from Lemma [3.17] since the Dirichlet
energy functional is strictly convex. O

Optimality conditions and projections

Since the nonlocal obstacle problem is a constrained form of the Dirichlet principle,
the necessary and sufficient optimality condition is readily found.

Proposition 4.23. Let g € Us be an obstacle. Then the nonlocal admissible state
u € As(g) solves (4.38)) if and only if it satisfies the linear variational inequality

/ GsuGs(v — u) da’ da > / flv—u)dz, Yve Asg). (4.39)
Q5 JQ, Q

Proof. We consider the first variation of the Dirichlet energy functional. If u € As(g)

solves (4.38) then
Jw) < J(), Youe Aslg). (4.40)

Since Aj(g) is convex, we may insert u + t(v — u) € As(g) into (4.40) for ¢ € [0, 1]
and v € As(g). Hence we obtain

1 1

/ / = (|Gsu + tGs(v — u)? — |g(gu|2) dz’ dx — / flv—u)dz >0. (4.41)

2 Jas Jas t Q
Following the proof of Theorem [3.21| we take the limit ¢ \, 0 and obtain

/ GsuGs(v — u) da’ dw — / fv—u)dx >0, Yve Asg),
Qs J9s Q

which is exactly (4.39). This proves the necessity. To obtain sufficiency we consider
the usual convexity argument. Indeed, the Dirichlet energy functional is convex, see

Lemma and hence for t € [0,1] and v € As(g) we have

J(u+t(v—u)) < J(u) +t (j(v) - j(u)) .
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Rearranging gives
% (j(u Yt —u)) — j(u)) < J(v) — J(u).

Note that the left-hand side is exactly the left-hand side of (4.41)). Hence, as t \, 0
we must have J(u) < J(v) if (4.39) is assumed to hold. O

The linear variational inequality allows us to characterize the solutions of certain
obstacle problems in terms of projections. To this end, we introduce the Hilbert
space projection P 4,4 : Us — As(g) onto the closed and convex set of admissible
states As(g) C Us. We recall its definition

1
Pay(q)(v) = argmin _ [Jo —wlly , Vv € Us. (4.42)
weAs(g)

We can now state and prove the following formula for solutions.

Corollary 4.24. Let g € Us be an obstacle, and assume that f = 0. Then the
admissible state u € As(g) solving the obstacle problem (4.38)) is the projection

u= P.Aa(g) (0).

Proof. Recall that for p = 2, Us is a Hilbert space with the inner product
(u, v)y, = / GsuGsvda' dz, Vu,v € U;.
Qs JQs

Since f =0 and u € As(g) solves the obstacle problem, we see from that
(u, v —u)y; >0, Yve As(g). (4.43)
Since u = u — 0, we have
(u—"0,v—u)y, >0, YveAs(g),
which is the optimality condition for characterizing u = P 4;(4)(0). O

Corollary 4.24 disguises the the complexity of the problem into the computation
of a projection operator, for which there is no explicit formula in general. Hence, for
practical reasons, we consider a reformulation of the nonlocal obstacle problem. To
this end, we define for an obstacle g € Uy the set

A(g) = {v e L*(Q)|v > g, ae. in Q},

where the unilateral constraint considers the L?({2)-representative of the obstacle.
To be specific, we denote the continuous embedding K : Us — L?(£2), and we see

that (4.38]) is equivalent to

min .J(v) + &

K 4.44
vEUSs U)’ ( )

A(g)(
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where 6y is the convex indicator function of a convex subset M C L?(f2) defined by

Yo € L3(Q).

0, ifveM,
om(v) :{

o, else,

Remark that this reformulation leads us to enforce the unilateral constraint in L?(2)
instead of the state space Us. Such reformulations are often to be found in the lo-
cal literature, since they may be more tractable for numerical iterative methods. In
fact, common iterative methods for the local obstacle problem, such as penalty meth-
ods [64], or fixed-point methods [43], are formulated by a sequence of L2-projections
onto the obstacle. In the next chapter, we will see that similar methods are applicable
to the nonlocal problem. The following formula will become useful.

Proposition 4.25. Let g € Us be an obstacle. Then the projection of v € L?(Q)
onto A(g) can be represented by

P i) (0)(@) = Plg(a) ) (v(2)),  for a.e. x € Q. (4.45)

Proof. Since the projection is now done in L?(Q2), we see that

1 _
P () (v) = argmin  [|v —w[}2q) = arg {mn/ (v —w)?de.  (4.46)
weA(g) weA(g) 7

We now realize that minimum can be found by minimizing the integrand of (|4.46))
pointwise. If we fix a L2-representative of the obstacle g, we pointwise want

w(x) = argmin (v(z) —w)?, Ve Q.
welg(x),00)

This proves the formula w(r) = Plgz),00)(v(7)). To ensure that such a function w

resides in A(g), we need to show that w € L2(€). This is however immediate by
writing the pointwise projection explicitly. We find

w(z) = v(z) — min{v(z) — g(x),0}, Vz e Q,
and consequently, by the triangle inequality, we have
lwll o) < [ollL2@) + v = 9llr2) < 210l L2 () + 9l L2y < o0

which finishes the proof. O
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Chapter 5

Numerical approximation

In the upcoming chapter, we will delve into the numerical approximation techniques
for solving the variational problems discussed in this thesis. Most importantly, we
will consider the variational problem governing the nonlocal diffusion law. Again,
we only consider the case of linear diffusion, since its nonlocal Dirichlet principle
provide a variational formulation suitable for the Galerkin method. In particular,
we consider approximations using the finite element method (FEM). FEM has been
successfully applied to local PDE problems for decades, and a mature mathematical
theory has been developed to analyze its performance [14), [I6, [I6]. On the other
hand, the numerical approximation of solutions to nonlocal problems is still in its
infancy. Fortunately, as we have seen, elements of the PDE methodology extend to
the nonlocal case, and this is also the case for FEM approximations. We refer to
the discussions in [7, 30} 33]. First, this chapter discusses the derivation of a finite
element method for approximating nonlocal equilibrium states. In particular, we
prove convergence and error estimates, and we explore aspects of the implementation.
Lastly, we perform a series of numerical experiments. We will consider both the
numerical approximation of nonlocal equilibrium states, and the numerical solutions
to variational problems posed in Chapter

5.1 Nonlocal FEM

Let us first recall the problem at hand. Owur goal is to numerically approximate
the equilibrium temperature state satisfying a nonlocal diffusion law. For a given
volumetric heat source f € L?(f2), the nonlocal Dirichlet principle states that the
equilibrium temperature state satisfies a minimum energy principle, which equiva-
lently is the unique solution to the linear variation problem

Find v € Uy : / / ksGsuGsvda' dox = / fvdx, Vv e Us. (5.1)
Q5 J Qs Q
Recalling the bilinear form and linear functional

a(u,v) = /Q /Q ksGsuGsvda' dz  Yu,v € Us,
& 4

E(U)—/f’udx, Vv € Uy,
Q
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5.1. Nonlocal FEM

we see that (5.1)) may be written as
Finduw e Us:  a(u,v) =L(v), Yvels. (5.2)

In the numerical search for an approximate solution to , we will apply the
Galerkin method. We briefly introduce it for the sake of completeness. To this end
we assume that {Us }r>0 is a sequence of finite-dimensional subspaces of s and we
consider the Galerkin scheme

Find uy, € Usy, - a(up,vp) = L(vy), Yo, € Us p- (5.3)

For each h > 0 the problem in is a finite-dimensional variant of the one in ,
and the corresponding solution uy, € Usy, is an approximation of the actual solution.
It is important to mention that the solution uj, € Usy exists, since the unique
existence theory is inherited from , due to the finite dimensionality of Usp,.
Remark that U;; admits a finite basis, and thus is merely a linear system
of equations, which we call the Galerkin system. Herein lies the cleverness of the
Galerkin method. It is clear that the approximate solution uy can be different from
the original solution u. However, its quality as an approximation entirely depends
on the choice of the subspace Usy. We will return to this point later. Thus, the
Galerkin method boils down to systematically choosing good approximation spaces
{Usn}r>0, so that the corresponding Galerkin scheme admits increasingly better
solution approximations as h \, 0. The role of A > 0 will soon be apparent.

5.1.1 FEM discretization

We choose our approximation spaces using the finite element method. For practical
reasons we limit our discussion to the two-dimensional case of polygonal domains.
Specifically, we consider the unit square Q = (0,1)2. FEM requires us to construct
increasingly finer meshes of the corresponding interaction domain €25, which is clearly
not polygonal. To circumvent this difficulty, we extend the nonlocal boundary I's
such as in Figure We denote the closure of the extended polygonal domain by
Q5. We can now uniformly decompose €255 into regular quadrilateral elements &
with no elements crossing the boundary of €. See Figure [5.1b] Thus

Qs n = UgeT, £,

where 7}, denotes the triangulation of the mesh, and A > 0 denotes the diagonal
length of the elements.

On each element of the mesh, we will approximate the solution using polynomials.
Specifically, we will utilize the first-order quadrilateral Lagrangian basis Q1. Recall
that each element of s implicitly vanishes outside of Q2. Therefore, we identify the
mesh vertices {¢,;}Y | in the interior of 2 as the nodes (or degrees of freedom) of
our Lagrangian basis {¢p,;}X ;. The Lagrangian basis is defined by restricting each
basis function to be an element-wise bilinear polynomial satisfying the nodal relation

¢h,i(fh,j) =0;5, Vi,j=1,...,N.

Here d;; denotes the Kronecker delta. Note that in the present case, each basis
function is supported in exactly four neighbouring elements. Their corresponding
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€2 €2

Ty 1

(a) (b)

Figure 5.1: The mesh generation process for the domain € = (0,1)2. The nonlocal
boundary is extended so that a regular quadrilateral mesh can exactly cover the
interaction domain, with no elements straddling across the boundary. The interior
vertices are marked.

finite element approximation space is simply defined as their span

Us,, = span{ep; 1,

and hence every u, € Usy is a continuous element-wise bilinear polynomial with
basis expansion

N
un(2) =Y up(Epi)oni(x), Vo€ Q.
=1

Inserting the basis expansion into (5.3)) and iterating over the Lagrangian basis, we
obtain the Galerkin system

AhUh = Fh, (54)
defined by

Up = [un(ni)|Ly € RN, Fy = [l(on)]-; € RN, and

) (5.5)
Ap = [Ani 1Ny = [a(dni, dnj)iy—1 € RV,

We refer to Fj, as the source vector and A;, as the stiffness matriz.

5.1.2 Convergence and error estimates

Next, we will analyze the convergence of our Galerkin scheme and establish that
the analysis for the nonlocal problem is analogous to that of the corresponding local
problem. To this end, we start by recalling a fundamental estimate for the Galerkin
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5.1. Nonlocal FEM

method. First, we note that our choice of finite elements is conformal, since we have
the following string of inclusions

L{(;,h C Hol (Q) C Us.

Additionally, we remember that the coercivity of the functional

Us D v / / rs|Gsv|? da’ dz,
Qs J s

was established in Lemma [3:19] This implies the coercivity of the bilinear form
a:Us x Us — R, i.e. there exists a constant v > 0, such that

a(u,us ks) > v ull, .  Vu € Us.

In addition, we can use the Cauchy-Schwarz and nonlocal Poincaré inequalities to
find a C' > 0 such that the bilinear form a is continuous

a3 0)| < Cllullyy [0l Va0 € Uy,
Both of these properties allows one to derive the following a priori error estimate.

Lemma 5.1 (Céa’s lemma). Let h > 0 and assume that u € Us solves (5.2)) and
up, € Us p, solves (5.4)). Then we have the a priori estimate

v

C
U—u < — min |lu—wv .
Ju—unliy, < = min = wnly,

Proof. This is the statement of Céa’s lemma, see [I7, Theorem 2.8.1]. O

Note that both constants are independent of the diagonal length h > 0. Hence,
Céa’s lemma states that the error between the solution and our approximation de-
pends on the approximation error

i l[w = vnlly -
In turn the approximation error depends entirely on how well our finite element space
can approximate the original solution. Therefore, we need to investigate the approx-
imation properties of our finite elements. Unfortunately, we run into a problem. The
state space Uy is abstract by definition, and therefore it is a tedious task to analyze
the general approximability of functions in s using finite elements. Therefore, we
limit our analysis to equilibrium solutions with some regularity.

Lemma 5.2. Assume u € H}(Q). Then there exists some C > 0 such that

e — <C min |ju-— -
i flu=onlly, < € min flu=vslli g

Proof. The proof is straightforward. We know from Proposition that H&(Q) is
continuously embedded in Us. Hence there exists some C > 0 for which

ollysy < Cllvllay, Yo € Hy(€). (5.6)
(

Since Us, C HE (), the result follows by inserting v = u — vy, into (5.6)) and taking
the minimum over all vy, € Us p,. O
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5. Numerical approximation M. Schytt

Lemma reduces the convergence analysis for regular equilibrium states to
a question of finite element approximations of Sobolev functions. Therefore, we
invoke a classical result of Sobolev interpolation theory. To this end, we define the
interpolation operator Iy, : H2(Q) — Usp as

Ihu Zughl gzbhz z € .
=1

Note that Zj, takes an element of u € H?(2) and maps it to the element-wise bilinear
polynomial that corresponds with its nodal values {u(&,;)}Y;. The properties of
such interpolations are well-understood for our triangulations 7p,.

Proposition 5.3. Assume that u € Us solving (5.2)) lies in HE(Q) N H%(Q). Then
there exists some C' > 0 independent of h > 0, for which we have the estimate

lu = Tl uqy < CH*Mulp), V1€ {0,1}.

Proof. We omit the proof, but note that it is based upon the famous Bramble-Hilbert
lemma. We refer to either [16, Chapter 2| or [I7, Chapter 4] for the details. O

We can now establish the following a priori error estimate and convergence result.

Theorem 5.4. Assuming that equilibrium state u € Us is in H () N H2(QQ). Then
there exists some C > 0 independent of h > 0, such that

[ = unlly; < Chlulpz(q)- (5.7)
In particular, the approzimations {up}r\po converge strongly to u in Us as h ™\, 0.
Proof. We can apply Lemmatogether with Céa’s lemma (Lemma to see that
) CiC
—— mi - ) 5.8
s [w = vnll g1 (e (5.8)

u u, min u v
h Us Y vn EU(;’h h Us

for some C7 > 0 independent of h > 0. The right-hand side of ([5.8)) can be overes-
timated by the interpolation vy, = Zpu € Uy, and thus Proposition with | =1
gives us a constant Cy > 0 independent of A > 0 with

C,C5C

lu—unlly, < —llu—Zpullgro) < hlul g2 (o)
This proves the estimate (5.7]), which in turn allows us to conclude that u, — u in
Us as h 0. O

Theorem [5.4] leaves much to be desired, as it only proves a convergence rate
of order O(h). It is however immediate that similar arguments hold in the case
of higher-order Lagrangian elements. Hence, by assuming further regularity of the
equilibrium state, we obtain the following result.

Corollary 5.5. Let m > 1 be an integer and assume Uy, arises from m-th order
quadrilateral Lagrangian basis Q,, on the triangulation Ty. Assume also that the
equilibrium state u € Us is in HF(Q) N H™TY(Q). Then there exists some C > 0
independent of h > 0, such that

lu = uplly, < CR™ |ulgm+1(q)-
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5.1. Nonlocal FEM

Proof. Under the present assumptions there exists some C' > 0 independent of h > 0,
for which

v = Znull gy < CR™ ulgmerq), VI=0,...,m, (5.9)

see e.g. [I7, Theorem 4.4.20|. The proof now follows that given for Theorem by
inserting [ = 1 in (5.9)). O

It is important to note that these results were obtained without further assump-
tions on the state space Us and the nonlocal kernel. As we have seen throughout
the thesis, there exists many different types of kernel assumptions, each extending
the applicability of the nonlocal model in different ways. Let us reconsider the case
in which Us is equivalent to L?(£2). As noted in [33], this assumption allows us to
approach the approximation error in L?(Q) since

i e =vnlly; < € min e =oall 2

for some constant C > 0.

Corollary 5.6. Assume Us is equivalent to L?(Q2). Following the assumptions of
Corollary 5.9 there exists some C > 0 independent of h > 0, such that

e = wnllyyy < CR™ ful gt .
Proof. Since we only need to approximate in L%(Q), we can take [ = 0 in (5.9). O

Note that in the present case with bilinear elements, i.e. m = 1, the equivalence
assumption gives us the error estimate

HU—Uth,{(S < ChZMH?(Q)- (5.10)

Hence, the error of order O(h?) stands in contrast to the O(h) result of Theorem
Remark further that when Us is equivalent to L?(£2), we see that the discontinuous
finite elements are conformal. Similarly holds if Us is equivalent to a fractional
Sobolev space W*P(€2) with s < 1/2. This was investigated in [70].

5.1.3 Implementation

We now proceed to detail the numerical implementation of the finite element approx-
imation. Before we can solve the Galerkin system introduced in , we first need
to assemble it. By this we mean that the entries in the source vector Fj and stiffness
matrix Ay, defined in must be evaluated. Analytical evaluation is, of course,
out of the question. So we have to make do with their numerical approximations
by means of quadrature rules. The procedure for approximating the source vector is
identical to the local case and will therefore not be discussed. On the other hand,
the entries of the stiffness matrix consist of an additional integral layer compared to
the local case. Its approximation will be discussed in detail.

76



5. Numerical approximation M. Schytt

Elemental stiffness matrices

Instead of computing the entries of Aj; entry-by-entry, we use the usual method
of element-wise computation. This is possible because each entry of Ap can be
decomposed as follows. For any triangulation 7}, of €25, and for any pair of indices
t,7=1,..., N, we can write

Ah;z‘,j:/g Aﬂa%%ﬂa%gdfd%: S0 Ak Daiy. (5.11)
8 é

Ere€Tn E1€Th

Here, for all pairs of elements (&, &) € T, x Ty, we define their elemental stiffness
matriz A(k,l), with entries

A(kal)h;i,j = /g /g K5g5¢h,igé¢h,j dLL‘/ dl‘, \V/Z,] = 17 . '7N'
k l

Note that even though the triangulation covers the discretized domain )5y, the
equality in holds because the nonlocal gradients are supported in 5 x €s.
Therefore, the previous enlarging of the interaction domain is not an issue. The
strategy now is to compute all relevant elemental stiffness matrices, and add their
contributions to the global stiffness matrix Aj. The number of elements in the mesh
scales with O(h~2) assuming we drive § N\, 0. The total number of pairs is therefore
of order O(h™*). However, the interaction radius enforced by the nonlocal kernel
limits the number of element pairs that are relevant. In fact, for a fixed element
Er € T, we only have to consider element pairs (&, &) € Tp x Ty, for which they
interact (& + Bs) N &, # &. This is depicted in Figure The number of pairwise
interactions per element scales with O(6?h~2). Hence the total number of relevant
pairs is of scale O(62h™*). We can reduce the computational burden by exploiting
the symmetry of interactions. Indeed fixing an element pair (&, &) € T, x T, we
may apply Fubini’s theorem to exchange the order of integration

A(k:, l)h;iaj = /g /g Kl(s(l’, "L‘,)gggf)h,i(l‘, xl)g(;gbh’j (x, ;p/) dz’ dx
= (-1 /Sz /é’k ks(2', ) Gsdn (', ©)Gsdp j(a', x) do da’

:/5/5 ks (z, 2 )Gsbni(x, ') Gsbn ;i (z, ') Az’ da
- A(l7 k)h;i,j-

Here the second equality follows by Fubini’s theorem and the anti-symmetry of the
nonlocal gradients, while the third equality is obtained by renaming the variables.
The symmetry of element interactions cuts the number of pairwise interactions in
half, since each interacting element pair (&, &;) has identical contributions as its
mirrored pair (&, &;). The biggest reduction in computation comes from our regular
triangulation of €s;. All element interactions can be found by computing the pair-
wise interactions between a suitable reference element &, € 7T, and its neighbors. In
essence, the relative mesh positions of a interacting pair (Eyef, &) fully characterizes
which values are present in their elemental stiffness matrix A(ref, k). The computa-
tion of the elemental matrices corresponding to the reference element will be referred

7



5.1. Nonlocal FEM

W
W

(a) (b)

Figure 5.2: Mesh elements interact due to the nonlocality. For a fixed reference
element (in yellow), the number of interactions depends on both the element diag-
onal length A and nonlocal horizon §. For the stiffness assembly, only half of the
interacting elements need to be considered due to element symmetry.

to as the preassembly. Figure illustrates the selection of a reference element and
the interactions necessary for the preassembly. Preassembly reduces the number of
integrals to O(62h~2), but the computational effort of assembling the global matrix
still scales with O(62h~%) since each element has to be considered.

Numerical quadrature

As we mentioned earlier, the computations must be carried out by numerical quadra-
ture. This must be done with care, so that the assembled system does not deviate
too far from the Galerkin system . The local FEM literature contains results for-
mulating sufficient quadrature rules so that the assembled system is well-posed [23].
The nonlocal FEM theory is not yet as mature.

In our case, the selection of suitable quadrature rules is challenging due to the
presence of double integrals with general kernels. To gain a better understanding of
the underlying difficulty, let us explicitly write out the contribution of an interacting
pair (&, &) € Tp x Tp. For a fixed pair of indices ¢,j = 1,..., N, the entry of the
elemental stiffness matrix is

A(k, )i :/e /gﬁa(»’vwl)w(s(x—:v'f
X (fn,i(x) = dni(z"))(Dnj(x) — Ppj(x)) dz’ da.

(5.12)

Since the conductivity distribution ks is assumed positive and symmetric, it’s prop-
erties are akin to those of the nonlocal kernel. Therefore, for the current discussion,
we absorb it into ws, i.e. we let ks = 1. Since the Lagrangian basis is continuous and
piecewise polynomial, it is clear that the choice of quadrature rule is dependent on
the nonlocal kernel. Different kernels present different difficulties. A good example
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is the choice

Cs
ws(z) = WXBé(x)’ Vo € R?,

for some s € (0,1) and suitably chosen normalization factor ¢s > 0. Inserting this

kernel into ([5.12) gives us

Ak, 1)i; = C?s/g /gXBa(x — ')
(0n,i(%) — dni(x")(Dn () — bn ("))

/
X o P dz' dz.

(5.13)

Approximating well is hard for two reasons. First, the integrand is singular
along * = 2/, and therefore specialized quadrature rules have to be considered.
We refer to the discussion in [27]. Second, the integrand has a jump discontinuity
if the element & does not lie entirely within the interaction region for &, i.e. if
Er ¢ £+ Bs. This is the case for the outermost interacting elements in Figure [5.2b)
To alleviate this, one can perform the inner integration on &N Bs(z) using specialized
quadrature rules as in [30} [63]. Alternatively, one could consider a mollification of
the nonlocal kernel to remove the discontinuity [7]. Both of these approaches are
beyond the scope of this thesis, but along the lines of the latter, we limit ourselves

to the implementation of a continuous cutoff kernel
ws(z) = cs(6P — |2P)*x B, (x), Yz eR?Y Va,B > 0. (5.14)

Its choice implies a continuous integrand, for which classical Gauss-Legendre (GL)
rules are applicable.

5.2 Numerical experiments

We now begin the numerical experiments. First we verify our implementation and
test the nonlocal to local convergence of the approximate equilibrium states. We then
explore the numerical approximations of solutions to selected nonlocal problems from
Chapter [4 First, we apply the FEM state approximations to numerically solve the
optimal distributed control problem. Nonlocal optimal controls are found as solutions
to the associated optimality system, which we solve using a descent method. Finally,
we consider the numerical solutions of nonlocal obstacle problems. For this purpose,
we utilize a fixed-point scheme which alternates between projections and solutions
of nonlocal diffusion problems.

5.2.1 State approximations

In our subsequent numerical experiments, we will utilize the implemented method
to conduct a series of tests. Initially, we will perform two preliminary experiments
to ascertain the most suitable quadrature strategy. Subsequently, we will investi-
gate the convergence of our numerical implementation as the mesh size h \, zero
approaches zero, comparing the results with the error estimate established in Sec-
tion [5.1.2] Lastly, we will examine the capability of our implementation to capture
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the convergence behavior as the nonlocal interaction horizon § N\, 0, leading to the
limiting local problem.
We assume a homogeneous conductivity distribution x5 = 1, and we fix the

nonlocal kernel from ((5.14) with constants « = 1.5 and § = 2. Example finds

the corresponding normalization constant

, 40
Cs = 77'['610.

We employ the method of manufactured solutions and fix the analytic solution

(5.15)

201 _ 21)222(1 — 25)2.  if Q
uana(xL«TQ) — {1’1( $1) xQ( 1172) 5 1 (3317:];2) e,

else.

Note that tana € H&(Q), and it is therefore also in Us. In addition, one may argue
by continuity of uan, and the cut-off kernel ws that Lsuan, € L*(£2). Consequently,
we can compute the nonlocally corresponding analytic heat source —Lstana = fana

by the formula (3.19). We find

—LsUana(T) = —2/Q wg(:v — 2" [Uana (7)) — Uana(x)] dz, Vz € Q. (5.16)
8

We transform the integral in to polar coordinates and evaluate it numerically
using the adaptive quadrature module in SciPy [68]. Similarly to the stiffness matrix,
we assemble the corresponding force vector using GL quadrature. Our implementa-
tion suffers from large memory requirements due to the complexity of the assembly
process. The largest problem we will consider consists of a mesh of size h = v/2/320
with an interaction horizon of 6 = 0.2. Its stiffness matrix requires a total of 77.15
GB of memory to store naively. Therefore we store it in compressed sparse row (CSR)
format and solve the assembled system with the black-box Ruge-Stiiben algebraic
multigrid method. We utilize the implementation found in PyAMG [I1].

Quadrature strategy

A good quadrature strategy needs to be developed. The number of integrals to eval-
uate in preassembly grows as O(62h~2), so very precise quadrature evaluations can
become slow. Similarly, the assembly of the force vector requires the evaluation of
O(h™2) integrals. Even worse is the evaluation of fa,,, which itself is an approxima-
tion of an integral. A two-dimensional n-point rule will require O(nh~?2) evaluations
during assembly. Therefore it is important to strike a balance between quadrature
complexity and precision.

We will first explore how the number of quadrature points affects the accuracy
of the integral approximations. We measure this based on the relative error between
fixed baseline estimates obtained with 42* = 3111696 quadrature points for the
preassembly and 62 = 36 points for the source assembly. The error is calculated by
taking the Euclidean norm over all entries in the preassembled elemental matrices
and the assembled force vector, respectively. The results are seen in Figures[5.3

We observe that the relative errors generally decrease as the number of quadrature
points increases. However, there is a noticeable difference between the preassembly
and force assembly. For § = 0.2 the preassembly errors decay smoothly for all mesh
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Figure 5.3: Accuracy of the numerical quadrature during preassembly.
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Figure 5.4: Accuracy of the numerical quadrature during force assembly.

sizes, and in particular we see that the finest mesh converges. For § = 0.01 we see
a similar pattern. Similarly holds for the source assembly with the smallest horizon,
meanwhile the errors are seemingly independent of quadrature rule when § = 0.2.
Note that the magnitude of the relative errors depends on both the mesh size and the
horizon. Looking back at Figure it is clear that the approximation of the element
interaction depends on how well the elemental interaction domain is approximated
by mesh elements. As the mesh size decreases, the approximation becomes better.

As expected, more quadrature points lead to better estimates. However, it is
unclear how much better the solution of the assembled system becomes as the number
of quadrature points increases. We test this by solving the approximated Galerkin
systems for all possible combinations of previous quadrature rules. We report the
relative L?(2) norm errors between the approximated solution and the analytical
state uana. We display the results in Table [5.1]
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1) h Relative error
0.01 7.07-107! [0.18,2.46]

0.01 1.76-10"! [5.17,5.26] - 1073
02 7.07-107' [1.55,1.57]- 101
0.2 1.76-107! [9.59,9.62] - 107°

Table 5.1: Table of intervals containing relative L?(€2) norm errors. For each given
6 and h, the interval contains the solution errors obtained with every quadrature
strategy.

For 6 = 0.2 we see that both intervals are small, and that it does not seem to
matter which quadrature combination is used. Similarly holds for the finest mesh
when 6 = 0.01. However, for the coarsest mesh, the interval spans two orders of
magnitude, implying a significant difference in quality of rule combinations. If we
exclude combinations with the least complex force assembly then we instead obtain
[1.84,2.17] - 1071, Hence we generally observe that the solution errors differ only
slightly between quadrature rules. However, they vary by several orders of magnitude
between mesh sizes.

Convergence as h \, 0

From the previous experiments, we learn that the relative solution error depends
mainly on the mesh fineness. Therefore, we set a reasonable 24* = 331776 point
rule for pre-assembly and a 42 = 16 point rule for force assembly. We now solve
the assembled system for different mesh refinements and interaction horizons. The
relative solution errors are reported in Figure [5.5

—e— 6=0.01 —m— 6=0.05 —¢— 6=0.10 6=0.20
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Figure 5.5: Convergence of the approximations u; with respect to mesh refinement.
The dashed lines guide the order of convergence.

For all interaction horizons we observe convergent behavior. However, for the
smallest horizon § = 0.01 it appears that the solution error does not decrease until
the mesh becomes sufficiently fine. Alternatively, for the largest horizon § = 0.2, we
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initially see that the convergence rate is of order O(h?), but at the last two refine-
ments falls below O(h). It is difficult to gauge the quality of our implementation,
since further mesh refinement is not possible because the implementations memory
requirements. A stagnant convergence rate is expected, since the expected optimal
convergence rate is of order O(h?). Indeed, the continuity of our cutoff kernel im-
plies that the state space Us is equivalent to L?(Q2), which in turn validates the error
estimates of Corollary Finally, we note that the relative error is generally larger
for smaller values of §. This is again expected due to the decreasing approximability
of vanishing nonlocal interactions for fixed meshes.

Convergence as § \,0

For the next experiment, our aim is to numerically verify the localizing property of
nonlocal equilibrium states. To this end, we keep the analytical state un, from
fixed and now consider its locally corresponding analytic heat source fana = —Auana.
For (z1,22) € Q we find the formula

fana(@1,22) = =2((6(z1 — 1)@y + 1)(22 — 1)223 + (6(2z9 — g + 1)(z; — I)Zx%).

Our goal now is to investigate how well the state approximations converge towards
Uana as the interaction horizon § approaches zero. To do this, we maintain the pre-
vious quadrature strategy and solve the assembled systems for various mesh refine-
ments and interaction horizons. We analyze the relative L?(£2) norm errors between
the obtained numerical nonlocal states and the analytical state, and present the
results in Figure [5.6

—e— h=7.07e-02 —- h=177e-02 —— h=28.84e-03 h=4.42e - 03
100
107!

1072

Relative error

1073

1072 107!

Figure 5.6: Local convergence of the approximations w;, with respect to § \, 0.

It is worth noting that none of the discretizations exhibit convergence as ¢ \, 0.
We generally observe that the relative errors initially decrease up to a certain point,
after which they begin to increase. The specific point at which this behavior changes
depends on the mesh refinement. As the mesh becomes finer, the approximation of
the local solution improves. This is not surprising since the nonlocal interactions are
poorly approximated for small § > 0 when the mesh is fixed.
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5.2.2 Distributed control

Let us now consider the numerical approximation of optimal controls to the nonlocal
distributed control problem. Recall the problem. Given a target equilibrium state
ug € L%(Q) we seek the optimal volumetric heat source f € L?(2) which for some
A > 0 minimizes

. 1 9 A 2
fer(a) () =5 18sf = uala) + 5 1 Fllz2g) - (5.17)

Here we recall that the control-to-state operator Ss : L?(Q) — Us takes a source
f € L*(22) and maps it to its corresponding temperature state u € Us satisfying the
nonlocal diffusion law

—Lsu=f, inQ,
u = O, in 1—‘5.
As a means to solve ([5.17)), we employ the optimize-then-discretize methodology. Our

wish is to find an optimal control f € L?(£2) which satisfies the first order optimality
condition

VINSf) =S8s5(Ssf —uq) +Af =0. (5.18)

Considering the adjoint state w = S5f — uq € Uy, the optimal pair (f,w) satisfies
the optimality system
—LsSsf = -X"tw, inQ, —Lsw=S8s5f—uq, inQ,

5.19
85f = 0, in F(;, w = 0, in F(g. ( )

We seek this pair, by applying a descent method to (5.17)). Since we have a formula
for the L?(2) gradient V.J) we can utilize Hilbert space quasi-Newton methods. We
initialize a control fo € L?(Q) and consider updates

Jrr1 = fr + tedg,

with step lengths t; € R chosen iteratively for k& € N such that

ty = argmin Jy(fx + tdg), (5.20)
teR

and with step directions dj, € L?() as solutions to
Bidy = =V I\ (fx)-

Here the linear operator By, : L*(Q) — L?(12) is initially defined as the L*(Q) identity
By = Id and then iteratively defined by the Hilbert space BFGS updates

Sk = frr1 — fr
2k = VIa(fra1) — VI (fr),
<Bk8kag>Q <zkvg>Q

Bii1g = Brg — 22k 9/% B IR e, Vg e LAH(Q),
k+19 kg (Brsw, sn)0 k5k+<zk7sk>gzk g ()

We refer to [26] for further details. Note that every iterative step requires us to
solve three nonlocal equations. First the state equation uy = Ssfi, then the adjoint
equation wy = Ss(ur — ug), and finally the step state Ssdy, is needed to solve ([5.20)).
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Experiments

Our experiments consider two different target states. For (x1,x2) € Q we define

uq,1 (21, x2) = |sin(27wxy)|sin(rzs),

un2(x1,x2) = {

—i—xl(l — .%'1)%2(1 — .%'2), if z1 < 0.5,
—21(1 — z1)x2(l — x2), else.

It is important to note that both targets in our study are intentionally designed to
be nonsmooth along x1 = 0.5. The first target, denoted as ugq 1, has a discontinuous
derivative, while the second target, denoted as ug o, features a jump discontinuity.
See figure The choice of these targets serves as an exploration into whether
nonlocal optimal states can exhibit more irregularities compared to their local coun-
terparts.

Target 1 Target 2

1.0 1.0

- 0.050
0.8 -0.8 0.8

- 0.025
0.6 - 0.6 0.6

- 0.000
0.4 -0.4 0.4

- —0.025
0.2 -0.2 0.2

- —0.050
0.0 -0.0 0.0

00 02 05 08 1.0 00 02 05 08 1.0

Figure 5.7: Plots of the target states. Target 1 corresponds to the target state ug 1,
and Target 2 corresponds to the target state ug .

To conduct our experiments, we set A = 10~8 and h = /2 /80, and we initialize
the control as fo = 0. We consider two different interaction horizons, § = 0.05 and
6 = 0.2, and iterate until the optimality condition is satisfied within a tolerance
of £ = 1078, measured in the L?(£2) norm. The resulting full optimal controls and
their associated states are presented in Figures [5.945.10] while their cross-sections
along xa = 0.5 are shown in Figure[5.8 Additionally, Table [5.2] provides information
on the norm of the optimal controls and the relative error between the optimal states
and their corresponding targets.

For the first target, we observe that the optimal controls vary in magnitude.
Interestingly, the optimal control for § = 0.05 appears to be closer to the local
optimal control compared to the optimal control for § = 0.2. This observation is
supported by their L?(Q) norms. Note that the optimal control for § = 0.2 has
the smallest norm. Additionally, the corresponding states for both cases appear to
be similar. However, upon closer examination of their zoomed-in cross-sections, we
notice different behaviors at x1 = 0.5. Specifically, for § = 0.2, the optimal state
overlaps with the target state, whereas for 6 = 0.05, the optimal state moves towards
the local state. Consequently, the optimal state for § = 0.2 exhibits the least relative
error from the target.
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1) Target Control norm Relative error
Local wug;  4.86-10! 7.58-1073
Local wugs  1.12-10! 1.56 - 1071
0.01 wuq;  4.87-10 4.58 1073
0.01  wugo 1.14 - 10 1.36- 107!
02  wuga 3.22 - 10! 1.65-10~*
02  wugs  5.53 7.79-107*

Table 5.2: Table of L?(2) norm values. For each ¢ and target, we report the norm
of the optimal control, and the relative norm error between its target and state.

—— Target = —— Local — 6=0.05 6=0.2
Target 1 Target 2
0-20 —_—
0.05
0.15
0.10 0.00 \
0.05
-0.05
0.00
0.46 048 0.50 0.52 0.54 0.40 0.45 0.50 0.55 0.60
X1 X1

Figure 5.8: Cross sections at xo = 0.5 of the numerically obtained optimal states
and their targets. The state for § = 0.2 overlaps the first target.

These observations are further supported by the results obtained for the second
target. Once again, we observe variations in the magnitudes of the optimal controls,
and similarly, the optimal control for 6 = 0.05 appears to be closer to the local
optimal control compared to the optimal control for § = 0.2. The L?(2) norms
also reflect this trend, with the optimal control for 4 = 0.2 having the smallest
norm. However, in this case, we note that the corresponding states are significantly
different. The target state exhibits a discontinuity that is only bridged by a single
element for § = 0.2. On the other hand, the optimal state for & = 0.05 closely
resembles the smoother local optimal state. As before, this disparity is evident from
their relative errors.

Overall, our observations suggest that as 0 approaches zero, the nonlocal optimal
controls move towards the local optimal control. This observation supports the
notion that the localizing property of nonlocal equilibrium states extends to nonlocal
optimal controls. It is worth mentioning that this convergence was proven true for
distributed control problems in [28]. Moreover, it has also been studied for problems
of optimal control in the conductivity [5] [38], 39].
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State Control

1.0 1.0

-0
0.8 -08 0.8

- —100
0.6 - 0.6 0.6

- —200
0.4 - 0.4 0.4

- —300
0.2 oo 0.2

- —400
0.0 0.0

0.0 0.2 0.4 0.6 0.8 1.0

00 02 04 06 08 1.0

Local

1.0 1.0
-0
0.8 -08 0.8
- -100
N —
8 o6 0.6 0.6
pac - —200
I
0.4 -0.4 0.4
© - ~300
0.2 - 0.2
0.2 - —400
0.0 0.0
00 02 04 06 08 1.0 00 02 04 06 08 1.0
1.2 1.2
1.0 1.0 - 25
-08 o
0.8 0.8
- 25
N 06 - 06 0.6
C”> - —50
o 04 o4 0.4 s
0.2 0.2 - —100
-0.2
0.0 0.0 - _125
-0.2 -0.2 - 150

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

Figure 5.9: First target: Plots of the numerically obtained optimal controls and
corresponding states. Note the difference in color scales.
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Local

6=0.2

6=0.05

1.0

0.8

0.6

0.4

0.2
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0.8

0.6

0.4

0.2

0.0

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

State

00 02 04 06 08 1.0
00 02 04 06 08 1.0

0.00 0.25 0.50 0.75 1.00

-0.06

-0.04

-0.02

- 0.00

- —0.02

- —0.04

- —0.06

- 0.06

-0.04

-0.02

- 0.00

- —0.02

- —0.04

- —0.06

-0.06

-0.04

-0.02

- 0.00

- —0.02

- —0.04

- —0.06
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0.6

0.2
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Control

- 60
- 40
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- 20
- —40
- 60
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- 60

0.00 0.25 0.50 0.75 1.00

Figure 5.10: Second target: Plots of the numerically obtained optimal controls and
corresponding states. Note the difference in color scales.
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5.2.3 Obstacle problems

Finally, we turn our attention to the numerical approximation of solutions to nonlocal
obstacle problems. We start by reintroducing the embedding K : Us — L?*(Q) and
the reformulated nonlocal obstacle problem

min .J(v) + &

min g (KV). (5.21)

Here, J represents the nonlocal Dirichlet energy with a fixed loading term f € L2(9),
and the set of admissible states is defined for a given obstacle g € U; as

A(g) = {v e L*(Q)|v > g, ae. in Q}.

We reformulate the problem via an auxiliary variable y = Kv € L?(Q) for v € Us,
and rewrite (5.21)) as the constrained optimization problem

min JW)+6;, .(y),
iz ) T W) (5.22)
st. Kv=y.

The problem in is of a form which lends itself to a variety of first-order op-
timization methods. In our case, we employ a proximal splitting method known as
ADLPMM, which is a variant of the well-known ADMM algorithm. We spare the al-
gorithmic details, and refer to [I0] for its formulation. After some routine derivations
and by introducing two more auxiliary variables, namely A\, € L?(Q) and wy € Us,
the algorithm reduces to a fixed-point scheme {(vg, yx) } ken which, given a parameter
p > 0, is defined by

1 P 1
Vkt1 5<1+pf T, 5(% ka)>,
1
Yrt1 = P i) <Kvk+1 + p)\k> ;

M1 = M+ p(KUkg1 — Yrt1),
W1 = Ss(K V41 — Y1 + Ag1)-

Here Ss : L?(2) — Uy is the control-to-state operator, L5 : Us — L2(f2) is the
nonlocal 2-Laplacian, and PA,;(g) . L2(Q) — L2(Q) is the projection onto Ags(g).
Note that each iteration requires us to perform one projection, and solve for two
nonlocal equilibrium states.

Experiments

In the context of obstacle problems, we consider two obstacles, g1 and gs, defined
for (z1,z2) € Q by the following formulas

ntonaz) = (V272 - Vi =031 (V2 - Vi 03] ).

g2(x1,2) = /0.2 — (21 — 0.5)2 — (z9 — 0.5)2xB,, ((x1 — 0.5, 29 — 0.5)).
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Obstacle 1 Obstacle 2

1.0 1.0

0.8 - 0.4 0.8 ~od

0.6 “03 o6 - 03

0.4 Y - 02 0.4 0.2

0.2 - 0.1 0.2 -0.1

0.0 - 0.0 0.0 - 0.0
00 02 05 08 1.0 00 02 05 08 1.0

Figure 5.11: Plots of the obstacles. Obstacle 1 corresponds to the obstacle g1, and
Obstacle 2 corresponds to the obstacle gs.

We refer to their plots in Figure Note that the first obstacle, g1, exhibits a
cusp-like behavior along x1 = x2 = 0.5, while the second obstacle, g2, features a
jump discontinuity.

We fix the loading term as f = 0 and set the algorithm parameter to p = 10.
Again, we consider the mesh with h = \/5/80, and we proceed to compare the
local solutions with the nonlocal solutions using interaction horizons é = 0.05 and
6 = 0.2. We iteratively apply the fixed-point scheme until the auxiliary variables
(A, wy) converge. Specifically, we enforce A\j41 ~ A\ within a tolerance of £ = 1078,
measured in the L?(£)) norm. The solutions are displayed in Figure while their
corresponding contact sets are shown in Figure [5.13]

Observing the solutions, we note that the solution for 6 = 0.2 closely resembles
the first obstacle, accurately capturing the sharp cusps along z; = x2 = 0.5. On the
other hand, the solution for 4 = 0.05 lies between the solution for § = 0.2 and the
smoother local solution. This similarity is also evident in their respective contact
sets. For § = 0.05, the contact set is constrained to x1 = xo = 0.5, similar to the
local contact set. In contrast, the contact set for § = 0.2 covers a much larger portion
of the domain.

Regarding the second obstacle, it is challenging to make qualitative distinctions
between their solutions as they appear nearly identical. However, upon considering
their contact sets, we observe a contrast between the set obtained for § = 0.2 and
the set for § = 0.05. For § = 0.05, the contact set exhibits a rounded square shape,
while the contact set for 6 = 0.2 is rounder and better resembles the support of the
obstacle. Once again, the contact set obtained for § = 0.05 aligns more closely with
the local contact set.

Similar to the nonlocal distributed control case, our numerical results suggest
that the localizing property extends to solutions of nonlocal obstacle problems. This
conjecture was initially proposed in [44] and holds true for obstacles g € H}(€),
following the arguments presented for equilibrium states in Section [3.5
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Obstacle 1 Obstacle 2
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Figure 5.12: Obstacle problem solutions. Plots of the numerically obtained solutions
for both obstacles.
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Local
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Figure 5.13: Obstacle contact sets. Given a solution u over an obstacle g, we plot

the solution.
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