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Abstract We present novel nonlocal governing operators in 2D/3D for wave propa-
gation and diffusion. The operators are inspired by peridynamics. They agree with the
original peridynamics operator in the bulk of the domain and simultaneously enforce
local boundary conditions (BC). The main ingredients are periodic, antiperiodic, and
mixed extensions of separable kernel functions together with even and odd parts of
bivariate functions on rectangular/box domains. The operators are bounded and self-
adjoint. We present all possible 36 different types of BC in 2D which include pure
and mixed combinations of Neumann, Dirichlet, periodic, and antiperiodic BC. Our
construction is systematic and easy to follow. We provide numerical experiments that
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verify our theoretical findings. We also compare the solutions of the classical wave
and heat equations to their nonlocal counterparts.

Keywords Nonlocal wave propagation - Nonlocal diffusion - Nonlocal operator -
Local boundary condition
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1 Introduction

We extend our work in 1D [4] to higher dimensions. We construct novel governing
operators for nonlocal wave propagation and nonlocal diffusion in 2D/3D. The opera-
tors are inspired by the theory of peridynamics, a nonlocal formulation of continuum
mechanics developed by Silling [26]. By suppressing the time variable ¢, we define
the operator

Lu(x,y) :=cu(x,y) — f/ Cx' —x, Y =yu@', y)dx'dy', (x,y) e 2, (1.1)
2

where the 2D domain is §2 := (—1,1) x (=1, 1) and ¢ := [ C(x/, y")dx'dy’ with
Q
C := C|g. The operator used for nonlocal diffusion [11, 17] is

Eorigu(xv y) = // 6()6/ - X, y’—y)u(x, y)dx’dy’
2

- // Ckx' —x,y —yu@’, y)dx'dy'. (1.2)
2

As the main contribution, we will prove that the two operators agree in the bulk
of £2, and that £ enforces local pure and mixed Neumann, Dirichlet, periodic, and
antiperiodic boundary conditions (BC).

Our approach to nonlocal problems is fundamentally different because we exclu-
sively want to use local BC. In [12], one of our major results was the finding that
the governing operator of peridynamics equation [26] in R and nonlocal diffusion in
R¢ are functions of the Laplace operator. This result opened the path to the intro-
duction of local BC into nonlocal problems. Since Lorig is a nonlocal operator, one
might expect only the appearance of nonlocal BC while employing it as the govern-
ing operator [17]. We establish that local BC are compatible with nonlocal operators.
Our operators present an alternative to nonlocal BC and we hope that the ability to
enforce local BC will provide a remedy for surface effects seen in peridynamics; see
[21, 22].

We studied various aspects of local BC in nonlocal problems [1-5, 12]. Building
on [12], we generalized the results in R to bounded domains [1, 2], a critical fea-
ture for all practical applications. In [2], we laid the theoretical foundations and in
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Nonlocal operators with local BC in higher dimensions 455

[1], we applied the foundations to prominent BC such as Dirichlet and Neumann,
and presented numerical implementation of the corresponding wave propagation. In
[5], we present how to apply functional calculus to general nonlocal problems in a
methodical way.

In [4], we constructed the first 1D operators that agree with the original bond-
based peridynamics operator in the bulk of the domain and simultaneously enforce
local Neumann and Dirichlet BC which we denote by My and Mp, respectively. We
carried out numerical experiments by utilizing My and Mp as governing operators
in [1]. Similar classes of operators are used in various applications such as nonlo-
cal diffusion [11, 17], image processing [18], population models, particle systems,
phase transition, and coagulation, to name a few. See the studies dedicated to other
related governing operators [3], conditioning analysis, domain decomposition and
variational theory [8—10], and discretization [10, 27]. In this paper, we generalize the
operators in 1D [4] to higher dimensions with separable kernel functions which lend
themselves to a tensor product structure. However, the generalization of the 1D ideas
and techniques to higher dimensions is nontrivial. More precisely, new multivariate
projection operators have to be defined, their commutativity properties need to be
discovered and exploited, new BC combinations arise in higher dimensions, which
in turn require us to define new extensions of the kernel function.

Fractional diffusion and fractional PDEs also fall into the class of nonlocal prob-
lems [11, 15, 16, 24]. There is a fundamental difference between these operators
and ours: Our governing operators are bounded. See [12, Lemma 5 and Thm. 6]
and [2, Cor. 2 and Thm. 4]. Since our ultimate goal is to capture discontinuities or
cracks, we are mainly interested in bounded governing operators. Fractional opera-
tors become unbounded for such discontinuities, and hence, we exclude them from
our discussion.

The rest of the paper is structured as follows. In Section 2, first we prove that
the operators Loig and £ agree in the bulk in 2D. We define the novel operators
using orthogonal projections on bivariate functions for which we utilize the periodic,
antiperiodic, and mixed extensions of the kernel function C(x). We give the main
theorem in 2D. In Section 3, first we prove that the novel operators are self-adjoint.
We quote the earlier results from [4] and construct additional operators. In Section 4,
we exploit the properties of the operators in 1D to construct the novel operators in
2D. We transfer the agreement in the bulk property established for univariate func-
tions to bivariate ones and eventually prove that the novel operators agree with Loyig
in the bulk in 2D. In Section 5, we make use of the Leibniz Rule, the Fubini, and
the Lebesgue Dominated Convergence Theorems to prove that the novel operators
enforce the local BC stated in the main theorem. In Section 6, we present all possi-
ble 36 types of BC in 2D. We provide the recipe for each possible BC in the form
of a table. In Section 7, we present the operators in 3D which can be easily extended
to arbitrary dimension. In Section 8, we report the numerical experiments in which
we demonstrate that the prescribed BC are indeed satisfied. We also carry out a com-
parison of the solutions to the classical wave and heat equations to those of nonlocal
ones. We conclude in Section 9.
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2 The novel operators in 2D

For (x, y), (x’, y') € £2, it follows that (x’ — x, y—y) € (=2,2) x (=2, 2). Hence,
in (1.2), the kernel function C(x, y) needs to be extended from 2! to the domain of
C(x" — x,y —y), which is Q = (=2,2) x (=2,2) (the domain of computation).
Throughout the paper, we denote the restriction of a function Z : £2 — R to £
as Z, i.e., Z := Z|g. Furthermore, the kernel function C(x, y) is assumed to be
nonnegative and even. Namely,

C(=x,=y) = C(x, ).

The important choice of C(x, y) is the canonical kernel function xs(x, y) whose
only role is the representation of the nonlocal neighborhood, called the horizon, by a
characteristic function. More precisely, for (x, y) € £2,

I, (x,y) € (=6,8) x (—4,96)

0, otherwise. 2.1

xs(x,y) = {

The size of nonlocality is determined by § and we assume § < 1. Since the horizon
is constructed by xs(x, ¥), a kernel function used in practice is in the form

C(x,y) = xs(x, Y)u(x, y),

where u(x, y) € L%(£2) is even.
Throughout the paper, we assume that

u(x,y) € L*(2). (2.2)

Inspired by the projections that give the even and odd parts of a univariate function,
we define the following operators that act on a bivariate function.

Pty Pty Pey, Poy i LAH(2) — L(£2),

whose definitions are

u(x’, y)+u(=x', y" _ul y)—u(=x',y)

Pe,x’u(x,»y/) = ) , Po,x’u(x/vy/): 3 ,(2.3)
u(x’, y)+ux’, =y ux', y)—u(x’, —y")
Pe,y’u(x,»y/) = ) , Po,y/”(x/ay/):: 5 .24

Each operator is an orthogonal projection and possesses the following decomposition
property
Pox+ Poy =1y, Pey+ Pyy =1y. 2.5)

IWe do not explicitly denote the dimension of the domain §2. The dimension is implied by the number
of iterated integrals present in the operator. The domain §2 is equal to (-1, 1), (=1, 1) x (=1, 1), and
(=1,1) x (=1, 1) x (=1, 1) in 1D, 2D, and 3D, respectively.
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Nonlocal operators with local BC in higher dimensions 457

One can easily check that all four orthogonal projections in (2.3) and (2.4) commute
with each other. We define the following new operators obtained from the products
of these projections.

1

Poy Poyu(x',y') := Z{[u(x’, ¥) +ux, =y 4 [u(=x", y") + u(—=x', —y)H1},
1

P o Pyyu(x',y) == Z{[M(X/, ¥) —ux', =y 4 [u(—=x", y") —u(—=x", —y)1},
1

Py Py yu(x',y) == Z{[M(X’, ¥) —ux', =y = [u(=x", y") —u(=x', —y"1},

1
Py Peyu(x',y') = Z{[u(x’, ¥ +ux’, =y = [u(=x', y) + u(=x', —y"H1}.

Due to the aforementioned commutativity property, these are also orthogonal projec-
tions and satisfy the following decomposition property

Pe,x’Pe,y’+Pe,x’P /+Pox’Pey’+P0x’Pov’—Ixy (26)

These will be used in the definition of the novel operators in 2D.
Reflecting on the square support of the kernel function xs(x, y) in (2.1), we define
the bulk of the domain as follows.

bulk ={(x,y) e 2:(x,y) e (=1 4+46,1 =) x (—1+4,1—9)}.

We first prove that the operators £ and Lo agree in the bulk.

Lemma 2.1 Suppose that u satisfies (2.2). Then,
Lu(x,y) = Lorigu(x,y), (x,y) € bulk.

Proof For (x, y) € bulk, we have
x=86x+)xH—-6,y+HNL2=x—-8x+8) x(y—368y+95).

Hence,

// Cx'—x,y —y)dx'dy
2

// X (X —x, Y = E" —x, y' —y)dx'dy’
2

x+38 y+8
= f /M(X —x,y' =y)dx'dy’ —ffu(x y)dx'dy'
x—38 y— —§
f / X6, Yo', y)dx'dy = f f C', y)dx'dy'.
22
The result follows. O

In the construction of the novel operators, a crucial ingredient is first restricting c
to £2 and then suitably extending it back to £2. To this end, we define the periodic,
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antiperiodic, and mixed extensions of C(x) from (—1, 1) to (—2, 2), respectively, as
follows:

C(x+2), x € (=2,-1), —Cx+12), xe(=2-1,
Cor) =] Cx),  xe(=L1D, Cav)i=] Cw. xe(=1,1),
Cx—2), xe(,2), —C(x—2), xe(l,2).

We also utilize the following mixed extensions of C(x).

Cx+2), xe(=2,-1), —C(x+2), xe(=2,-1),
6‘\pa(x) = C(x)s X € (_15 1)9 6ap(x) = C(X), X € (_17 1)7
—C(x—2), xe(l1,2), C(x—2), xe(l,2).

There is a slight abuse in the definition of the domain of the extensions. In fact,
they are defined only on (-2, 2) \ {—1, 1}. However, these extensions enter into the
formulation only as kernel functions of integral operators which allow their domains
to differ by a set of measure zero.

Building on our 1D construction in [4], in higher dimensions, we discovered the
operators that enforce local pure and mixed Neumann and Dirichlet BC. We can
construct all possible 36 different types of BC and they are given in Section 6; see
Tables 1, 2, 3 and 4. We present the main theorem in 2D with the following 4 types
of BC.

Theorem 2.2 (Main Theorem in 2D) Let 2 := (—1,1) x (—1, 1) and the kernel
function be separable in the form

Clx,y) = X®)Y (), 2.7
where X and Y are even functions. Then, the operators My, Mp, My, pn, and

MND, ND defined by

(My = cJu(x,y) :

B // [XP(X,_X)P&X’ + Xa(x/_x)PO-,X']
2

(Yo =) Peyr + Ya(y' —=y) Py Ju(x’, y))dx' dy,

-~ / / [Xal' =) Po 4+ Xp(X —X) P, /]
2

(MD - c)u(x, y) :

[Yay =Y) Peyr + Yo (3 =y Py y Ju(x’, y)dx' ',

[ Rt -0k + Rat 0]
2

(MN, DN — c)u(x, y)

[Yoa (V' =) Pey + Yap (v = y) Py Jux', y)dx' dy,

(Mup o — Qu(x, y) = — f / [Xap (' =2) P s + Xpa(X' —x) Py /]
2

[/Y\ap(ylfy)Pe,y’ + ?pa(ylfy)Pu,y’]u(x,, y,)dx,dy/
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agree with Lu(x, y) in the bulk, i.e., for (x,y) € (=1+8,1—238) x (=146, 1 —38). Furthermore,
the operators My and My enforce pure Neumann and Dirichlet BC, respectively:

9 d
%[(MN —cJu](x, 1) = a—n[(MN —c)u](L, y) =0,

(Mp — c)u(x, £1) = (Mp — c)u(£l, y) = 0.

The operators My, pn and Myp, np enforce mixed Neumann and Dirichlet BC,
respectively, in the following way:
d d
%[(MN oy —c)u](£l,y) = B_n[(MN oy — C)u](x, +1) =0,
(Muy, oy — ¢)u(x, —1) = 0,

and

0 d
5[(/\41@, ND — C)H](—l, y) = %[(MND,ND - C)M](X, -1) =0,

(Myp,xp — ¢)u(+1, y) = (Mnp,xp — ¢)u(x, +1) = 0.

Proof The proofs of agreement in the bulk and the verification of BC are given in
Sections 4 and 5, respectively. For the BC configurations, see Section 6. O

Remark 2.3 Although we assume a separable kernel function as in (2.7), note that
we do not impose a separability assumption on the solution u(x, y).

Remark 2.4 Although removing the assumption of separability does not seem to
be possible at the analytic level, our ultimate goal is numerical approximation of
problems involving our novel operators. That is why, in practice, discretized forms
of the operators are more relevant to our purposes. Accommodating the separabil-
ity assumption at the discrete level is the subject of ongoing work. To elaborate, let
C"(x, y) denote the discretized form of a general kernel function C(x, y). It is pos-
sible to find functions th (x) and Yih (y) such that C"(x, y) ~ > th (x)Yl.h (y) in
some sense. This approximation is in the spirit of degenerate (a sum of separable) ker-
nels in integral equations [20, 23]. One may then proceed with the kernel functions
X lh (x)Yih (v) which satisfy the separability assumption.

Remark 2.5 The hallmark feature of a nonlocal solution is dispersion. With separable
kernel functions, our solutions indeed exhibit dispersive behavior. See Fig. 10.

3 Operators in 1D

The operators My and My enforcing the pure Neumann and pure Dirichlet BC,
respectively, have been reported in [4]. Here, we construct two additional operators
Myp and Mpy in 1D. We will extend all of these operators to higher dimensions in
Sections 4 and 7. Thus, we find it instructive to provide the construction in 1D in full
detail here.
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Fig. 1 The kernel function C(x) = xs(x)u(x) with § = 0.4 ar/l\d u(xL: 0.25/\— x2. The periodic,

antiperiodic, and mixed extensions of C(x) are denoted by Cp(x), Ca(x), Cpa, and Cap, respectively.

Following the construction in [1], we assume that u, C € L2(£2) and define
Cout(x) = / Cox' —x)u(x)dx',  Cau(x) := / Ca(x' —x)u(x")dx', (3.1)
Q Q

Coatt(x) ::/ Coa (X' —x)u(x")dx, capu(x):/ Cop (X' —x)u(x)dx'.(3.2)
2 2

The only difference in the operators Cp, Ca, Cpa, and C4p, is the extension type utilized
for the kernel functions. We prove that the operators agree in the bulk by investigating
how the corresponding kernel functions behave in the bulk. Also, see Figs. 1 and 2.

Lemma 3.1 Let the kernel function C (x) be in the form
C(x) = xs(x)pu(x),

where (x) € L*(82) is even. Let 6p(x), 6a(x), 6pa(£), and 6ap(x) denote the
periodic, antiperiodic, and mixed extensions of C(x) to §2 := (=2, 2), respectively.
Then,

Co(x) = Ca(x) = Cpa(x) = Cap(x),  x € (-248,2-9).
Furthermore, we have the following agreement in the bulk. Namely, for x € (—1 +
8,1-=19),

Cox'—x) = Ca(x'—x) = Cpa(¥' —x) = Cap(x’—x), x € (=1,1). (3.3)
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Fig.2 For the same kernel function C (x) in Fig. 1, we employ bivariate versions of Cp (x'—x), C a(x'—=x),
Cpa(x —x), and Cap(x —x) with the definition CBc(x x') = CBc(x —X).

Proof See [4].

O

Using (3.3), we immediately obtain the following equivalence of operators in the

bulk.

Cou(x) = Cau(x) =

Cpau(x) = Capu(x)’

xe(=1+8,1-29). (3.4)

Even and odd parts of a univariate function u(x) are used in the governing operators
My, Mp, Myp, and Mpy. We define the orthogonal projections that give the even
and odd parts, respectively, of a univariate function by P,, P, : L2(.Q) — LZ(Q),
whose definitions are

u(x) + u(—x)

Pou(x) := -5 Pou(x) :=

u(x) —u(—x)
2
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We present a commutativity property that allows us to identify the kernel functions
associated to the operators My and Mp.

Lemma 3.2

CoP. = P.Cy, CoP, = PyCp, CaPo=PuCas CaPy=P,Ca (3.5

Proof We present the proof for C, P, = P.Cy. The other results easily follow. We
recall the definition of Cpu(x) in (3 -1). We explicitly write P.Cou(x) and the result
follows by utilizing the evenness of Cp, and a change of variable.

P.Cou(x) = %(fg ép(x’—x)u(x’)dx’Jr/Q6p(x’+x)u(x’)dx’>

1(/ 6p(x’—x)u(x’)dx’+/ 6p(x’—x)u(—x’)dx’>
2 Q 2

=/ Co(x'—x) Pou(x')dx'
2
= Cp Pou(x). 0

Remark 3.3 The commutativity property helps in identifying the associated kernel
functions; see (3.7) and (3.8). Note that the above commutativity property does not
hold for the operators Cps and Cap. Identification of the associated kernel functions
can be done by direct manipulation.

Theorem 3.4 (Main Theorem in ID) Let ¢ = [, C(x")dx'. The following operators
My, Mp, Mxp, and Mopy defined by

(My — ¢)u(x) := —fg [Cor' —x) Pou(x') + Ca(x' —x) Poue(x") Jdx’,
(Mp — c)u(x) = —/Q [Calx’—x) Pou(x') + Cp(x'—x) Poue(x") Jdx’,
(Myp — c)u(x) = —/Q [Cap (&' —x) Pout(x') 4 Cpa(x' —x) Poue(x") Jdx’,
(Mow — Jux) = — fg [Con (' =) Pet(x) + Cap (' ) Pott (') |’

agree with Lu(x) in the bulk, i.e., for x € (—1438, 1 —3§). Furthermore, the operators
My and My enforce pure Neumann and Dirichlet BC, respectively:

d
E[(MN — c)u](£1) =0,
(Mp — c)u(£1) = 0.
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The operator Myp and Mpy enforce mixed Neumann and Dirichlet BC,
respectively:

d
(MND - C)M(-H) = E[(MND - C)M](—l) =0,
d
dx

(Mpy — c)u(=1) = —[(Mpy — c)u](+1) = 0.

We define the operators My, Mp, Myp, and Mpy as densely defined, lin-
ear, bounded, and self-adjoint operators. More precisely, Mp, My, Myp, Mpy €
L(LZ(Q), LZ(Q)). Imposing Neumann (also periodic and antiperiodic) BC requires
differentiation. For technical details regarding differentiation under the integral sign,
see the discussion on the Leibniz Rule in [4] whose proof relies on the Lebesgue
Dominated Convergence Theorem. In addition, the limit in the definition of the
Dirichlet BC can be interchanged with the integral sign, again by the Lebesgue
Dominated Convergence Theorem.

Remark 3.5 When we assume homogeneous Neumann and Dirichlet BC on u,
then the operators My and Mp enforce homogeneous Neumann and Dirichlet
BC, respectively. More precisely, for u/(+1) = 0 and u(£1) = 0, we obtain

d—MNu(il) = 0 and Mpu(xl) = 0, respectively. The same line of argument
X
applies to the operators Myp and Mpy.

Using the operators Cp, Ca, Cpa, and C4p given in (3.1) and (3.2), we can express
the operators My, Mp, Myp, and Mpy in the following way.

My —c=—(CoPe+CaP,),  Mp—c=—(CaPe+CpPy),
Myp — ¢ = —(CapPe + CpaPs), Mpy —c = —(CoaPe + CapPo).

Using the commutativity property (3.5), we arrive at the following representation.
My —c=—(PCo+ PoCa), Mp—c=—(PCa+ PsCp).
Now, we can identify the kernel functions associated to operators My and Mp.
(My = cux) = —/ Ky (x, xu(x)dx',
2
(Mp — c)u(x) = —/ Ko(x, xu(x")dx', (3.6)
2
where
1

Ky(x, x) = 5{[Ap(x’—x) + Cor'+0)] + [Calx’ —x) = Cax’+0)]}, 37D

1, .~ ~ ~ —~
Kp(x,x") = 5{[Ca(x’—x) + Ca(x’+0)] + [Co(x'—x) — Cp(x'+x)]}.(3.8)
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We also want to identify the integrands associated to the operators Myp and Mpy.
We proceed by direct manipulation. By writing P, and P, explicitly and utilizing a
simple change of variable, we arrive at the following expressions.

(MND —c)u(x) = —/;ZKND(x,x’)u(x’)dx/,

(Mo = c)u(x) = —/QKDN(x,x/)u(x/)dx',
where
Kyp(x, x') = %{[épa(x’—x) + Cpa (' +1)] + [Cap(r’' —x) = Cap’+2)]},
Kon(r, 1) 2= 3 {[Caps’ =) + Cap @'+ + [Coa’ —) — ol +0)]}.

In order to align with the construction given in [1], we assume that C(x) € L?(£2),
and hence,

Ca(x), Cp(x), Cpa(x), andCap(x) € L2(2). (3.9)

Remark 3.6 The boundedness of My, Mp, Myp, and Mpy follow from the choices
of (2.2) and (3.9). In addition, all of them fall into the class of integral operators;
hence, their self-adjointness follows from the fact that the corresponding kernels
are symmetric (due to evenness of C), i.e., Kgc(x,x) = Kpc(x/,x) and BC €
{N, D, ND, DN}. The cases of BC € {ND, DN} are more involved than the rest. One
useful identity is Cap(x'—x) = Cpa(—x"+x).

3.1 Operator-theoretic treatment of the governing equation

In this subsection, we present the operator theoretic treatment of the following gov-
erning equation. For the sake of clarity, we restrict the discussion to the case of
Dirichlet BC:

Mpu(x) = b(x), x €S2, (3.10a)
u(xl) = 0. (3.10b)

Here, b(x) is a forcing function that satisfies the compatibility condition [4, Sec. 5]

lim b(x) =c lim u(x).
x—=+1 x—=+1

Since (3.10) is a boundary value problem, it naturally assumes the existence of
limy_ 41 u(x). Although Mp acts on u € L?(£2), which ignores the values of u on
the boundary of £2, it is designed in a way that the solution of (3.10a) respects the
BC (3.10b). We explain this in the remainder of this subsection.

The governing operator M is linear and self-adjoint. In addition, it possesses two
more properties relevant to satisfying the BC: it is densely defined and bounded. A
densely defined operator exploits density of spaces and the dense space should take
the BC into account. It is well-known that C™($2) is dense in L2(§2) for any m € N.
For the case of Dirichlet BC, the appropriate choice turns out to be m = 2.
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Let us briefly explain how we employ the operator theory to treat a densely defined
and bounded operator for the boundary value problem (3.10). We begin with restrict-
ing the governing operator to the dense space of choice C2(£2). We seek the solution
to (3.10) with u € C%($2) with the restricted governing operator MD|02(§) which
is essentially self-adjoint, i.e., its closure is self-adjoint. The operator Mp| &) 18
bounded and C2(£2) is dense in L2(£2). Hence, the operator Mp| 2 @ has a unique
bounded extension to L2(£2). This explains how the operator is extended from C 2(2)
to L%(£2) using the density argument.

Finally, to make sure that the limits of the left hand side of (3.10a) exist, we write
it as

lim (Mp —c)u(x) +c¢ lim u(x) = lim b(x).
x—>=+1 x—=+1 x—=+1

One crucial question remains: Why do the limits

lim (Mp — c)u(x) (3.11)
x—>=+1

exist? The answer is due to a subtle point in our construction. The bounded operator
Mp after subtracting c, i.e., Mp — ¢, possesses the Hilbert-Schmidt property. As a
result, given u € L2(£2), the function (Mp — c)u has an extension to a continuous
function on £2. Consequently, the limits in (3.11) exist and in fact are equal to 0. To
see the latter, we expand u in the Hilbert basis as u(x) = Z e (x) By the
spectral theorem for bounded operators, we have

lim (Mo —c)u(x) = lim D (e Mp) = c) (e u)ep (x)

o
= (Ak(MD) - c)(e,?|u) liri1 ep(x)
k=1 o
=0
=0

The interchange of lim,_, 41 with Y72 | is justified by the uniform convergence due
to the Hilbert-Schmidt property. For details, see [2, 6, 7].

3.2 Proof of Theorem 3.4

In the upcoming proofs, we want to report a minor caveat. We use C @+ =
—Ca(x -1 yhlch holds for x” # 0. For x’ = 0, i.e., Ca(x + 1) =C1) #
—C(—1) = —C5(x’ — 1). Since x’ = 0 is only a point, it does not change the value
of the integration. We choose not to point it out each time we run into this case.

Proof The key observation that leads to the agreement of the operators My, Mp,
Muyp, and Mpy with the operator L is the agreement of kernel functions in (3.3).
To account for the convolution present in the the governing operators, we define a
generic operator

Cu(x) :=/ Cx' — x)u(x)dx'.
o)
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The property (3.3) leads to the equivalence (3.4). Hence, the other operators agree in
the bulk. For x € (=1 + 48,1 — §), we have

L—c=-C
= —C(P,+ P, since ] = P, + P,
= —(CP.+CP,)
= —(CoPe+CaP,)) =:My—c by(34) (3.12)
= —(CaPe+CpPy)) =:Mp—c (3.13)
= —(CapPe 4 CpaPy) =t Myp — ¢ (3.14)
= —(CoaPe + CapPy) =: Mpy — c. (3.15)

Here, the first three identities hold regardless of the extension type, that is why the
subscript is suppressed.

First, we prove that the operators My and Mp enforce pure Neumann and Dirich-
let BC, respectively. Next, we will prove that the operators Myp and Mpy enforce
mixed Neumann and Dirichlet BC, respectively.

e The operator My First we remove the points at which the derivative of
Ky (x, x") does not exist from the set of integration. Note that such points form
a set of measure zero, and hence, does not affect the value of the integral. We
differentiate both sides of (3.6). In [4], we had proved that the differentiation
in the definition of the Neumann BC can interchange with the integral. We can
differentiate the integrand Ky(x, x) piecewise and obtain

d 0K,
My = cJu] (o) = - fg o (o udy, (3.16)
where
9Ky /_] =t =t ot ot
() = E{[_ Co(x'—x) + CL(x"+x) ] + [ = CL(x"—x) — CL(x"+x)]}.
We check the boundary values by plugging x = %1 in (3.16).
d K,
E[(MN —cJu](xl) = —/Q a_;](il’ xu(x")dx'. (3.17)

The functions 6'1.) and 6’a are 2-periodic and 2-antiperiodic because they are the
derivatives of 2-periodic and 2-antiperiodic functions, respectively. Hence,
CL F1)=CL(x'+£1) and C,(x'F1)=—-CLx'£1).
Hence, the integrand in (3.17) vanishes, i.e.,
Ky

+1,x") =0.
ay LX)

Therefore, we arrive at
d
— Myu(E£1) = cu'(£1).
dx

When we assume that u satisfies homogeneous Neumann BC, i.e., u’(+1) = 0,
we conclude that the operator My enforces homogeneous Neumann BC as well.
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e The operator Mp By the Lebesgue Dominated Convergence Theorem, the limit
in the definition of the Dirichlet BC can be interchanged with the integral. Now,
we check the boundary values by plugging x = +1 in (3.8).

(Mp —cJu(£l) = —/ Kp(£1, x)u(x"dx'. (3.18)
2

Since 6p and 6a are 2-periodic and 2-antiperiodic, respectively, we have
Col’ T1)=Co(x’ £1) and Co(x’ F1)=—Calx' £ 1).

Hence, the integrand in (3.18) vanishes, i.e., Kp(+1, x") = 0. Therefore, we
arrive at

Mpu(£l) = cu(%1).

When we assume that u satisfies homogeneous Dirichlet BC, i.e., u(+1) = 0,
we conclude that the operator Mp enforces homogeneous Dirichlet BC as well.

e The operator Myp First we prove that C5p Pou(+1) = 0. We use a change of
variable in the second piece.

capPeu(H):%(/Q 6ap(x’—l)Peu(x’)dx/+/;2 6ap(—x’—l)Peu(x/)dx’>.

Then, we split the integrals into two parts as follows.

0

1 ~ —~
Cap Peu(+1) = / [Cap’ = 1) 4 Cap(=” = D] Peutxrdx’

1
%/ [Cap ' —1) 4+ Cap(—x' = 1)] Pou(x")dx".(3.19)
0

For x’ € (—1,0), we have x’ — 1 € (=2, —1). By using the definition of 6ap
and the evenness of C, we obtain

Cop(@’ —1) = —=Cop(@’+1) = =C(x'+1) = =C(—x'— 1) = =Cap(—x'—1).

_(3.20)
For x” € (0, 1), we have x" — 1 € (—1, 0). By using the definition of C5p and
the evenness of C, we obtain

Cop( =) =C(x' = 1) = C(=x"+ 1) = —Cap(—x" — ). (3.21)

Combining (3.20) and (3.21) with (3.19), we conclude that C;p Pou(+1) = 0.
Similarly, we can conclude that Cp P,u(41) = 0. Consequently, we arrive at

Cupu(+1) = 0.

d
We prove that d—Cpa P,u(—1) = 0. We use a change of variable in the second
X

piece.

d 1 _ —~
ECpaP(,u(—l) =3 (/Q C{__,a(x/ + D Pu(xydx' — /Q Céa(—x’ + 1)P(,u(x/)dx’> .
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Then, we split the integrals into two parts as follows.

0
%cpaPnu(—l) = —% L [CLa/ + 1) = Cla(=x" + D] Pou(x")dx’
1 ! ~ / ~ ’ ’ I
_ 5/0 [Chat + 1) = Cha(= + D] Pou(x)dx"
(322
For x” € (—1,0), we have x" + 1 € (0, 1). By using the definition of Cp, and
the oddness of C’, we obtain

CLa@+1) =C'W+1) = —C'(—x' —1) = —Cpo(—x' = 1) = Cpo (—x'+1).

_(3.23)
For x” € [0, 1], we have x" + 1 € (1, 2). By using the definition of Cp, and the
oddness of C’, we obtain

Coa +1) = —Clax' = 1) = =C'(x' = 1) = C'(—=x" + 1) = Cpu (—x' + 1).

(3.24)
Combining (3.23) and (3.24) with (3.22), we conclude that %Cpa P,u(—1) =0.
Similarly, we can conclude that %Cap P.u(—1) = 0. Consequently, we arrive at

d
—C —1)=0.
dx nou(—1)

e  The operator Mpy: The proof is similar to the case of Myp. O

Remark 3.7 As we prepare to construct the operators in 2D, it is useful to explicitly
denote the variable x” on which P, and P, act in the following way.

Cru(x) := (CpPey + CaPp v )u(x)
Cou(x) = (CaPe,x/ +CpP0‘x/)u(x)
Cnpu(x) = (CapPe,x’ + CpaPn,x’)”(x)

(

Conu(x) = CpaPe,x’ + CapPD,x’)u(x)-

Consequently, checking if the operators enforce the BC reduces to obtaining
d
—Cyu(£1) =0, Cpu(£l) =0
dx

d
d_CNDu(_l) =0, Cypu(+1) =0 (3.25)
x

d
—Cpyu(+1) =0, Coyu(—=1) =0.
dx
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4 The construction of 2D operators

We begin with defining the following auxiliary operators that act on a bivariate
function

Xeu(x, y) = /Q R —0uGs y)dx',  Vaulx, y) = fg T —yutr, y)dy',

where the extension type E € {p, a, pa, ap}. When a particular identity holds inde-
pendently of the extension type, the subscript is suppressed. Using the separability
assumption (2.7) on the kernel function, we have

Clx,y) = X@)Y(y). 4.1

To account for the convolution present in the the governing operators, we define a
generic operator

Cu(x,y) = // Cix'—x,y —yux’, y)dx'dy'. 4.2)
2

The separability of the kernel function (4.1) and the Fubini Theorem lead to an
important commutativity property:

Cu(x,y) = / f X' =0)Y (' —y)ux', y)dx'dy’
2

- / X('=n( / PO =y, ¥y’ )dx'
Q Q
= / ?(x’—x)()?u(x’, y))dx/
Q
= X(Yu)(x, y). 4.3)
On the other hand, a change in the order of integration leads to
Cu(x,y) = y(Xu)(x, y). “4.4)

As a by-product, we also see that C can be decomposed into a product of two 1D
operators where the action of X and ) are on the variables x and y, respectively.
These two properties are instrumental in satisfying the BC as will be detailed in
Section 5.

Similar to (3.4), we also obtain the following equivalence of operators in the bulk.
For fixed yp and x € (—1 4+ 6, 1 — §), we have

Xou(x, yo) = Xau(x, yo) = Xpatt(x, y0) = Xaput(x, Yo).
Also, for fixed xg and y € (—1 4+ 6, 1 — §), we have

ypu(XOs ¥) = Vau(xo,y) = ypau(x()a y) = yapu(XOs ).
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The choice made in (3.12) leads to the construction of the operator that enforces pure
Neumann BC in the x- and y-variable as follows.

Xy = XpPe ' + X3P, (in the x-variable) 4.5)

Wi = VpPe,y +VaP,y (inthe y-variable). (4.6)
Similarly, the choice made in (3.13) leads to the construction of the operator that
enforces pure Dirichlet BC in the x- and y-variable as follows.

Xp 1= Xy Pey + X P, (in the x-variable) 4.7

Wb = VaPey + P, (inthe y-variable). 4.8)
Similarly, the choices made in (3.14) and (3.15) lead to the construction of the opera-

tors that enforce mixed Neumann-Dirichlet and Dirichlet-Neumann BC in the x- and
y-variable as follows.

KXo = XapPe v + XpaPox  (in the x-variable) 4.9)
Wi = VapPe,y + VpaPo,y (in the y-variable) (4.10)
Xpn = Xpa Py + Xap P, v (in the x-variable) 4.11)
Yo i= VpaPe,y +VapPs,y (inthe y-variable). 4.12)

We want to construct an operator that enforces pure Neumann BC on the square.
We make the choice that gives the 1D Neumann operator both in x- and y-variables.
Hence, combining (4.5) and (4.6), we define the 2D pure Neumann operator as

My —c ==Xy = —(XpPex + XaPo ) (VoPey + VaPoy). (4.13)
Similarly, combining (4.7) and (4.8), we define the 2D pure Dirichlet operator as

Mp = ¢ i= =XV = —(XaPery + X Pov) VaPery + Vo Pory).  (4.14)

Similarly, combining (4.9), (4.10), (4.11), and (4.12), we define the 2D mixed

operators as follows.

MN, py — € = —AxYoy = _(XpPe,x’ + XaPo,x’)(ypaPe,y’ + yapPo,y’) (4.15)
MND, w—c¢ = —Xplwo= _(XapPe,x’+XpaPo,x’)(yapPe,y’+ypaPo,y’)-(4~16)

All possible 36 types of BC are given in Section 6.
Recalling (1.1), we immediately see that the operator £ agrees in the bulk with the
operators given above. Namely,

E—C:—C:MN—C:MD—C:MNﬁgN—C:MND’ND—C.
Remark 4.1 The operator C in (1.1) utilizes a 2D computational domain which is

indicated by the integration variable dx’dy’ = d(x’,y’). We can show the con-
struction of each operator by paying attention to the computational domain of each

@ Springer



Nonlocal operators with local BC in higher dimensions 471

operator and rearranging (4.3) using the agreement of operators in the bulk in the
following way.
C=Clyy
= X1 VI
= X(Pex + Poy) Y(Pey + Poy)
= (XPex + XPo ) (VPe,y + VPo,y)
= (XpPer +XaPor) VoPey +VaPoy) =i—(My—c)
= (XaPe,x/ + XpPo,x/) (yaPe,y/ + pro,)”) = _(MD - c)
= (XpPe,x’ + Xapn,x/) (yapPe,y’ + ypaPo,y’) =: _(MN, ND — C) (4.17)
= (Xap Peor'+Xap Pox') (Vap Pe.y +Vap Po.y') =:—(Mup, xp—c). (4.18)
We construct the operators in higher dimensions by using the corresponding rear-
rangement; see Section 7 for the 3D construction. In addition, the 2D decomposition
operator [,/ s given in (2.6) is indeed the product of the 1D decomposition operators
I,y and I/ given in (2.5). More precisely,
Iy y = Iy Iy
= (Pent + Pox)(Pey + Poy)
= PowPoy + PowPyy + Pyt Pey 4 Po Py y.

5 Verifying the boundary conditions

We prove that the operators My, Mp, Myp, np, and My, yp enforce pure Neumann,
pure Dirichlet, mixed Neumann-Dirichlet (2+2), and mixed Neumann-Dirichlet
(3+1) BC in 2D, respectively. Note that the operators (My — ¢), (Mp — ¢),
(MN, DN — c), and (/\/lND, ND — c) given in (4.13), (4.14), (4.15), and (4.16), respec-
tively, are the product of two 1D operators. As we mentioned, the limit in the
definition of the BC can be interchanged with the integral sign due to the Lebesgue
Dominated Convergence Theorem and the Leibniz Rule. Then, using the change in
the order of integration as in (4.4), we prove that the pure Neumann and pure Dirichlet
BC are enforced.

0 d d
a_n[(MN - C)M](X, +1)=—<5XN37N) u(x, +1)=—-~Ay (53&) ux,+1)=0

%[(MN —cJu](x, 1) = (%XNJ)N> u(x, —1) = Xy (%y@ u(x,—1) =0
9
an
9

9 d
5[(MN - c)u](—l, y) = (ayNXN> u(—=1,y) =W <EXN> u(—=1,y)=0.

(Mp — c)u(x, £1) = —XpYpu(x, £1) =0
(Mp — c)u(El,y) = =YpXpu(£l,y) =0.

a d
[(My — c)u](+1,y) = — <£yNXN>M(+1v y) == <$XN> u(+1,y)=0
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In addition, we prove that the operator My, py enforces mixed Neumann-Dirichlet
(3+1), i.e., the East, West, and North edges have Neumann and the South edge have
Dirichlet BC.

d ad d

%[(MN oy — C)u](+1,y) = — <ayDNXN) u(+1,y) = Yon <EXN> u(+1l,y)=0
d a d
%[(MN DN — C)M](—L y) = (ayDNXN> u(=1,y) =on (EXN> u(=1,y) =0
a
on

0 d
—[(Muy, oy — c)u](x, +1) = — (5XN3)DN) u(x,+1) = —Ay (EyDN> u(x,+1)=0.

(Muy, oy — c)u(x, —1) = =Xy Vpwu(x, —1) = 0.

Finally, using (3.25), we prove that the operator Myp, yp enforces mixed (242)
Neumann-Dirichlet, i.e., the West and South edges have Neumann and the East and
North edges have Dirichlet BC.

a a d
a[(MND,ND - C)M](—ls y) = (ayNDXND> u(—=1,y) = I (EXND> u(=1,y=0

d

d d
%[(MND,ND - c)u](x, -1 = <5XND3)ND) u(x, —1) = Xyp <EyND) u(x,—1)=0.

(MND, ND — C)M(+1, y) = —XwpIou(+1,y) =0
(Mup,wp — ¢)u(x, +1) = —Xpdpu(x, +1) = 0.

6 Other possible boundary conditions

We have 6 different types of BC, i.e., BC € {N, D, p, a, ND, DN}. We construct the
types of BC in 2D by taking the product of the BC prescribed for the x-edges with
y-edges. Hence, we have 36 types of BC in 2D. We show the BC enforced on each

edge using the notation
N
[v D] x [ } ,
D

which indicates the following BC configuration and corresponds to configuration
number 34.

N (Neumann) on the West edge, x = —1,
D (Dirichlet)  on the East edge, x =41,
D (Dirichlet)  on the South edge, y = —1,
N (Neumann) on the North edge, y = +1.

With pure BC both on the x- and y-edges we have 16 combinations; see Table 1.
With pure BC on the x-edges and mixed on the y-edges, we have 8 combinations;
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Table 1 The operators that enforce pure boundary conditions on each edge

No Operator
_N_

L. . My —c = _(XpPe,x""XaPa,x’) (pre,y’+yaPo,}'/)
:D:

2. D MN,D —C = _(pre,x’ + XaPo,x’) (yape,y’ + yppa,y/)

3. i My p—c = —(XpPev + XaPy ) (Vo Py + Vo Poy)
= a:

4. a My,a—c¢ = *(XpPe.x"FXaPo,x’) (yaPe.y’+yaP0,y’)
:N:

5. . Mpx—c = _(XaPe,x’ +XpP0,x’) (pre,y’ +yaPo-}'/)
:D:

6. D Mp —c = _(XaPe,x’+XpPo,x’) (yape,)*’+yppo,y/)

7. i MD,p —C = _(XaPe,x’+XpP0.x’) (pre,y’+pra,y’)
= a:

8. a MD.a -C = *(XaPe.x"FXpPo,x’) (yaPe.y’+yaPo,_v’)
:N:

9. . Mpn—c = _(XpPe,x’ +XpPa,x’) (pre,y’ +yaPu.y/)
:D:

10. 5 Mpp—c =—(XpPov + X Py x) (VaPey + Vo Poy)

1. E My —c = —(XpPov + XpPy ) (VoPey + Vo Poy)
= a:

12. a Mp.a —C = 7(XpPe.x’ +XpPo,x’) (yaPe.y’ +yaP0,_v’)
:N:

13. . Ma,N_C = _(XaPe,x’+XaPa,x’) (pre,)*’+yaP0.}'/)
:D:

14. 5 Map—c = —(XaPo v + XaP, ) (VaPey + Vo Poy)

15, E Map—c = —(XaPoy + XaPy ) (VoPe.y + VoPoy)
= a:

16. a Ma —C = 7(XaPe.x’+XaPo,x’) (yaPe,y’+yaP0,_v’)

see Table 2. With mixed BC on the x-edges and pure on the y-edges, we have 8
combinations; see Table 3. With mixed BC both on the x- and on the y-edges, we
have 4 combinations; see Table 4.
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Table 2 The operators that enforce pure boundary conditions on the x-edges and mixed boundary
conditions on the y-edges

No BC Operator
_ R _

17. [N N] X N My,wp — ¢ = *(XpPe.x’ + XaPo,x’) (yapPe,y/ + ypa Po,_v’)
— N 3

18. [N N] X 5 My, oy — ¢ = —(XpPe,x’ —I—Xan’xr) (ypape.y/ +yapP0-}'/)
= 5 E

19 [DD] x N Mp,xp — ¢ =—(XaPoy + X Py y) (VapPe,y + VoaPoy)
= . E

20. [D D] X 5 Mp oy —¢ = _(XaPe,x’ + XpPo,x’) (ypape,y’ + yap PO,,V')
— D s

21. [p p] X N Mp.Nch = 7(XpPe.x’+XpPo,x’) (yapPe,y/ +ypaP0,_v’)
— N 3

22. [p p] X D Mp, DN — C = _(XpPe,x’ + Xp Pa,x’) (ypape.y/ + yap P(),y/)
= 5 E

23. [aa] x N Maxp — ¢ = —(XaPeyx + XaPo) (Vap Pey + Voa Poy)
= . E

24. [a a] X D Ma,py —c¢ = _(XaPe,x’ + XaPo,x’) (ypaPe,y’ + yap Po,y’)

Table 3 The operators that enforce mixed boundary conditions on the x-edges and pure boundary
conditions on the y-edges

No BC Operator
— N -

25. [N D] X N MND,N —cC = _(XapPe,x’ + XpaPI),x/) (pre,y’ + yaP(),y/)
= N =

26. [D N] X N Mbpy,n— ¢ = _(Xpa Pex + Xap Pfhx’) (yp Pey +Va Pfh)")
= 5 =

27. [N D] X D MND.D_C = _(XapPe.x’+XPaP0,x’) (yaPe,y’+pr0,yr)
= 5 =

28. [D N] X 5 MDN,D —cC = _(XpaPe,x’ + Xap Pu,x’) (yaPe,y’ + yp PU-}")

29. [N D] X E MND,p —C = _(Xap Pe,x’ + Xpa P(),x/) (yp Pe,y’ + yp P(),y/)

0. [oy]x E Monp—¢ = —(XpaPew + XepPo)  VoPey +VoPoy)

3. [ND]x Z Mipa—c  =—(XapPeorx + XoaPow)  (VaPey + VaPoy)
= R =

32. [D N] X a MDN,a —-cC = _(XpaPe,x’ +XapP0,x’) (yaPe,y’ +yaP0,y’)
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Table 4 The operators that enforce mixed boundary conditions on the x-edges and mixed boundary
conditions on the y-edges

No BC Operator
_ R _

33. [N D] X . Muyp,np — € = *(XapPe,x’ + Xpa Pu,x’) (yappe.y/ + ypa PU-.V')
= N E

34. [N D] X b MND, DN — C = _(Xap Pe,x’ + Xpa Po,x/) (ypaPe.y’ + yap Pu.y/)
= 5 E

35. [D N] X N Moy, np — ¢ = _(Xpape,x’ + Xap Pn.x’) (yappe,y/ + Vpa Pa.y’)
= N =

36. [D N] X b Moy, py — ¢ = _(XpaPe.x’ + Xap Po,X’) (yPaPN" + Vap P‘W’)

7 Operators in higher dimensions

Let us consider the convolution in 3D and the domain be £2 := (—1,1) x (—1, 1) x
(—1, 1). We define the convolution in 3D similarly using notation in (4.2).

Cu(x, y) — /// 6()6/—)(, y/_y7z/ _ Z)u(x/, y/,Z/)dx/dy/dz/.
2

Note that C = —(E - c). Hence we concentrate on finding suitable operators that
agree with C in the bulk. Assuming a separable kernel function similar to (2.7),

Cx,y,2) =XX)Y()Z(2),

the operators My and Mp in 3D defined below enforce pure Neumann and Dirich-
let BC and simultaneously agree with the operator £ in the bulk. The construction
process is an extension of the 2D case.

C=Clyy.y
= X1, VI 21
= X (P + Pox) V(Pey + Poy) Z(Pey + Po )
= (XPo + XPyy) (VPey +VPoy) (ZEPe + ZP, )
= (XpPoy + XaPox')(VoPe,y + VaPoy) (ZpPey + ZaPy )= —(My—c)
= (XaPex + X Pox) (VaPey +VpPoy)(ZaPey + ZpPo) = —(Mp—c).

The operators that enforce mixed Neumann and Dirichlet BC can be constructed in a
similar fashion to the operators given in (4.18) and (4.17). The extension to arbitrary
dimension can be performed by the same line of argument.

@ Springer



476 B. Aksoylu et al.

8 Numerical experiments
8.1 Nonlocal wave equation

We numerically solve the following nonlocal wave equation

up(x,y, 1) + Mpcu(x, y, 1) = b(x,y, 1), (x,y,1) €82 xJ, (3.1a)
u(x,y,0) =uox,y), (x,y) €82, (8.1b)

MI(X,)’,O) = Uo(x,y)» (X,Y)€Q7 (81C)

where J = (0, T') is some finite time interval, £2 = (—1, 1) x (—1, 1), b is a given
source term, and ug and vg are given initial displacement and velocity of the wave
equation, respectively. The choice of the subscript BC is determined by the BC that
are to be satisfied at the boundary of the physical domain §2. Approximate solutions

of the nonlocal wave equation (8.1) were obtained by the numerical scheme which is
described below.

8.1.1 Discretization in space

To approximate the solution of (8.1), we begin with discretizing the domain 2 by
introducing the grid

{(xi,y)) : 0<i <Ny, 0<j=<N,}
where
—l=xp<x1 < <xy-1<xn, =1
and
—l=yo<y<--<yny-1<yny =1L

Although it is possible to take different values for Ny and Ny, for the sake of sim-
plicity of the presentation we take Ny = Ny = N. Furthermore, we assume that the
grid spacing in both dimensions is uniform, that is,

2
Xi —Xi—1=Yj — Yj-1 ::h:N foralli=1,...,Nand j =1,..., N.

Note, however, that it is possible to remove either of these assumptions without much
difficulty.

We would like to compute an approximation u” to the solution u of (8.1) at the
grid points {(x;, y;) : i = 1,..., N} by employing a collocation method which is
obtained by requiring that the equation (8.1) holds true at all grid points, i.e.,

ull (xi, i, 1) + Macu" (xi, yi, 1) = b(xi, yi, 1),
ul (x;, vi, 0) = uo(xi, yi),
ull (xi, yi, 0) = voxi, yi), (8.2)

foralli = 1,...,N and t € J. The integrals in Mpc are to be approximated by
a trapezoidal rule. Our collocation method of choice is the Nystrom method which
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is obtained when the nodes of the trapezoidal rule for numerical integration are also
chosen as the grid points.

8.1.2 Discretization in time

The discretization of (8.1) by the Nystrom method (8.2) leads to the second-order
system of ordinary differential equations

i"(1) + Ad" (1) = b (1), tel,
u"(0) = ul,
W' (0) = vh. (8.3)

Here, A denotes the stiffness matrix. To discretize (8.3) in time, we employ the New-
mark time-stepping scheme as described in [19]. Let Az denote the time step and set
t, =n- At forn = 1,2, .... The Newmark scheme we employ consists of finding
approximations {uﬁ }n to u” (t,) such that

1 1
ul = (1- EArzA)ug + AtV + EAtzbh,

uZ_H = (21— AtzA)uZ — uZ_] + Ar%b!,

forn =1,2,..., Ny — 1 where N;At = T, and bﬁ = bh(t,,). Although there is a
more general version of the Newmark time-stepping schemes, we made this particu-
lar choice due to the fact that it is explicit and second-order accurate. For a detailed
discussion, we refer to [19].

8.1.3 Approximations to explicitly known exact solutions

In order to ascertain the convergence performance of the numerical scheme described
above, we display some numerical results corresponding to explicitly known exact
solutions. We solve one example corresponding to four of the BC types described in
Tables 1, 2, 3, and 4. More explicitly, No. 1 and 6 in Table 1, No. 17 in Table 2, and
No. 33 in Table 4. We take the exact solution corresponding to each BC as given in
Table 5 and compute the corresponding right-hand side function b(x, y, t). We then
compute the approximate solution by the Nystrom method as described above. For
the simplicity of being able to compute the right-hand side function b(x, y, t) for a
given exact solution u(x, y, t), we take the kernel function C to be identically equal
to 1 on £2. However, this is by no means a requirement for actual numerical com-
putations. For implementation, we use the explicit expression of the kernel functions
associated with the operators My, Mp, My, py, and Myp, xp given by

(Mgc — c)u(x,y) = — [[ Kec(x, X', y, Y u(x', y)dx'dy’,
2
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Table 5 Known exact solutions
used in numerical experiments

BC u(x,y, )

N 2L+ D2 — D3+ D3 — 12 +64/225]
D -2 -1

N, DN 2+ D — DXy + D(y — 1)?

ND, ND P2+ D2 DO+ DXy -1

where BC € {N, D, (N, DN), (ND, ND)} and

Ky(x,x',v,y) =

Ko(x,x',y,y) =

Ky on(x, x', y,y) =

Kyp,no(x, X', y, y) ==

4

[Yol =) + Yo' +3) + Ya(y/ —y) = Yy +1)],

1 - o~ —~ o~
—[Xa(x"=x) + Xa(x'+x) + Xp(x'—x) — Xp(x'+x)]

4

[Yal' =) + Ya(y'+9) + Yo (3 =) — Yo'+ 1],

1 -~ -~ -~ o~
—[Xp (" =x) + Xp(x'+x) + Xa(x'—x) — Xa(x'+x)]

4

1 - -~ ~ o~
—[Xp (" =x) + Xp(x'+x) + Xa(x'—x) — Xa(x'+x)]

[?ap(y/_Y) + ?ap(y/+y) + ?pa(y/_y) - i;pa(y/—i—y)]y
1 .~ ~ ~ ~
Z[Xpa(x’—x) + Xpa (X' +x)+ Xap(xr' —x) — Xap(x'+x)]

[/Y\pa(y/_y) + ?pa(y/'i_y) + ?ap(y/_y) - i;ap(y/‘l'y)}

For each problem, we compute the exact solution until the final time 7 = 10 and
compute the relative discrete L°°-error || (u—uM(,T) ||h oo/ NuC, T)llp 00 Where

lolln oo := max |p(x;, yi)l.
1<i<N

We compute approximate solutions with uniform grids with N = 2/ with i =
2,...,6. In each case, as the time step of the Newmark scheme, we take At =
273/10 so that the explicit Newmark time integration scheme is stable. In all of our
examples, we found out that taking At so that At < h/10 is sufficient for stability.

Table 6 History of convergence with known exact solutions

N D N,DN ND,ND

Grid Error Rate Error Rate Error Rate Error Rate
2 2.68E-01 - 3.24E-01 - 3.55E-01 0.01 3.88E-01 -

3 9.59E-02 1.48 1.57E-01 1.05 2.15E-01 0.72 2.07E-01 0.90
4 4.83E-02 0.99 7.19E-02 1.13 1.09E-01 0.98 1.02E-01 1.03
5 2.47E-02 0.97 3.45E-02 1.06 5.39E-02 1.01 5.00E-02 1.02
6 1.26E-02 0.97 1.68E-02 1.03 2.68E-02 1.01 2.48E-02 1.01
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Note that since the Newmark scheme is second order accurate in time, and all of the
exact solutions in Table 5 is of the form u(x, y,t) = T(#)U (x, y) with T (¢) = 2, a
second order polynomial, it is guaranteed that the dominant error is the spatial one.

We display our numerical results in Table 6. Therein, the column labeled “grid”
we display log, N and the column labeled “rate” displays the relative error corre-
sponding to the approximate solution with that particular grid. In the column labeled
“rate,” we display an approximate rate of convergence as follows. If e; denotes the
relative error with the grid with N = 2/, then we display the quantity

rigl] = — ! lo gitt
i log2 g e

at the row corresponding to grid= i 4 1. The results displayed in Table 6 suggest an
error estimate of the form

=" D)) o0
. <
luC Dllos

for some constant D independent of u and £, that is, the method converges with rate
1 with respect to A.

8.1.4 Approximations to unknown solutions

Here, we display some numerical results in which we solve (8.2) with b = 0. In this
case, we do not have an explicit representation of the solution and merely rely on
numerical computing. We consider two initial displacement functions

Uo.com (X, ¥) = Y sin(xy) (1 — x)2(1 — y2)°,

and

1, (x,y) € (=1/4,1/4) x (=1/4,1/4),
0, otherwise.

10, disc (X, y) =

uxy.t)
u(xy,t)

Fig. 3 Initial data to the nonlocal wave equation on a 2D domain with continuous (left) and discontinuous
(right) initial data
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These functions are displayed in Fig. 3. In all cases, the initial velocity vo(x, y) =0
for all (x, y) € £2. The kernel function is taken to be

1, (x,y) € (4,68 x (—6,9),
0, otherwise.

Clx,y) = (8.4

uxy.)

uxy)

Fig. 4 Solution to the nonlocal wave equation on a 2D domain with continuous initial data using the
operator My which corresponds to the boundary condition configuration 1
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In all examples, we use a grid with N = 32 and take the horizon § = 272. We display
results for the continuous initial displacement only for BC = N which is depicted in
Fig. 4. For the discontinuous initial displacement we display the approximate solution
for BC € {N, D, (N, DN), (ND, ND)} in Figs. 5, 6, 7, and 8.

—
——
S
SSosss=

=

u(xy.t)

S
SSSSsses
B S
S S
S SO S STTSSOS SIS
e

<O

==

t=25 =30

u(xy.t)

Fig. 5 Solution to the nonlocal wave equation on a 2D domain with discontinuous initial data using the
operator My which corresponds to the boundary condition configuration 1
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uxy.t)

==
=
===

————
S
=
S SIS SIS SIS
SeSseSeetSustSuenss
SIS
eeestey

uxy.t)
uxy.t)

t=25 t=30

u(xy.)
u(xy.)

=
Ve
7 =
eSS
AISSEESIIISS
SESSSSS
SSoSSE XS
=S

Fig. 6 Solution to the nonlocal wave equation on a 2D domain with discontinuous initial data using the
operator Mp, which corresponds to the boundary condition configuration 6

In [2], for 1D problem and ¢ € R, we have proved that the solution is discontinuous
if and only if the initial data is discontinuous. Furthermore, the position of discon-
tinuity is determined by the initial data and should remain stationary. We observe
the similar behavior in 2D as well. The discontinuity located along the edges of the
square (—1/4, 1/4) x (—1/4, 1/4) remains stationary.
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uxy.t)

uxy.t)

t=25 t=30

.
AN
SO

Fig. 7 Solution to the nonlocal wave equation on a 2D domain with discontinuous initial data using the
operator My, py which corresponds to the boundary condition configuration 18

8.2 Comparison of solutions of the classical and nonlocal wave equations

We compare the solutions of the nonlocal wave equation (8.1) to that of the classical
wave equation

utt(x’y’t)_czAu(x,y,t) b(x5y’t)9 (x’y,t)EQXJ’ (853)
W(EL y, 1) = u(x, £1,7) = 0 (8.5b)
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with initial conditions (8.1b) and (8.1c). Here, ¢ denotes the wave speed.

In 1D, for discontinuous initial data, the solution to the classical equation is
obtained by d’Alembert’s method. On the other hand, the solution to the nonlocal
equation is obtained by the procedure described in [1]. For both solutions, we choose
the initial data

1, xe(—1/16,1/16),

0, otherwise.

UQ,disc x) =

uxy.t)

uxy.t)

t=25 t=30

Fig. 8 Solution to the nonlocal wave equation on a 2D domain with discontinuous initial data using the
operator Myp, np Which corresponds to the boundary condition configuration 33
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The two solutions are depicted in Fig. 9 and they clearly disagree. The disagreement
is more striking in the way the discontinuities propagate. They propagate along char-
acteristics in the classical solution, whereas in the nonlocal solution, the position of
discontinuity is determined by the initial data and remain stationary. The two solu-
tions have similar wave separation and boundary reflection behavior. Namely, the
Dirichlet BC create reflections of the opposite sign. The other striking difference is
the dispersive behavior that the nonlocal solution exhibits.

In 2D, for continuous initial data, we employ the truncated series to approximate
solutions of the classical wave equation (8.5a) given in the form

M N
w(x,y. 1) =Y amy cos(ry/m? +nct)sin (%(x + 1)) sin (%(y + 1))

m=1n=1

(8.6)

50

40

30

20

10

0 0
-10 -05 00 05 10 -10 -05 0.0 0.5 10

Fig. 9 Solutions to the classical (top left) and nonlocal (top right) wave equations on a 1D domain with
identical discontinuous initial displacement. The corresponding contour plots are given in the bottom row
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Fig. 10 Solutions u(x, 0, ¢) to the 2D classical and nonlocal wave equations with continuous initial data.
Top: ¢ = 0.011423 and § = 273. Bottom: ¢ = 0.02371 and § = 272. Note that larger horizon leads to

more dispersion
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where

—/lfl( ysin (s (x + 1)) sin (= (y + 1)) dyd 8.7)
Amp = . 71uox,y sm(2 x + )sm<2 y+ )yx, .

and the initial displacement u¢(x, y) is given in (8.1b) and the initial velocity vo(x, y)
in (8.1c¢) is chosen to be 0.

We depict the solutions of the classical and nonlocal wave equations at the cross
section y = 0 for various ¢. The diffusivity coefficient « is determined by requiring
that the classical and nonlocal solutions coincide at (x, y, t) = (0,0, 1). In Fig. 10,
we choose the horizon as § = 273 and § = 272 in the kernel function (8.4), and set
¢ = 0.011423 and ¢ = 0.02371, respectively, to obtain the corresponding classical
solutions. In both figures, g cont(X, ¥) = 40,cont (*)140,cont(¥) Where

0, xe(—1,—1/4),
(1 +4x)%96x* —12x + 1), x €[—1/4,0),

ug,cont(x) = 3 2 (8.8)
(1 —4x)396x> + 12x + 1), x € [0, 1/4],

0, xe(l1/4,10).

The fact that (8.6) converges as M, N — oo implies that lim,, ,— oo |@mn| = 0. For
the initial data given in (8.8), we take M = N = 35, so that |ayy| < 107°.

The two solutions share common features such as wave separation and a simi-
lar boundary reflection behavior. However, the nonlocal solution exhibits dispersive
behavior which seems to be the major source of disagreement. That is why, when a
larger horizon, i.e., § = 272 is used, the disagreement is more pronounced than the
case of 8 = 273 due to more dispersion; cf. Fig. 10.

8.3 Nonlocal heat equation

We numerically solve the nonlocal heat equation

u(x, v, t) + Mpcu(x, y,t) = b(x,y,t), (x,y,t)e€ R xJ, (8.9a)
ulx,y,0) = uglx,y), (x,y) € S2. (8.9b)

We choose the kernel function

_—, , —4,6 -4, 9),
Cony) = | I (x,y) €( ) % ( )

0, otherwise,

inspired by [13, 14], also see [25]. The spatial discretization is identical to the one
given in Section 8.1.1. It leads to the first-order system of ordinary differential
equations

(1) + Au" (r) = b (1), tel,
u"(0) = ul, (8.10)
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Here, A is exactly the same stiffness matrix in (8.3). To discretize (8.10) in time, we
employ the following simple forward time-stepping scheme.

ul = (I AtA)u] + Arbl,
forn =1,2,..., N, — | where N;At = T, and b = b"(z,).

8.4 Comparison of solutions of the classical and nonlocal heat equations

We compare the solutions of the nonlocal heat equation (8.9) to that of the classical
heat equation

ur(x,y, t) —aAu(x,y, t) =bx,y,t), (x,y,t)e 22 xJ,

equipped with the initial condition (8.9b) and the BC (8.5b). Here, « is a positive
diffusivity parameter.

We employ the truncated series to approximate solutions of the classical heat
Eq. 8.5a given in the form

M N )
u(x,y,t) = amn € Tt G (ﬂ(x + l)) sin (ﬂ( + l))
y n; ’; > SO
(8.11)
where a,,;, is given in (8.7) and the initial temperature u((x, y) is given in (8.9b).
We depict the solutions of the classical and nonlocal wave equations at the cross
section y = 0 for various ¢. The diffusivity parameter « is determined by requiring
that the classical and nonlocal solutions coincide at (x, y, ) = (0, 0, 0.01). For the
continuous initial data, in Fig. 11 and we choose the horizon as § = 273 and § = 272
and set o = 0.059 and & = 0.219, respectively. We take

wo.cont (%, y) = (x> = D(y* = 1). (8.12)
The coefficients in (8.11) have the largest magnitude |a,,,| at ¢+ = 0. For the initial
72
data given in (8.12), we take M = N = 11, so that |ayy|e™® TP 4n®yt < 107° for
allt > 0.
For the discontinuous initial data, in Fig. 12 we choose the horizon as § = 23
and 8§ =2 2 and set @ = 0.13 and o = 0.24, respectively. We take ug disc (X, y) =
u,disc ()10, disc () where

1, xel[-1/2,1/2],

: = 8.13
0 disc (%) 0, otherwise, ( )

For the initial data given in (8.13), we take M = N = 33, so that

rr2
lapy e T+ < 1076 forall 1 > 0.01.

In Fig. 11, with continuous initial data, we observe that the classical and nonlocal
solutions are virtually identical for both values of §. On the other hand, in Fig. 12,
with discontinuous initial data, we also observe that the two solutions qualitatively
agree for both values of § in the sense that they both decay to the steady state solution
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Fig. 11 Solutions u(x, 0, #) to the 2D classical and nonlocal heat equations with continuous initial data.

Top: § =273 and & = 0.059. Bottom: § = 22 and & = 0.219
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Fig. 12 Solutions u(x, 0, t) to the 2D classical and nonlocal heat equations with discontinuous initial
data. Top: 8 =273 and @ = 0.13. Bottom: § = 22 and « = 0.24
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of u = 0. Yet, the agreement is more pronounced for large §. In addition, both solu-
tions follow a roughly similar profile at any given time. It is also worth noting that §
plays the role of the diffusivity parameter «. Namely, the larger the §, the higher is
the corresponding diffusivity.

9 Conclusion

We extended our recent work in 1D [4] to higher dimensions. We presented novel
governing operators in 2D/3D for nonlocal wave propagation and nonlocal diffusion
that enforce local BC. We presented methodically how to verify the BC by using a
change in the order of integration. We provided 36 different types of BC in 2D which
include pure and mixed combinations of Neumann, Dirichlet, periodic, and antiperi-
odic BC. We carried out numerical experiments for the nonlocal wave equation. We
verified that the novel operators enforce local BC for all time. We also observed that
the property we proved for 1D in [2], namely, discontinuities remain stationary, also
holds for 2D. We provided a comparison of the solutions to the classical wave and
heat equations to those of nonlocal ones. We found out that the classical and nonlocal
wave propagation disagree, whereas, the classical and nonlocal diffusion agree.

Our ongoing work aims to extend these operators to vector valued problems which
will help apply peridynamics to problems that require local BC. We anticipate that
our novel approach will avoid altogether the surface effects seen in peridynamics.
Our construction depends on the assumption of a rectangular/box geometry. We are
investigating the case of general geometry in higher dimensions.
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