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GENERALIZED INTEGRAL EQUATION METHOD FOR
AN ELLIPTIC NONLOCAL EQUATION IN MEASURE SPACE*

CHUNXIONG ZHENG! AND JIA YIN#

Abstract. A solution strategy, called generalized integral equation method, is proposed to solve
a class of elliptic nonlocal equations in measure space, within which both the continuous and discrete
nonlocal problems can be taken as specific instances. By extracting the main ingredients of integral
equation method, we develop a generalized integral equation method in an abstract operator frame-
work. As a matter of fact, the classic integral equation method for continuous local partial differential
equations can be categorized into this framework. The key ingredient of the proposed method is to de-
rive the generalized boundary integral equations, which can be coupled appropriately with the interior
operator equation to obtain a reduced problem. We prove that the resulting system is well-posed by
showing that it admits an equivalent formulation with strong coercivity, and the solution of the reduced
problem is the same as that of the original one. The proposed method is applied to a nonlocal equation
in two-dimensional space discretized by an asymptotically compatible scheme. Numerical experiments
validate the effectiveness.
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1. Introduction

Recently, nonlocal models have attracted much attention owing to their wide ap-
plications in various research areas, such as nonlocal wave propagation, simulation of
nonlocal diffusion processes, peridynamical theory of continuum mechanics and so on,
see [3,6,32,41]. In this paper, we propose a space reduction method called general-
ized integral equation method (GIEM) to solve a class of elliptic nonlocal equations in
measure space:

ou(x)+Lyu(x)=f(x), VxeQ, (1.1)

where ¢ is a prescribed positive number to ensure ellipticity,  C R? is an unbounded
measure space with measure p, and f(x) is a prescribed source function in Q. The
nonlocal operator L., is defined as

£u60= [ Jux) - uty )l (x5, 55 ) ulay), (1.2

where the two-variable function +, called kernel function, is supposed to be nonnegative
and satisfies

=
=
I

v(—a,8), Va,BeQ, (1.3)
¥(a,8)=0, |a|>6>0. (1.4)

As for the kernel function v(«, 3), the first parameter oz measures the distance between
two location points, and the second parameter S relates to a reference point. The
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380 GIEM FOR AN ELLIPTIC NONLOCAL EQUATION

minimum positive constant ¢ in (1.4) is called the horizon of nonlocal kernel function.
Here and hereafter, we use |-| to indicate the maximum norm. If v genuinely depends
on the second variable, the nonlocal medium is called inhomogeneous. Otherwise, the
nonlocal medium is called homogeneous. In this paper, we allow the kernel to be
inhomogeneous [29] and the following moment condition

0<a(x):%/{Z(s@)s)v(s,x)u(ds)<oo (1.5)

is fulfilled in the whole definition domain. Additionally, we assume that there exists a
constant C1(J) such that the kernel function ~y(s,x) satisfies

/ny(s,x),u(ds)<C’1(§)7 Vx e (1.6)

For continuous problems on unbounded domains, any naive grid-based spatial dis-
cretization method, such as finite element method (FEM) and finite difference method
(FDM) would result in algebraic systems which involve an infinite number of degrees
of freedom. Therefore, additional techniques should be developed. Over the past few
decades, many methods have been developed, and among them, artificial boundary
method (ABM) and integral equation method (IEM) are very popular, see [13,25].
Both methods are based on the idea of domain decomposition. After introducing a suit-
able artificial boundary, the unbounded domain is decomposed into two pieces such that
the interior region includes all singularities and inhomogeneities, and the exterior region
admits nice local symmetry. By delicately exploring this local symmetry, some kind of
relations between the Dirichlet data and the Neumann data can be set up. ABM aims at
an explicit expression of the Dirichlet-to-Neumann (DtN) mapping [10,12], while IEM
uses boundary integral equations involving both Dirichlet and Neumann data as implicit
artificial boundary conditions [2,23,37]. ABM relies heavily both on the geometry and
the underlying symmetry of governing equation. Comparatively, IEM is more flexible,
and the price to pay is the introduction of additional boundary unknowns. Current
research on unbounded domain problems faces two difficulties: fast evaluation of exact
boundary conditions [16, 19,20, 26] and derivation of highly accurate boundary condi-
tions for emerging mathematical models, such as nonlocal model problems [9,34,38-40].

The goal of this paper is to develop a general space reduction method for solving
nonlocal problems on unbounded domains, by taking (1.1) as an example. The proposed
method is inspired by the IEM, and actually takes IEM as a special instance. Right
in this sense, we term this method generalized integral equation method (GIEM). It is
known that a prerequisite of IEM is the existence of a handy expression of background
Green’s function, with which two boundary integral equations can be set up by exploring
the potential theory. These boundary integral equations can then be applied to reduce
the computational domain, either to a manifold of lower dimension, or to a bounded
truncated subdomain. The idea of IEM has been partially applied for handling some
discrete lattice models and nonlocal models in peridynamics [8, 14, 17,22, 35,36]. In
this paper, by extracting the main ingredients of IEM, we propose a general space
reduction method for an abstract structural operator equation. Both local problems
and nonlocal problems can be categorized into this framework after performing suitable
domain decomposition. Analogous to IEM, we start with an abstract interface problem
and derive generalized integral expressions. From these integral expressions, we can
set up two generalized boundary integral equations. We explain how these generalized
boundary integral equations can be coupled with interior operator equations. To this
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end, many coupling techniques can be applied. In this paper, we borrow the idea of
symmetric coupling proposed by Han [11] and Costabel [5].

The rest of this paper is organized as follows. In Section 2, domain decomposition
technique is applied to the model nonlocal elliptic equation to obtain an equivalent
operator equation with tridiagonal structure. In Section 3, we present the derivation
of GIEM for the abstract operator equations with tridiagonal structure. In Section 4,
we explain how to couple the generalized boundary integral equations with the interior
equations to obtain a symmetric coupling problem and prove the well-posedness of the
resulting reduced coupling system. In Section 5, we consider a specific two-dimensional
elliptic nonlocal equation and employ the quadrature-based finite difference scheme for
spatial discretization. Three numerical examples are reported to validate the optimal
convergence rate and the asymptotic compatibility property. In the end, the conclusion
is drawn in Section 6.

2. Domain decomposition and equivalent operator equation
Let us introduce the following linear space

2@~ {ue Ll [ @utax <oo.

This is a Hilbert space with inner product

(1, 0)0 = / u(x)v(x)p(dx).

The induced norm by the above inner product will be denoted by |- |lq in the sequel.
Considering the kernel function v is symmetric, it is straightforward to verify

(o= [ [ a0 —utliot - v<y>h(x-y,y;x)u<dy>u<dx>, (2.1)

which implies that the nonlocal operator £, is symmetric and nonnegative. Let us
introduce

= {ue2@u0: [ [ 60— uPy (x5, 5 utayutax <oo .

The inner product in this space is naturally specified as
- (U7U)Q

1 y+x
o3 [ [ 1060 —uliot) oy (x -3 Y5 ) ulayuta), vuvet

We denote by |||l the induced norm. Obviously, H is an algebraic linear subspace of
L?(Q, ). Under the assumption of (1.6), the equivalence of the norms in H and L?(£2, )
can be proved using Hoélder inequality [28]. For more general kernel functions, one can
consult [29] for more subtle discussions.

As an implication of (1.6), the operator oI+ L is both bounded and coercive in
L?(Q,11). Therefore, the nonlocal problem (1.1) is well-posed, which means that for any
f€L*(Q,pn), the problem (1.1) admits a unique solution in L?(€2, ).

For any measurable subset D C (), we define

Ext(D) = {er\D|3y€Dst 'y<x y, =Y >¢o}
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(a) (b)

Fic. 2.1. Schematic diagrams of domain decomposition. Left: continuous measure space. Right:
discrete measure space. $);: the area where red grids are located; 2p: the area where blue grids are
located; Qe : the area where black grids are located.

Let Q=Q,UQ, U, be a non-overlapping domain decomposition of total measure space
Q satisfying

Ext(€Q;) =Ext(Q) =Qp. (2.2)

We assume
f(x)=0, VxeQ., (2.3)
7(x—y,x_;y):70(x—>’), Vx,y € % UQ, (2.4)

where 7o(x) is a homogeneous kernel function. The requirements (2.3)-(2.4) can be easily
fulfilled if the source function f admits a compact support, and the kernel function
7 becomes homogeneous when spatial points are far away from the origin. Domain
decomposition diagrams are given in Figure 2.1 to make (2.2) easier to understand for
either continuous or discrete case.

Applying the above domain decomposition technique, we can rewrite the nonlocal
elliptic problem (1.1) into an equivalent component form: find

(wi,up,ue) € L (2, 1) X L (Qp, ) X L (Qe, 1)

such that

oui(x)+ [ [ui(x) r{x y7y2—&—x> p(dy)

—u;(y)] -
- )l (x-3. Y5 utdy) = 1), ¥xe

A
/,

7o)+ [ ()= () o=y )u(dy)
A
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+ / oty (%) — e ()10 (x — Y )pu(dy) = F (), ¥ € D, (2.5)
Q

e

oue(xX) + /Q [te (%) —ue(y)]vo(x —y)u(dy)

+ / 1o (%) — (¥ )0 (x — y )i dy) =0, Yx €.
Qp

For the sake of brevity of formulations, let us introduce the following operators:

L) =)+ [ o=y (=3 55 )ty

+Ui(x)/ V(X—y,ygx) p(dy), Vx €,
Qp

Leette (x) = ote () + / ot () — e ()10 (x — ) dy)

Qe

+ue(x)/ Yo(x—y)u(dy), Vx €,
Qp

| i : (2.6)
Liyu(o) = Gus() 5 | [un(o) = () o x =y )
+Ub(><)/ﬂi7(x—y,y2+x> p(dy), Vx €,
Lyun() = Zun()+ = [ fun(x) —un(y)o(x—y)u(dy)
2 2 Q
un() [ 0Gx-y)u(dy), Fxe D,
and
Libub(x):_/gbub(Y)'V <X—y7y2+x> p(dy), Vx €,
Lyui(x)=— | wi(y)y (x—y. Y22 u(dy), vxeq,
/ﬂ ( 2 ) (2.7)
Loete() = — /Q we(y)10(x — y)uldy), Yx €,

Lepup(x) = —/ up(¥)vo(x—y)u(dy), Vx€Qe.
Qp
Furthermore, let us set
Lyy=Ly,+ Ly, Xi=L*(Qu,p), Xpo=L*(Q,p), Xe=L>*(Qe,p).

Applying the above operators, we can rewrite the problem (2.5) into a more handy
algebraic form: find

(wi,up,ue) € X; x Xy x X,

Li; Lip 0 | |u fi
Lyi Ly Lye | |up| = [ fo], (2.8)
0 Leb Lee Ue 0

such that
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where we have set f; = flq, and f, = f|q,. Note that the (ie)-block and the (ei)-block
are zero operators due to the Assumption (2.2).

THEOREM 2.1.  Under the assumption of the kernel function (1.3)-(1.6), the two linear
operators

L;; L b Ly, Lie
Lt .= , Lb .= |0
w |:Lbz L?)b:| ’ e l:Leb Lee:|

are symmetric bounded coercive operators in X; x Xy and Xy x X, respectively.

Proof. The symmetry and the boundedness are obvious. It suffices to prove the
coercivity. For any

u=(us,up) € X; X Xp,
we have
(Lou,u) x, x x, = (Lizwi,uwi) x, + Ly, up) x, + (Livun, i) x; + (Liyug,up) x, -

Resorting to (2.1), we have

L)y, = o [ wdGou(d)
Q;

w3 [, 0= (v 5 utayntan) + [ aiutan
+i/ﬂb /Qb[ub(x)—ub(y)]z’y (x—y7y_2FX> p(dy)p(dx)
+f | / ) )] 06—, Y Ay ()

> 2 ([ eomta+ [ b @u(ax)).

i

which validates the coercivity of operator L% in X;x X.. The proof of coercivity for
the operator L%, in X}, x X, is analogous, and we omit it here. 0

3. Generalized integral equation method

In this section, we intend to propose a general space reduction method, called gener-
alized integral equation method, for operator equations with tridiagonal block structure
as in (2.8). In many cases, after performing domain decomposition, people derive a cou-
pling problem which admits tridiagonal block structure if it is formulated appropriately
into the form of operator equations. Usually, it is the third component which presents
troubles from the computational point of view. Take (2.8) as an example. If Q is un-
bounded, so is the subset €., and the third component u. might involve a huge number
of degrees of freedom. For this kind of problem, people have tried to develop some ana-
lytical tools to remove the cumbersome component u., and transform their considered
problem into a new equivalent form, but easier to solve. This is the basic idea of space
reduction, for which Integral equation method (IEM) is an excellent choice. The goal
of this section is to extract the essential ingredients of IEM and generalize them into
a framework of abstract operator equation. In the sequel, we mimic the derivation of
IEM formulated in [21], and employ the symbol system in the classic ITEM book [25].
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3.1. Generalized integral expressions and generalized boundary integral
equations. Let T be a symmetric bounded coercive linear operator, which acts on a
product Hilbert space V; x V}, x V., and admits the following tridiagonal block structure

Ty Ty O
T=|Ty Top The | - (3.1)
0 Teb Tee

We assume that T, admits the following splitting
Ty =Ty, + T,
such that the following two operators

b._ | Ti T T . T The
v Tbi Tgb ’ Teb Tee

ee

are symmetric bounded coercive operators in V; x V;, and V;, x V., respectively. More
importantly, we assume that the inverse of T', denoted by G, can be determined in some
manner and admits the following component form

Gii Gip Gie
G= |Gy Gpp Gpe | - (3.2)
Gei Geb Gee
In the sequel, let us introduce some definitions related to the operator T'.
DEFINITION 3.1.  We call (u;,D;) € V; XV}, an interior solution pair if
Tiiui + Tz’sz' =0.
Analogously, we call (ue,De) €V, XV} an exterior solution pair if

Teette +TepDe =0.

The “interior Neumann” and “exterior Neumann” data for solution pairs (u;,D;) and

(ue,D.) are defined as follows:
NZ:M(Ui,DZ):Tb1U1+Tng“ Ne :Ne(ue,De):: 7TbeU67TbebDe. (33)

Given any jump pair (D,N) € V; x Vj, let us consider the following “interface” prob-
lem: find (u;, D;) € V; x V} and (ue, D) € V. x Vj, such that

Tyiu; + Ty D; =0, (3.4)
Toctie +TopDe =0, (3.5)
D.—D;=D, (3.6)
Ne—N;=No(ue, Do) —N;(ui, D;) = N. (3.7)

The following theorem presents the generalized integral expressions in terms of the jump
pair (D,N).
THEOREM 3.1 (generalized integral expressions). If the operator T satisfies the con-

ditions specified at the beginning of this section, then the interface problem (3.4)-(3.7)
18 uniquely solvable, with

Di=—GuN — (G T, +GreTer) D, (3:8)
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De=—GuN+(GuwTj,+GoiTi)D,
N;=—(Tp;Gip + Tgbib)N
— (TG Ti, + TyiGie Tev + T, G T, + T, G Tet) D,
Ne= (TyeGep+T5,Gp) N
+ (Toe Gen Ty, + Toe Gee Ten — Ty G T — T5, GuiTin) D,
w; =— G N — (G T, + GieTer) D,
e =— Gy N — (Gep TS, + GeeTop) D.

(3.9)
(3.10)
(3.11)

(3.12)
(3.13)

Proof.  Let (u;,D;) €V; x Vp and (ue, D.) € V, X V4, be a solution of interface problem

(3.4)-(3.7). A direct computation shows that

Tii Tip O | |u; 0
Tvi Top Toe | | Di| = fN—bebD
0 Teb Tee Ue - ebD

Acting G onto the both sides of (3.14), we obtain

U Gii Gip Gie 0
Di| = |Gvi Gop Goe | | —N—-Ty, D],
Ue Gei Geb Gee — ebD

from which, we derive

U; = —Gle — (GibTbeb + GieTeb)b7
Ue = _GebN — (GebTbeb + GeeTeb)D7

and
Di = —beN — (beTbeb + GbeTeb)D'

According to the Dirichlet jump condition (3.6), we derive

Do =—GuN — (GuT§,+ GreTop) D+ D =—Gy, N + (G Tiy + GoiTin) D.

Furthermore, we have
=— (TG + T}, Gpp) N
—(Tyi G T, + TyiGicTop + Ty Gop T, + Tiy G Te) D,
and
N, =—Tyoue —Tf, D,
:(TbeGeb +Tbebib)N
+ (TyeGep T + Toe G e Top, — T, Gon Ty, — T, GiTiy) D.

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

The uniqueness follows since the coefficient matrix in (3.14) is invertible. This ends the

proof.

d



C. ZHENG AND J. YIN 387

For the sake of brevity of notations, let us introduce the following four operators
acting on V:

V = Gu, (3.20)
K = GyiTyp+GuTy, — é, (3.21)
K' = TyiGip+ Ty Gew — g, (3.22)
W = TGy T, + TyiGie Top + T, Gop T, 4+ Ty Goe Top.- (3.23)

Note that K’ is indeed the adjoint of operator K. With these operators, we can rewrite
the expressions (3.8)-(3.11) into the following compact form

. D . _ N
Di=KD-VN-—. Ni=-WD-K'N-, (3.24)

D s - N
De=KD-VN+, Ne=-WD-K'N+. (3.25)

where N; and N, are the Neumann data associated with the solution pairs (u;,D;) and
(te, D), with u; and u, being determined by (3.12) and (3.13), respectively. The readers
might notice that the above four expressions have the same form as the boundary data
expressions for the local PDE problems by the integral equation method. Actually,
we have tried most to stick to the notations employed in the IEM book [25]. This
also justifies why we define the Neumann data as in (3.3), and the jump data as in
(3.6)-(3.7).

From (3.24)-(3.25), we can also derive the analogs of the first and second kinds of
integral equations for the local PDEs. Actually, if (D;,N;) is an interior Cauchy data
pair, letting (0,0) be the trivial exterior solution pair, the jumps are

D=-D;, N=-N;,.
Substituting the above into (3.24), we derive

D,
N
5 —K'Ni=WD;=0.

Applying (3.12), we know the interior solution is simply
w; =G Ni+ (G Ty, +GicTey) D

Correspondingly, if (De, Ne) is an exterior Cauchy data pair, by letting (0,0) be the
trivial interior solution pair, the jumps are simply

D=D,, N=N,.
Substituting the above into (3.25), we derive

D.

&~ KD+ VN =0, (3.26)
N,
5 +K'Net WD, =0. (3.27)

Applying (3.13), we know the exterior solution is simply
Ue = —Gep N — (GebTbeb + GeeTeb)De~ (328)
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3.2. Coercivity of the generalized integral operator V and W.

THEOREM 3.2.  Under the assumption for the operator T, the two operators V : Vi, — 'V},
and W : Vi, — Vi, are symmetric, bounded and coercive.

Proof. The symmetry and boundedness can be derived from the definition directly.
It suffices to prove the coercivity, that is, to prove that there exist two positive numbers
C1 and C5 such that
Va,a)VbZClﬂaH%/b, VaeV,, (3.29)
Wa,a)y, >Collall},, VYae,. (3.30)

—~ o~

We only provide a proof for (3.30), since the proof of (3.29) is analogous. Let us consider
the interface problem (3.4)-(3.7) with specific jump conditions D=« and N =0. We
denote the interior and exterior solution pairs by (¢;,¢,) and (¢e,1s), respectively. Then
according to the jump condition D =q, we have

Vo —pp=a.
From (3.24) and (3.25), we know that
Wa=-N;=—N,.
Inserting the definition expressions of N; and N, (see (3.3)), we derive

(Wa,a)v, = (Ni, o) v, — (Ne,¥p)vs,
= (T5p 6+ Toithi, &6 viy + (T + Toe e, Ub) i
= (T3 + Toithi do)vi + (Tiihi + Tivdn, i),
+ (Top o+ Toetbe, Vo) vy, + (Teetpe +Tevthp, Ye) v,
= (T}, S)vixvi, + (Teath, ) v v

where the newly introduced variables ¢ and v are defined as follows

¢:(¢i7¢b)7 w:<wea,¢)b)-

The last equality is valid since the solution pairs satisfy the homogenous equation.
Thanks to the assumption that 7}, and T?, are bounded and coercive, we know that
there exists a positive number Cy > 0 such that

(Wa,a)y, > CQHaH%,b, Vae V.

This finishes the proof. ]

REMARK 3.1. The deduction performed in this section was originally stimulated by
the nonlocal problem (1.1). However, the key point to derive the generalized integral
equations is the tridiagonal block structure of operator equations. The terminology
generalized integral equation method is justified since the classic IEM can be actually
categorized into this operator framework.

4. A symmetric coupling method

Though existent theoretically, the inverse of coefficient matrix of operator equations
can be expressed analytically only when the equations admit some global symmetry. In
more interesting cases, the best one can expect from (2.8) is the local symmetry, namely,
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the source function f and the kernel function satisfy (2.3) and (2.4). In these cases,
we can embed the sub-blocks Ly., Le¢p and L. into another operator T' with global
symmetry (see (3.1)), which acts on a new product space V; x V}, x V,, and satisfies

Xp=Vp, Xe =V, (4.1)
and
Lbe:Tbea Leb:Teba Lee: ee- (42)

Note that the space V; might be completely different from X;. We call the operator
Equation (2.8) with the above features locally perturbed operator equation.

For locally perturbed operator equations, we can apply the GIEM and transform
them into new equations without the solution component u,. in X.. The main idea will
be explained in the following subsection, by taking (2.8) as an example.

4.1. Derivation of a coupled operator equation. In this section, we would
like to couple the interior equation with the boundary integral equations to obtain a
reduced system.

According to our Assumptions (4.1)-(4.2), the third sub-equation of (2.8) reads as

Tebub + Teeue = 07

which implies that (u.,up) is actually an exterior solution pair. Setting

Ny = =Ty,up — Thette, (4.3)
by (3.26)-(3.27), we have

% — Kuy+ VN, =0, (4.4)

N,

é’ + K'Ny+Wu, =0, (4.5)

Inserting (4.5) into the second sub-equation of (2.8), we obtain

fo =Lyiw; + Lypyup — Tyyup + Thyup + Thetse
(4.3) ;
= Lyiui+ Lypus — Ny (4.6)

; I
(S)Lbiui + Lpyup+Wup+ (K’ — 2) Np.

Now gathering the first sub-equation of (2.8), (4.6) and (4.4), we obtain

Lii L 0 (& fi
Ly Liy+W K' =4 lwy | = | /|, (4.7)
0 K- -V ||V 0

where V, K, K', W are defined as in (3.20)-(3.23).

The coefficient matrix of (4.7) is symmetric, but generally indefinite. However, by
changing the sign of the third sub-equation of (4.7), we derive the following obvious
equivalent form

Lii L 0 (& fi
Lii Lyy+W K' =L\ Luy | = [ fi| - (4.8)
0 —K+5 V | [N 0
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Unlike (4.7), though nonsymmetric, the coefficient matrix of (4.8) is positive definite,
which will be proved in the next subsection. For the ease of reference, the coefficient
matrix of (4.8) will be denoted by L,. The integral form of the reduced nonlocal
equations is given in the Appendix.

4.2. Well-posedness of reduced problems. As stated in Section 4.1, the
final coupling system can be expressed out in two equivalent forms. Each has its own
merits, as implied in the following theorem.

b T, LY and LY, are symmetric, bounded and coercive
operators. The Equation (4.8) (or (4.7)) is equivalent to (2.8), in the sense that both are
well-posed and the first two components of their solutions are exactly the same. Besides,
the third components are related by

THEOREM 4.1.  Suppose T}

Ny= _Tbebub — Thele, (49)
Ue = —GepNp — (GebTbeb + GeeTeb)Ub- (4.10)

Proof. By Theorem 2.1 and Theorem 3.2, for any u= (u;,up, N}') € X; X X x X,
it holds that

I
(u,Lpu) = (ui,Liiui —&—Libub)xi + (Nbl,(—K—‘r §)ub+VNbl)Xb

I
- i)Nbl)Xb
= (w4, Liiu;) x, + (wi, Lipuy) x, + (up, Lyits) x,,

+ (up, Ly us) x, + (o, Wup) x, + (Ny , VN ) x,
ag
z 5 (Ilual %, + lus| %, ) + Callus| %, + Cal| Ny ||%,

—+ (ub,Lbiui -+ Lébub +Wuy + (K/

\%

v

. (O
min (5,04,02) (||u,|\§(L + Hung(b 4 HNb1||§<b) )
Besides, for any v=(v;, v, N?) € X; x X3, x X, we have

I
(u,Lyv) = (us, Lizv; + Lipvp) x, + (Ny, (—K + i)vb +VN?)x,

) I
+ (up, Ly vi + Ly vp + Wop + (K — §)Nz;2)Xb

< Co (Juillx, lvill x, + [[us| Lx, s ] Lx, + N5 |, [V x,)
< Co (Juillx, + [Jus||x, + 1Ny 11, ) (vl x, + lvel [ x, + NG ] x,) -

Uil

These imply that the operator L, is bounded and coercive. Therefore, the Equation
(4.8) is uniquely solvable. Since the Equation (4.8) is derived from (2.8), we know that
the first two components of (4.8) are exactly the same as those of (2.8). Therefore, (4.9)
is obvious.

In addition, it is straightforward to verify that

Ty Ty 0| |0 Tipup
Toi Top Toe | |up | = | Typus —Np
0 Teb Tee Ue 0
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By acting G onto the both sides, the third component then reads as

te = Goi Tiyup + Gep(Tiyup — Ny
=—GeyNo+Gei Tipuy + GepTopup — Gen Ty up
=—GepNp— GeeTepuy, — Gepy Tyuy
=—GeyNp — (Gep Ty +GeeTep)up.

This finishes the proof. 0

5. Numerical experiments

We present some numerical tests by using GIEM to solve an instance of nonlocal
problem (1.1). More precisely, we are concerned with the following continuous nonlocal
model in two dimensions:

oq(x)+L,q(x)=f(x), VxeR? (5.1)
q(x)—0, as|x| —0. (5.2)
Here o >0 is a prescribed constant and f(x) is a source function in L?(R?). The nonlocal
operator L., is given by (1.2). Note that to demonstrate the asymptotic performance,

we have taken the horizon parameter § as an explicit asymptotic argument. The scaled
kernel function ~s is defined by

Y5 (v, B) = %47 (%,B), (5.3)

where 7 indicates a father kernel function. With this definition, we have

Lo;q(x)= (%4 /RQ la(x) —a(y)]y (’?’ y—gx) dy.

It is known that nonlocal models can be taken as a generalization of local models.
Actually, since

Xy xty

@t =g5 [, [ 09 =060 -prily (525 ayax 6

we derive

lim (£
Sim (£1,9,p)

Xy xty

i s [ a6ty =x00 -0l (25125 ) dyae

1 S S
= i R . . - z
1 551 96055 Taty (304 )

:%/ [Vq(x)-s®s-Vp(x)]y(s,x)dsdx = Vq(x)-a(x)-Vp(x)dx,
R2 JR2 R?

where we have set

a(x)= % /R2 (s®s)7y(s,x)ds.

Note that in general the function a is a symmetric positive definite (SPD) tensor of
second order. The above deduction reveals that the nonlocal operator £, converges to
the local differential operator L;,. defined by

Liocq(x) ==V - (a(x)Vq(x)).
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In the case that the source function f admits a compact support and the father
kernel function vy becomes homogeneous when location points are far away from the
origin, we can apply GIEM to solve (5.1)-(5.2) numerically. To achieve this, we have
two choices:

e Choice A: deduce first a coupling system of continuous nonlocal equation by
GIEM, and then employ quadrature schemes to form a discrete algebraic system
with finite dofs;

e Choice B: discretize first the continuous nonlocal equation to derive a discrete
nonlocal problem, and then apply GIEM to derive a discrete algebraic system
with finite dofs.

In our opinion, Choice B is more preferable, since it is much easier to maintain the
structural feature of continuous problem—symmetry or coercivity. Besides, starting
from a discrete problem with GIEM will refrain us from computing singular integrals,
since in this case the Green’s function is a lattice function without singularity.

5.1. Spatial discretization. There are many ways to perform spatial dis-
cretization for the nonlocal operators. In this paper, we use the quadrature-based finite
difference scheme developed in [7,28]. This kind of scheme is known to be promising to
maintain the asymptotic feature for the discrete algebraic system.

Let 75, denote a uniform rectangular grid over R? with mesh size being h in both
coordinate directions. Let ®,(x) denote the standard continuous piecewise bilinear
basis function at the point x, =nh. The nonlocal operator £.,; can be approximated
at point x, by

1 Xn)— Xn—Y Xn-+Xm
’C’Yé,hQ(Xn) 54 / " Ih (q()q(Y)> w(Xﬂ _y)Py ( 5 y72> dy,
e 2

’LU(Xn - Y)

where Z;, denotes the piecewise bilinear interpolation operator associated with grid 7,
and w(y) indicates the following weight function
(y)= 11+ |y

) VY:(ylayQ)TERQ'
ly1]+lyz|

By definition, it is obvious that w(—y)=w(y). The introduction of weight function
w(y) is to obtain an asymptotically compatible scheme. It was first proposed and
applied to the constant diffusion coefficient in [7] and further discussions about inho-
mogeneous coefficient (inhomogeneous kernel) case can be found in [28]. After inserting
the expression of interpolation operator Zj, we have

»C'y(;,hQ(Xn)

= 3 Sty [ om (5 ity
q(Xn) —q(Xm)

meZ?

qxrl Xm S Xnpn+Xm
= Y A i,y (52 (s

= Z Un,m [Q(Xn) - Q(Xm)} ) (55)

where we have put

1 S Xn+Xm
o i ) o P07 (35 i
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It is straightforward to verify that an m is nonnegative and satisfies

2
On,m = 0m n, Vn,meZ )

an,mZO; |n_1'n|>L7
where L=[4/h]. Additionally, by the homogeneity Assumption (2.4), we have
Cm = 0nn+m, |Il|>M,|m|§L,

where M =[W/h] and W represents the size of the interior and boundary domain.
After performing the spatial discretization, the original problem (5.1)-(5.2) is then
transformed into the following one:

0q(Xn)+ Z an,m[Q(Xn)*Q(Xm)]:f(Xn), VUEZQ; (5.6)
meZ?
q(xn) —0, as |x| —0. (5.7)

In the following numerical tests, we assume that the father kernel function has the
following form

v(a,)=C(B)H(a), (5.8)
where H(«a) is a nonnegative function satisfying

H(—a)=H(a), YacR?
H(a)=0, VaecR? with |a|>1,

and ((3) satisfies

(B)=1, |p|>K.

In this case, we have

1 Xn +Xm S
Gn,m = 54W(anm)<( 2 )AQ¢(Xn_Xm_S)H (S)w(s)ds

The involved integrals are then computed with a high-accuracy quadrature scheme.

We are now ready to apply GIEM for the discrete nonlocal problem (5.6)-(5.7).
According to Theorem 4.1, the resulting coupling algebraic system can be efficiently
solved using GMRES iterator [24].

5.2. The Green’s function. Research on the Green’s function for nonlo-
cal models such as peridynamics and elasticity can be found in [27, 30, 31, 33]. The
discrete Green’s function with asymptotically compatible quadrature-based finite dif-
ference scheme was presented in [7], which can be taken as a nonlocal analog for local
PDEs [4].

The Green’s function corresponding to (5.6) and (5.7) is given by

0Gn+ Y ¢m[Gn—Gnim]=0no, YneZ? (5.9)
|m|<L

Gn—0, as |n|—0, (5.10)
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where 0y o denotes the Kronecker symbol. The two-dimensional discrete Fourier trans-
form is defined as

(FG)= Y Gne ™k VkeR”.

nez?

Performing the above onto both sides of (5.9), we derive

(FGQ)=(0+ Z cme k)7L

|m|<L

The inverse discrete Fourier transform leads to

1 . .
Gn:—/ (c+ cme” M) Tleinkgr - ynez?.
4m? (0,27)2 ;L

Since o is greater than zero, the unique solution to (5.9) and (5.10) decays exponentially
when |n| — +o0. Therefore, we can apply the composite trapezoidal formula to discretize
the above integral and evaluate it by fast Fourier transform (FFT). If o reaches zero,
the evaluation of Green’s function will be much more complicated. But for a simple
case, i.e., with the Green’s function being the following form

1 ek gk

Gn=— |
472 /(0’277)2 o+4—2(cosky +cosks)

the reference [15] studied the property of Green’s function for o >0, 0 <0 and o ~0,
which is useful for the understanding of the nature of singularity and for numerical
calculations.

5.3. Numerical results. In the sequel, we set 0=0.01 and L=4/h, with h
being the grid step size. The function H () (see (5.8)) is set as

H(a)=10exp(—20|a|?), VaeR? (5.11)

Though this function merely vanishes at infinity, due to the fast decaying of Gaussian
function, we can still take the horizon of H as 1. This is already a good enough approx-
imation since H(z)a~2x107% for all z€ S?. In order to investigate the performance of
the proposed method and the discretization scheme, we report numerical results from
three perspectives:

e The convergence order of numerical scheme for the nonlocal equation by refining
h with a prescribed J;

e The asymptotic compatibility of numerical scheme by refining § and h simulta-
neously with their ratio fixed;

e The number of iterations with preconditioning as the mesh is refined..

Example 1. As the first example, we consider a homogenous kernel, i.e.

((B)=1, VBeR%.
In this case, the kernel function ~s(a, 3) is simply

vs(a, ) ! H(%

- ) Vo, €R2.
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; 0=1,0=0.01,L=40 ; 0=0.5,0=0.01,L=40 )
2
0.5 0.5 15
15
0 0 1
1
-0.5 0.5 -0.5 05
-1 0 -1 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
(a) (b)

F1G. 5.1. Numerical solutions. Left: §=1, L=40. Right: 6=0.5, L =40.

L | é6=1 Order Iters | 6=0.5 Order Iters

10 | 1.649e-2 - 18 | 3.800e-2 - 23
16 | 6.626e-2  1.94 19 | 1.492e-2 1.99 23
22 | 3.534e-2 197 19 | 7.905e-3  1.99 24
28 | 2.18%-3  1.99 19 | 4.884e-3  2.00 24
34 | 1.487e-3  1.99 19 | 3.313e-3  2.00 24
40 | 1.077e-3  1.99 19 | 2.395e-3  2.00 24

TABLE 5.1. L2%-errors, convergence orders and number of iterations for Example 1.

The source function is given by
f(wyy):exp(_36(x2+y2))7 V($,y)€R2,

which can be taken as a function compactly supported into the unit square [—1,1] x
[—1,1]. We illustrate the numerical solutions with the proposed method in Figure 5.1.
To investigate the accuracy of discretization scheme, we list in Table 5.1 the L2-errors,
the convergence order and the number of iterations by GMRES for §=1 and §=0.5.
When § =1, the exact solution can be expressed out into the following form

1 el X—Tiz 9
u(x)= / 5—d§, VxeR”.
144m R2 O’—|—%(1—6_W)

It can be seen from the above formula that the exact solution is expressed in an in-
tegral form. But considering that the integrand decays exponentially, we can select a
computational domain sufficiently large to be truncated and then apply high-accuracy
quadrature scheme to calculate the solution at the given point. The L?-norm of errors
between the exact and numerical solutions is defined as follows

— n n 2
||€’/’7"||2— E (uexa_unum) ’
In|<M+L
where u2,, and u,,, denote the exact and numerical solutions at the point xy, re-

spectively. A second-order spatial convergence rate with fixed ¢ is clearly observed in
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L ‘ =1 Order Iters‘ 6=0.5 Order Iters

10 | 7.669e-3 - 18 | 1.675e-2 - 27
16 | 2.923e-3  2.05 20 | 6.416e-3  2.04 31
22 | 1.542¢-3  2.01 20 | 3.390e-3  2.00 32
28 | 9.2773-4  2.11 20 | 2.056e-3  2.07 33
34 | 6.102e-4  2.16 20 | 1.367e-3  2.10 33
40 | 4.229e-4  2.26 20 | 9.610e-4  2.17 33

TABLE 5.2. L2-errors, convergence orders and number of iterations for Example 2.

Table 5.1. Besides, the number of iterations is fairly stable, which is in accordance with
Theorem 4.1.

; 6=1,0=0.01,L.=40 ; 6=0.5,0=0.01,L=40
03 0.3
0.5 02 0.5 02
0.1 0.1
0 0 0 0
-0.1 -0.1
05 02 05 02
03 03
-1 -1
El 0.5 0 0.5 1 El 0.5 0 0.5 1
(a) (b)

Fic. 5.2. Numerical solutions. Left: §=1, L=40. Right: §=0.5, L =40.

Example 2. As the second example, we employ a spatially inhomogeneous kernel
function, i.e.,

C(B)=1+exp(—25|6]?), VBER?,

which leads to the kernel function

1 ot 2
() =5 CBH (5 ), Vo BeR?
The source function is given by

sin(ralsin(y) = (gy) € [~1,1] x [~1,1],

f(x7y):{ T

0, otherwise.

The computational domain is also set as [—1,1] x [=1,1]. From the expression of {(3), we
know that the kernel function can be taken homogeneous outside of the computational
domain. The numerical solutions are illustrated in Figure 5.2. In Table 5.2, we show the
L2-errors and the number of iterations by GMRES. The reference solution is computed
by setting the mesh size as h=27%. For this inhomogeneous numerical test, a second
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; 6=h,c=0.01 ; 6=2h,0=0.01
1.6
15
05 4 05
1.2
1 1
0 0
08
0.6
-0.5 04 05 0.5
0.2
-1 0 -1 0
-1 0.5 0 05 1 -1 0.5 0 05 1
(a) (b)

F1G. 5.3. Numerical solutions. Left: §=h, L=1. Right: §=2h, L=2.

h | [lerr|l;  Order | |lerr||os  Order | Iters
273 | 1.029e-2 - 6.048e-2 - 15
2741 2.733¢-3 191 | 1.405¢-2 211 | 19
27% | 7.02le-4  1.96 | 3.455e-3  2.02 25
276 | 1.769e-4  1.99 | 8.602e-4  2.01 28
277 | 4.430e-5  2.00 | 2.148e-4  2.00 28
278 | 1.107e-5  2.00 | 5.368e-5  2.00 27
279 | 2.767e-6  2.00 | 1.34le-5  2.00 25

TABLE 5.3. L2-errors and L -errors §-convergence orders for Example 8 with §=h.

| [lerr||z  order | |lerr|l  Order | Iters

31 1.162e-2 - 6.878e-2 - 22

413.090e-3 1.91 | 1.594e-2 2.11 29

51 7913e-4 197 | 3.915e-3  2.02 36
=61 1.992e-4 1.99 | 9.745e-4  2.01 51

7

8

9

4.988e-5 2.00 | 2.432¢-4  2.00 89
1.248e-5 2.00 | 6.085e-5  2.00 135
3.125e-6  2.00 | 1.523e-5  2.00 173

TABLE 5.4. L2-errors and L™ -errors §-convergence orders for Example 3 with 6 =2h.

order convergence rate and a stable number of iterations after preconditioning are also
observed.

Example 3. In the third example, the source function is same as that of the first
example, and the kernel function is given by

1 o 9

’75(a7ﬁ):5_4H<§)7 Va7ﬂ€R .
We are mainly concerned with the §-convergence of the discrete scheme (5.5). To achieve
this, we maintain the ratio §/h=0(1) and compute both the L?-errors and L>-errors.
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Note that for this example, the limiting local equation is given by
ou(x) — —— Au(x) = f(x). (5.12)

We set the computational domain as [—1,1] x [-1,1]. Using Fourier transform, we obtain
the exact solution of integral form

€12

(x)= 11 / I e VxeR?
u(x) = X .
1447 [ a—|—%|§|2 ’

Since o is a positive number, the integrand in the above integral decays exponentially.
Therefore, similar to the first example, we can choose a sufficiently large computational
region and apply high-accuracy quadrature scheme to approximate the integral at the
given point. The numerical solutions obtained by the proposed method are illustrated
in Figure 5.3.

In Table 5.3 and Table 5.4, we list the L2-errors and L>-errors for § =h and & = 2h,
respectively. A second order convergence rate is obviously observed, which validates
the asymptotic compatibility property. However, unlike the previous two numerical
examples, the number of iterations with GMRES is less stable.

6. Conclusion

We proposed a general space reduction method, called generalized integral equation
method, to solve a class of elliptic nonlocal equations in measure space. By extracting
the main ingredients and mimicking the derivation of integral equation method (TEM)
for the continuous PDEs, we set up a theory for a class of structural operator equations,
which actually presents a sufficiently large framework. As a matter of fact, the classical
IEM can be categorized into this framework. The idea of symmetric coupling was
borrowed to reduce linear systems only with local symmetry. Besides, we proved the
well-posedness of the reduced coupling systems.

There are many issues worthy of further study. Even for the nonlocal problems of
elliptic type, we have not considered the fast algorithm of generalized integral opera-
tors. Though the idea of cluster method or multipole expansion can be conceptually
applied to speed up the evaluation process, the details should be worked out. For time-
dependent nonlocal problems, the situation might be more challenging. The convolution
quadrature method [1,18] is promising and results in a stable fully discrete numerical
scheme. However, both the memory cost and the computation complexity would be too
much to bear. We will report any relevant progress in a future work.

Acknowledgement. This work was supported by the National Natural Science
Foundation of China (NSFC) under grant No. 12171274.

Appendix. Integral form of the reduced nonlocal problem. In the ap-
pendix, we will present the integral form of the reduced nonlocal problem (4.7). Ac-
cording to the above deduction, we know that the original problem can be transformed
into an equivalent reduced operator equation. In order to make the operator Equation
(4.8) easier to understand, let us express it out more explicitly. Considering the last two
sub-equations of (4.8) involve generalized boundary integral operators, we will derive
the integral representations of these operators in the sequel.

First, let us recall the definitions of operator 7T'. In the component form, it reads as

Ty () == |, (¥)0(x—y)u(dy), ¥x e

Qy
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Tapup(x) =ous(x) + / g (%) — us(y)]70(x — y)pe(dy)

Qg

—Hm(x)/Q Yo(x—y)u(dy), Vx €, (A1)

x :Uub(x)—l—2/Qb[ub(x)—Ub(Y)]’YO(X_Y)N(dY)

un) [ snlx-yuldy), vxe,
Qs
and
Tbeb:Lzba Tee=Lee, Tep=1Lepy, Tpe=Lype.

See (2.6) and (2.7) for the definition of component operators of L.
A direct computation shows that (o, 3,7y € {i,b,e}, B#~)

GapTpyp(x /Q/ze ¥)0(z—y)u(dy)u(dz), Vx € Qq,
B
Ty G (x / || Glay)etyrulx -y utds). V9,

and («a € {i,b,e}andf e {i,e})
GOébTbﬁI;;(p(X)
=5 | coemetutin + /Q [ Glxaptarota—ynldy e

/ G(x,2)[p(2) — o (y)]70(z — y)u(dy) (dz)

Qp JQp

=5 [ Gtemetutin + / | Glxn)etmpnta—y)utdy)ntin
/ [ Gxa) Jo(2)r0(z—y)u(dy)u(dz), ¥xeQa,
Qp JQy

Tbbia‘P( x)

:g/ u(dy) /Q/ (5,303 170 (x — 2)a(dy) (dz)

5 b / [G053) =Gl oty ol —s)u(dy)lde), Vxe0,
Let us introduce the following functions (€ {4,b,e})
640 x.7):= | 1G07) Gl moe—y)utdy),
62 x.1):= | 16007) - Glxyhota—y)uldy).

Obviously, it holds that
GV (x,2) =GP (z,x).
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Therefore, for a € {i,b,e}, § € {i,e}, it holds that

(GaﬁTBb+GabT£) o(x) :% A G(x,z)p(z)1(dz)

! /Q b /Q b[G(x,z>—G(x,yﬂw(zm(zfy)u(dy)ﬂ(dz)
/2 /Q (x,2) — G(x,y)]¢(2)y0(z— y)u(dy) u(dz)

:/ |:2G(X z)—l— G(2 (x, z)+G ( )} o(z)u(dz), Vx € Qy,
Q
and

(BsCon+ T Gon) =5 | Gloxy)iolyln(ay)

+5 | [ 16603~ Gaylety bty
+ [ [ 16~ Gy ) plaolx—y)n(ytia

-/ [ZG(X,Z)—l—;Ggl)(xm)—&-Gg)(X,Z)] p(2)p(dz), YxEDQ,.
Qp

Applying the above formulae, we derive
Ko(x) = (GbiTib + Gy Ty, — > o(x)

= (GbiTib +GuwTy) (%) — = (GuiTi + G Top + Gre Ten) (%)

(sz T+ GuTiy) (%) — = (G T+ GoeTep) 0(X)

1
2
1

— (2) 2
—z/gb[Gz— (x,2)— GP (x,2)p(2)u(dz), VxE,

and
/ i I
K gp(x) = Tv:Gwp JrTbbib - 5 ‘P(X)

T1iGiv + Tot Gob + T Gen) (%)

l\D\F—‘

:(TbiGib+Tgbib) p(x)—
1
5 (T Gop + ToeGep) (%)

1

= /Q [G(l (x,2) — G (x,2)|p(z)u(dz), VxeW.

(
(szsz +T5,Gw) p(x) —
5 z)

For ease of exposition of the following deduction, let us introduce the following operator

2000 = [ |ZG00y)+ 5687 () + 62 )| e utay).

With the above preparations, we can simplify the action of operator W as follows

Wo(x) = (ToiGav T+ TiGieTon + Ty Guo Ty, + Ty GreTen) (%)
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=Ty (Gis Ty, + GieTep) (%) + T3y (Gop Ty + GpeTen) 0 (%)
=T LM o(x) + T, LY o(x).

Applying the definitions of Tp; and T}, leads to

W)= LVp00+3 [

Qp

+ [ B9 = LOo)] e —yyutay). (A2)

[L(l)go(x) - L(l)w(Y)} Yo(x—y)u(dy)

In addition, let us introduce new functions
G2 (x,2):= /Q G (x,2) — GO (x,6) 7o (2 — £)u(dt)
- / { || 66~ Gly.ane-yulay)
- [ (e -6ty - y(ay) ro(a~ Ot
-/ / (%,2) — G(x,£) + Gly.t) — G(y,2) 70 (x — y)70(2 — t)u(dy)a(dt),

and

Gey (x.2) 5/% (G2 (x,2) — GP)(t,2)] 0 (x — t)pa(dt)
- [ { ] etea-cteyotayiuay)
- [ (Gt a Gy )y (@) -V
/Qﬁ /Q (x,2) —G(x,y) + G(t,y) = G(t,2)] 0 (x = y)v0(z — t) u(dy) pu(dz),

where a, 8 € {i,b}. A simple calculation reveals that

AP (x2)=G P (x2), Gl (ax)=0) (x2).

Now since

/ LD (x) - LD (y )}WO(X—Y)M(dY)

[ [ {5t —ctm g (6 em -6 ) 6 ) 6 .2
o(2z)70(x —y)u(dz)p(dy)

=[] [5G~y + 5 (647 (e =617 3.2 + 6~y

o(z)v0(x—y)u(dy)p(dz)

1
- / [gag><x,z>+2G§?;3>(x7z>+G£?;;><x,z>} o (2)u(dz).
Qp
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we can further simplify (A.2) as follows
be {9 {"G x,z)+ %G[()z) (x,z)+G(€2)(x,z)} = {"G(l)(x z)+3 G(2 1)(x,z)
+GED )] + | 560 )+ 560 (x4 G x| bt
- /Q [U:G(x 2)+5 (G“)( 2)+ G\ (x,2)+ 26V (x,2) +20g2>(x,z))
b
+i (Gl(fl;l)(xl) +2Gl(7’217 (x,2) +2G(2 1)()(:72) +4GSZ?1)(X,Z))] o(z)p(dz).
Therefore, inserting the expressions of generalized boundary integral operators into the

resulting system, we can rewrite the final system (4.8) into the following integral form:
e The first sub-equation reads as

+f 0500~ ()l (x-3. 5% ) utay) = ()

e The second sub-equation reads as

s+ [ [0~ usy)y <xy, y*") (dy)

Fu00-+ [ 00— wo0e—y)utdy)

+/Q [up (x) —ui(y)ly (X—y,y—gx) w(dy)

i

2
—I—/ [ZG(X,Z)—FZ (Ggl)(x,z)—}—Gl()Q) (x,z)—|—2G§1)(x,z)—|—2G£2) (x,z))
Qp

1
+ 1 (Gl(flgl)(x,z) +2G£’2i’1)(x,z) —|—2Gfl;l)(x,z) +4GSZ?1)(X,Z))] up(z)p(dz)

w5 161763~ 60 )] Nty )~ 500 = o0

e The third sub-equation reads as

_% Ab [GZ(?)(X7Y) - GgQ)(x,y)} up(y)u(dy) + %ub(x)

+/ G(x,y) Ny (y)p(dy) =0.
Q
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