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Abstract

Nonlocal operators that have appeared in a variety of physical models satisfy identities and
enjoy a range of properties similar to their classical counterparts. In this paper, we obtain
Helmbholtz-Hodge type decompositions for two-point vector fields in three components that
have zero nonlocal curls, zero nonlocal divergence, and a third component which is (non-
locally) curl-free and divergence-free. The results obtained incorporate different nonlocal
boundary conditions, thus being applicable in a variety of settings.

Keywords Nonlocal operators - Nonlocal calculus - Helmholtz-Hodge decompositions

Mathematics Subject Classification (2010) 35R09 - 45A05 - 45P05 - 35J05 - 74B99

1 Introduction and Motivation

Important applications in diffusion, elasticity, fracture propagation, image processing, sub-
surface transport, and molecular dynamics have benefited from the introduction of nonlocal
models. Phenomena, materials, and behaviors that are discontinuous in nature have been
ideal candidates for the introduction of this framework which allows solutions with no
smoothness, or even continuity properties. This advantage is counterbalanced by the facts
that the theory of nonlocal calculus is still being developed and that the numerical solution
of these problems can be prohibitively expensive.

In [10], the authors introduce a nonlocal framework with divergence, gradient, and curl
versions of nonlocal operators for which they identify duality relationships via L2 inner
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product topology. Integration by parts and nonlocal Poincaré inequality are some of the par-
tial differential equation (PDE)-based techniques that play an important role in the study
of nonlocal operators. In this work, we continue to explore the structure of nonlocal opera-
tors and take additional steps toward building a rigorous framework for nonlocal calculus,
by obtaining Helmholtz-Hodge type decompositions for nonlocal functions. In particular,
we show that functions with two independent arguments (labeled two-point functions) can
be decomposed into three components: a curl-free component, a divergence-free compo-
nent, and a component which is both, curl and divergence free. All operators involved in
this decomposition are nonlocal. Under suitable boundary conditions, the components are
unique in appropriate spaces.

Helmholtz-Hodge decompositions play an important role in many areas; see [4] for a
review of applications and recent literature. In the classical (differential) framework, the
Helmholtz decomposition theorem states that every vector field on R? can be decomposed
into divergence-free and curl-free components. A Helmholtz-Hodge (or simply, Hodge)
decomposition usually refers to a three-term decomposition on bounded domains, in which
the vector flow will be the unique sum of divergence-free, curl-free, and a harmonic com-
ponent assuming that the components satisfy appropriate boundary conditions. These three
components would correspond, in the framework of continuum mechanics, to a decompo-
sition of a motion into a rotational component represented by the curl of a function (thus,
divergence free), an expansion or contraction which is the gradient of a potential (hence,
curl free), and a translation component (which is both divergence and curl free). These com-
ponents can be determined from the original vector field, on the entire space, or on bounded
domains, subject to boundary conditions or other constraints.

These decompositions have numerous applications that extend to many fields outside
continuum mechanics. Indeed, as the decompositions rely on duality properties of the
operators, counterparts of Helmholtz-Hodge decompositions have been obtained in other
frameworks. For example, in graph theory, there are discrete versions of the curl and diver-
gence operators, so decompositions along the kernels of these operators have been obtained
[5]. Thus, nonlocal decompositions could be seen as extensions of discrete counterparts,
as well as with classical decompositions (Section 3.3). These connections mirror existing
results that show that the nonlocal theory of peridynamics is an upscaling of molecular
dynamics [24]. In many instances, results from the classical theory can be seen as particular
cases of the nonlocal theory where interaction kernels are taken as derivatives of distribu-
tions [10]; in the same manner, fractional differential operators are also instances of nonlocal
operators for certain kernel functions [6, 7]. Thus, one may envision the nonlocal realm
as a bridge between classical (differential), discrete (molecular dynamics), and fractional
(anomalous diffusion) frameworks. Moreover, a key advantage of the nonlocal calculus is
its flexibility in modeling, as the operators have the ability to capture different physical
features, depending on the choice of the interaction kernel that may be space (even time)
dependent, symmetric, integrable, or singular, etc. By obtaining Helmholtz-Hodge decom-
positions corresponding to different kernels, we gain flexibility in applications where one
may want to choose operators that depend on material or phenomenon characteristics.

In [20], the authors obtain a nonlocal Helmholtz-Hodge decomposition for vector fields
that are one-point functions using one-point nonlocal gradients and curls, thus aligning
with classical results. Their results are obtained using Fourier analysis for functions in a
periodic setting, a framework which could be more restrictive in applications. Here, the
decompositions obtained hold for two-point functions where the components satisfy a pri-
ori boundary conditions, a setup that is needed in applications. To our knowledge, the

@ Springer



Journal of Peridynamics and Nonlocal Modeling

results of this paper are the first nonlocal Helmholtz-Hodge domain decompositions that
hold in three-dimensions with nonhomogeneous boundary conditions. At first glance, the
two-point dependence of functions may seem counterintuitive or cumbersome, given that
most functions in applications assign an output to one individual point. However, a differ-
ent perspective could be provided by the fact that there is no “independent” way to measure
a quantity at a point, that everything is read and measured relative to a point of refer-
ence. Additionally, once a one-point function is given, one can easily transform it into a
two-point function following different approaches (see Section 3.5 for more details on the
implementation of this decomposition).
The significance and contributions of this paper can be summarized as follows:

® The Helmholtz-Hodge type decompositions for two-point vector fields along kernels
of nonlocal operators offer some of the first contributions in this direction for nonlocal
theories. The examples provided here provide a starting point into future theoretical
studies, and in applications, as nonlocal models gain more traction and visibility in
different models.

® The nonlocal decompositions are kernel-dependent, thus providing a versatile frame-
work for applications where interactions between neighboring points could be adjusted.

® The convergence results of Section 3.3 show connections with the classical theory of
differential operators, an aspect that has been investigated in many papers [16-18, 23,
25, 26].

® The proof of existence for potential fields given in Theorem 1 includes also a general-
ization of well-posedness results for nonlocal problems; see Remark 4 in Section 3.4.

The paper is organized as follows. In Section 2, we introduce the nonlocal operators and
their framework for which we will obtain the nonlocal versions of the Helmholtz-Hodge
decompositions. The main results of the paper are presented in Section 3, under two sets
of boundary conditions. In Section 3, we also present an example for a nonlocal decompo-
sition and perform a convergence analysis to the local setting. We conclude the paper with
some connections to existing results for well-posedness of nonlocal problems and a sub-
section on the implementation of decompositions for two-point functions in the nonlocal
setting.

2 Nonlocal Vector Calculus

In this work, due to the presence of curl operators (acting on vectors only), we limit the
analysis to domains in R” with n = 3. In the analysis of the Helmholtz decomposition, we
use the nonlocal vector calculus (NLVC) introduced in [10] and [19] and applied to nonlocal
diffusion in [8]. This theory is the nonlocal counterpart of the classical calculus for differ-
ential operators and allows one to study nonlocal diffusion problems in a very similar way
as we study PDEs thanks to the formulation of nonlocal equations in a variational setting.
In this work, we do not consider diffusion only, but we utilize additional nonlocal operators,
e.g., the nonlocal curl introduced in [10], to mimic the local Helmholtz decomposition. The
basic concepts of the NLVC and the results relevant to this paper are reported below.

The NLVC is based on a new concept of nonlocal fluxes between two (possibly disjoint)
domains; the derivation of a nonlocal flux strictly follows the local definition and it is based
on a nonlocal Gauss theorem (the interested reader may find the complete analysis in [10]).
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We define the following nonlocal divergence operators acting on zero-, first-, and second-
order tensors, respectively:

(Da 0¥) (%) := Jpz (W (x, ) + ¥ (y. X)) a(x, y)dy,
(Da1¥)(x) := foz (W (x, y) + ¥ (y. %)) - a(x, y)dy. (1)
(Da 2W)(x) == fp3 (W(x, y) + W(y, x))a(x, y)dy,
where ¥ : R" x R" — R is a scalar function, ¥ : R" x R" — R” is a vector function,
¥ R? x R" — R" x R” is a matrix function, and & : R” x R" — R” is an antisymmetric
function, i.e., a(x, y) = —a(y, x).
The corresponding adjoint operators with respect to the L>(R") duality pairing! are
defined as [10]:

(Di gv)(x, ) = (V(¥) — V(x)) - (x, y),
(D5 1v)(x, ») = () — v(x) ee(x, y), @)
(D;,z")(x’ y) = (v(y) —v(x)) @ a(x, y).

As in the classical calculus, we define nonlocal gradient operators as the negative adjoint of
divergence operators acting on ith-order tensors, i.e.:

goc,i =-Dy

o,
Then, as in the local case, we define the nonlocal diffusion operator £, acting on a scalar
function u as the composition of divergence and gradient operators, i.e.:

~ (Latt) (%) = Do 1 (Dy 1) () =2 /R ) —uy) (@ @)dy. G

Remark 1 For simplicity of notation in the sequel, we will drop the numerical subscripts on
the operators, unless necessary for clarity, and keep only the reference to the kernel.

Given a vector field u, we also define the nonlocal curl operator and its corresponding
adjoint as:

(Cou) (x) == /Rs a(x,y) x (u(x,y) +u(y,x))dy

“4)
(Caw) (x,y) = a(x, y) x (W(y) — w(x)).
For such operators, by substitution, we have:
Co (Cow) (x) = =2 fRS a x [(w(y) —w(x)) x a]dy 5)

or, equivalently:
Co (Caw) (x) = 2/3 (e ® &) (W(y) — w(x)) — (W(y) — w(x)) |ee|*)dy, (6)
R
where « is short hand notation of e(x, y). Furthermore, we have the following result:

Co (C;W) (x) = ’Doc,2(D:;,2W) - ,Da,O(ID;,()W) (7N

Note that, formally, this is the same expression as in the local calculus, i.e., for a vector field
r, Vx(Vxr) = V(V-r)+ V2r, where the latter represents the vector Laplacian. Moreover,

' As an example, for a vector field u and a scalar field v, the adjoint of a nonlocal operator A is defined as
(Au, v)pr = (U, A*V)Rn xR
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for any vector function w € L?(2) and scalar function ¢ € L?(2), both zero outside €2, it
was proved in [9] that:
Dy (Cow) (x) =0 ®)
and
Ca (Dag) (x) = 0. ®
Note that again both properties have equivalents in the local calculus.
Given an open subset 2 C R”, the corresponding nonlocal boundary is defined as:

F:={yeR"'\Q suchthat «a(x,y)#0 forsomex € Q} (10)

so that I consists of those points outside of €2 that interact with points in 2; see Fig. 1 for
a two-dimensional configuration in which the support of the kernel is a ball of radius § as
specified in Eq. 15.

For simplicity, we now focus on the divergence definition acting on vectors, namely
Dy 1, and report important variational results. Corresponding to such a divergence operator,
we define the action of the nonlocal interaction operator Ny (v): R — R on v by:

Na(v)(x) = —/ (vx,y) +v(y.x) alx,y)dy forxeT, (11)
Qur
and To(v): R" — R3 by
Ta(v)(x) ::/ (v(x.») +v(y.x) xa(x, y)dy, forxeTl. (12)
Qur

Note the main difference between local and nonlocal: in the former case, the flux out of
a domain is given by a boundary integral whereas in the latter case is given by a volume
integral. With D, and N, defined as in Egs. 1 and 11, respectively, we have the nonlocal
Gauss theorem [10]:

/Da(v)dx://\/a(v)dx. (13)
Q r

Next, let u(x) and v(x) denote scalar functions; then, the divergence theorem above implies
the generalized nonlocal Green’s first identity [10]:

vau(DZu)dx— / / D;U-D;udydx:/v./\/'a(l);u)dx. (14)

Q QuUI' QuUI r

Fig.1 The domain €2, the
induced nonlocal boundary I',
and balls of horizons § centered
at points inside the domain €2 and
on the boundary 92
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In [10], one can find further results for the nonlocal divergence operator Dy, including a
nonlocal Green’s second identity, as well as analogous results for nonlocal gradient and curl
operators. In addition, in the same paper, further connections are made between the nonlocal
operators and the corresponding local operators.

In applications such as mechanics, the nonlocal interactions are limited to a finite range,
usually much smaller than the size of the domain 2. Thus, the action of a nonlocal operator
at a point x € €2, the support of the kernel e, is limited to a neighborhood surrounding
that point; the standard choice of neighborhood consists in Euclidean balls (balls induced
by the €2 norm) of radius 8, usually referred to as horizon. More specifically, in this work,
we consider functions & : R” x R" — R” with very mild regularity constraints such that
a(x,y) e L2(R" x R") and that:

a(x,y) >0 ye Bs(x), x € Q,
(15)
a(x,y) =0 elsewhere.

As an example, the following « is a very simple example of kernels used to describe the
evolution of fractures in peridynamics modeling [28]:

y—x
a(x,y) = ——X(y € Bs(x)),
ly — x|
where X'(-) is an indicator function.
For kernels that satisfy Eq. 15, the associated nonlocal boundary I" (see definition in
Eq. 10) could be equivalently defined as:

F={yeR'\Q:3xeQst|x—yl <.

Nonlocal Boundary Conditions Due to nonlocality, when solving a nonlocal problem,
boundary conditions (i.e., conditions on the solution for x € 9€2) do not guarantee the
uniqueness of the solution, which can only be achieved by providing conditions on the non-
local boundary I". As an illustrative example, we consider the following nonlocal Poisson
problem for the scalar function u:

—Lqu=f xeQ,

for some f € L*(2). Uniqueness of u is guaranteed provided the following conditions are
satisfied:

D) u=v x € I'p;

(N) —Ne(Dau) =g xely, 10
where ' p Uy =T, Tp NIy =@, and v and g are some known functions in appropriate
functional spaces. The cases 'p = I" and I'y = T are also allowed; however, in the latter
case, the additional compatibility condition is required: [, f dx = [ g dx; moreover, the
uniqueness of solutions is only up to a constant (as in the classical case). We refer to (D)
and (N) as Dirichlet and Neumann nonlocal boundary conditions, respectively, due to their
resemblance to their local counterparts.
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3 Nonlocal Helmholtz Decomposition
3.1 Existence and Uniqueness of the Decomposition

The following theorem is the first nonlocal Helmholtz-Hodge type decomposition that we
present in this paper, in which the potential functions satisfy given nonlocal Dirichlet type
boundary conditions.

Theorem 1 For each two-point vector functionu(x, y) € L2(Qx ), there exist ¢ € L2()
and w € L%(2) such that:

u(x, y) = (Gep) (x, ¥) + (Caw)(x,y) +h(x, y), x,yeQ an

where h € Ker(Dy) N Ker(Cy), and provided the Dirichlet set of nonlocal boundary
conditions are satisfied:

o(x)=0 and wkx)=0 onT. (18)

Uniqueness of ¢ is guaranteed under (D) boundary conditions. Moreover, the decompo-
sition is orthogonal in L3(Q x Q).

Remark 2 In the classical Helmholtz-Hodge decomposition, the counterpart of the term h is
a harmonic function, whereas here we have thath € Ker(Dy) N Ker(Cy). In the nonlocal
setting with the operators defined as above, one could not consider Lyh, since h is a two-
point function. On a related note, the harmonicity of h in the classical decomposition is a
consequence of the following results:

culv=0 = v=Vy

and
divw=0 = w=curlypy
for appropriate functions ¢ and n and for domains that are simply connected. However,
those results do not hold in the nonlocal case as functions of the form C}v do not entirely
comprise the null space of the operator Dy, (see [10]).
In fact, without additional constraints on €2 and appropriate boundary conditions, one can
easily find nontrivial residual function h(x, y) € Ker(Dy) N Ker(Cy). For instance, let:

h(x,y):=y—x,

then we can confirm from Egs. 1 and 4 that Dyh = Cyh = 0.

In addition, under appropriate conditions, classical Helmholtz decompositions reduce to
the sum of only two terms (one curl-free, one divergence-free), so one needs one set of
boundary conditions imposed on either ¢ or w. Here, we have a three-term decomposition,
so the uniqueness is guaranteed by imposing that both potential functions ¢ and w vanish
on the boundary.

Proof We begin by extending the function u by zero:
u(x,y) =0 whenever x,yc€ R3 \ Q.

We proceed by showing the existence of ¢, followed by w, while deriving the conditions
that the term h must satisfy.
Step 1. Find the (gradient) potential ¢. Let ¢ be the solution to:

(La@)(x) = (Dgw)(x) in Q 19)
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under volume constraint (18), i.e., ¢ = 0 on I'. Note that ¢ exists and is unique under this
condition. Finding the solution to Eq. 19 is motivated by the observation that if one were to
have a three-term decomposition as in Eq. 17, then by applying Dy to both sides, we would
obtain:
(Da)(x) = (Do (Ga9) )(x) + (Da(Cw)) (x) + (Dyh) (x)

= (Da (Gag) )(x) + (Dgh)(x)

= (La@) @) 4+ (Deh)(x),
where Dy (Ciw) = 0in Q by Eq. 8 for any field w that is zero outside 2. Moreover, as we
will see below h € Ker(Dy).

Step 2. Find the (curl) potential w. Let w be the solution to:

Ca(Cyw) = Cqu (20)

with w = 0 on I'. The existence and uniqueness of such a solution is proven below.
The reason for choosing w be the solution to Eq. 20 is motivated by applying C, to both
sides of Eq. 17 to get:

(Cqu)(x)

(Ca (Ga) ) (x) + (Ca (CiW)) (x) + (Coh) (x)
= —(Ca (D) ) (x) + (Ca(CiW)) (x) + (Cah)(x)
= (Ca(Ciw))(x) + (Coh)(x)
= =2 [z x [(W(y) = w(x)) x a]dy + (Ceh) (x)
=2 [p3 (W(y) —w(x))(a - a)dy
+2 [pa (e ® ) (W(y) — w(x))dy + (Ceh) (%),

where we can use the property (9) that Cy (Da*go) = 0 as ¢ = 0 outside 2. In Step 3, we
will show that the function h belongs to Ker(Cy), which suggests finding w is equivalent
to the well-posedness for the following equation:

=2 [ (wi = we)iaPdy +2 [ @@ 0w - wi)dy = Carw. QD

where u(x, y) : R" x R* — R”" is given.
For the existence proof, note first that according to Eq. 6, Eq. 21 is equivalent to Eq. 20.
The corresponding weak solution w then satisfies:

(Cu (C;W), V)LZ(R”) = (Call, v)Lz(R”)’ vV E V‘x, (22)

where V, is a proper subspace of L? that will be defined below in Eq. 23.
Note that, by the definition of adjoint, we have that:

<Ca (C;W), V)L2(R”) = (C;W, C;V)LZ(Rn xRm)s
and
{((Cqu), V)LZ(Rn) = (u, C;(V))LZ(]R” xRm)*
Hence, we can first define a bilinear operator B(-, -) as:
B(w, w) := ((Cuw), (CuW)) [2(Rn xR

Note that B(:, -) is not coercive because K¢z := Ker (C;) is not trivial. More specifically,
its rank is equal to the one of K¢x = span{ec}. Therefore, we will restrict our function space
to be:

Vy :={ve L>(R") and v(x) = 0 for x € R" \ Q}/Keg. (23)
Then, on this function space Vy, we have the coercivity of B:

B(w, w) = ((Caw), Caw)) 2@n iy = IWI3
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with [w|2 := B(w, w).
Therefore, the weak form Eq. 22 becomes: find w € Vy, such that:

((C;W), (C;V»LZ(R”XR”) = (ll, (C;V»LZ(R”X]R”)’ Vv € Vo{- (24)

Because for an arbitrary givenu € L*(R" x R"), (u, (C:v)),2 (R xRy defines a bounded
linear functional with respect to any v € V,, we can apply the Lax-Milgram theorem which
guarantees the existence and uniqueness of the solution to Eq. 24 in V,, and hence to Eq. 20.

Note that the admissible function space stated in the condition of Theorem 1 is bigger
than V,, which is:

Ve i={ve L2®") and v(x) = 0 for x € R" \ Q},

so we are still one step away from the proof of the existence and uniqueness of the solution
to Eq. 20 under the condition of Theorem 1. e

The existence of the solution w is straightforward as the Vy C V. For the uniqueness,
from Eq. 24, it is sufficient to prove that w(x) = 0 for V x € QUT is the unique solution to:

Ciwy)(x,y) =0, xeQ, yeQUT,
wx)=0, xeTl.
Plugging (4) into above, we have a X (W(y) — W(x)) = 0, so w(y) — w(x) is parallel to
a(x, y), thatis:
w(y) —w(x) = A(x, ya(x,y), VxeQ, yeQUT
where A(x, y) is a scalar-valued function. Next, we employ w(y) = 0 for all y € T to get
—wW(x) =A(x,y)a(x,y) yel, andx € Q.

Now, we recall the properties of « given in Eq. 15, so we must require A = 0 and hence
w(x) =0forall x € Q.
Step 3. Find h. Define:

h(x, y) =u(x, y) — (Gup) (x, y) — (CuW)(x, y). (25)
Then, h satisfies:
Dyh = Dyu — Ly — Dy Chw = 0,
and
Coh = Cyu — CoGup — CuCow = 0.

Thus h € Ker(Dy) N Ker(Cy).

Step 4. Orthogonality. We will next show the mutual orthogonality of the three compo-
nents, Go = —Dj ¢, h, and C;w. By nonlocal integration by parts and using the boundary
conditions (18), we have:

/ h-Di(p)dydx = — / @Dy (h)dx + / oNy(h)dx =0,
[Qury? Q r

/ 2C(;"(W)~ha’ydx=—/w-C,,,hder/w.7;hdx=o_
[Qur] Q r

Similar computations also show:

/ Gap - Cy(w)dydx = 0.
qur Jaur

O
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Remark 3 Here we add a discussion regarding the existence of solutions for nonlocal sys-
tems involving the operators C and C};, as they appeared in Step 2 of the proof for Theorem
1 above. Suppose in general that « be an antisymmetric kernel « € L2[(R") x (R™)] with the
interaction collar I defined by Eq. 10 and A : L2(Q) - L3(Q)isa positive or negative
semidefinite symmetric linear operator such that ker(Ay) C ker(C). Then, the system:

Agw=v

has (at least) a solution if v = Cyf, for some vector field f € L2($2). Indeed, this statement
can be simply proved by the fact that:

Rng(Ay)* = Rng(.Az)J‘ = ker(Ay) C ker(C}) = Rng(Ce)™t.

where Rng denotes the range of a linear operator, L denotes orthocomplementation, and
where the second equality is proven in [10]. This implies that Rng(Ag) D Rng(Cy), which
guarantees the existence of solution w.

In the next theorem, we prove the existence of a decomposition, provided conditions on
the nonlocal normal or tangential component of u hold.

Theorem 2 For each two-point vector function u(x, y) € L>(Q x Q), there exist unique
¢ € L2(Q) and w € L*(Q) such that:

u(x, y) = (Geo) (x, y) + Caw)(x, y) + h(x, y), (26)

where h € Ker(Dy) N Ker(Co), —NoGoap = Nyu and ToCiw = Tqu. Moreover, the
decomposition is orthogonal and unique.

Proof The existence of ¢ and w can be proved using similar arguments as in Theorem 1.
Let p = Gy (¢(x)) and r = C}(w(x)); by nonlocal integration by parts, we have:

/ / (r+h)-pdydx
Qur Jour

- / / (C(w) + h) - D2 (p)dydx
QuUI JQuI

- [ oPuCaom +dx + [ pNaCow + hydx
Q r
= 07

f / r-(p+hdydx = / Ca(w) - (=Dj(¢) + h)dydx
Qur Jaur Qur Jaur

= / w - Cy (=D () + h)dx — / w - To (=D (¢) + h)dx
Q r
= 0.
To show the uniqueness of this decomposition, we assume:

ux,y) = Gapi(x) +Cowi(x) +hi(x,y)
= Ga2(X) + Cawa(x) + ho(x,y),

then taking a dot product with (Gy @1 (X) — G2 (X)) and integrating over Q U I yields:

Jour Jaur Ga@1 (%) — Gep2(X)) - (Ge@1 (X) — Ga@2(X))
+(Gap1(x) — Gup2(X)) - (Ciwi1(X) + h((X,y) — Cawa(x) — ha(x,y))dydx = 0.
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By orthogonality and nonlocal integration by parts:

/ / (Gap1(X) — Gap2(X))
aur Jaur
{(Caw1(x) +hi(x,y) — Cawa(x) — hy(x,y))dydx

=— / Ga1 (x) - (Cawa(x) + ha(x, y))d ydx
aur Jaur
—/ Ga2(x) - (Cowi(x) + hy(x,y))dydx
aur Jaur
= /lepa(C;(Wz) +hy)dx — /1" 01Ny (Cl(W2) + hy)dx

+/ ©2Do (Cy(wi) +hy)dx —/ @2 No(Ch(w1) +hp)dx = 0.
Q r

Therefore, / 1Ga91 (X) — Gap2(X)*dydx = 0 and Gug1 (X) = Ga2(X) ace.. Sim-
Qur Jour

ilarly, one can show that Cjwi(x) = Cjiwa(x) a.e. The above two equalities then yield

h;(x,y) =hy(x,y) ae. O

3.2 Example of Nonlocal Helmholtz Decomposition of a Field u

In this section, we provide an example of decomposition; we focus on functions that live on
the plane P = {x € Q@ C R3 : x3 = 0}. The two-point vector functionu : 2 x Q — R3, the
one-point scalar function ¢ :  — R, and the one-point vector function w : 2 — R? ¢ R3
(that is, the range of w could be embedded into ]R3). Hence, according to the definitions of
nonlocal operators (2) and (4), we have:

0
Ga)(x,y) : 2xQ > R> and Ciw)y:QxQ—> 1|0
R
These test functions of ¢ and w are chosen to be:
o(x) = x% and w:= (xoz> , 27
2
and the nonlocal kernel a(x, y) is chosen to be:
1 y—x Y1 — X1
a(x,y) = me(y € Bs(x)) = m y2 axz X(y € Bs(x)),
where Bs(x) denotes a disk on the plane.
Consequently, for G4¢ we get:
1l y-x/, 1 —(xi_)’?(xl -y
(Gap)(x, y) = 520y —x| ()’1 _xl) = 5y —x| —(xy — ylo)(xz - )
For C}w, it gives:
1 0
Ciw)(x,y) = =—— 0

3/2 _
By —xl\ (5 — (2 - D)
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The proposed u(x, y) = Go¢ + Cjw is equal to:

—(x? =y (1 —y1)
—(x7 =y —y) |- (28)
1 — x5 —x3)

u(x, y) = m

Now for given u in Eq. 28, we will follow the proof of Theorem 1 to solve for the pair ¢
and w defined in Eq. 27.

1. Find ¢. The corresponding nonlocal equation is:
2 .
(Lap)®) = / i —yDdy, inQ,
Bs(x)
volumetric Dirichlet B.C. for ¢,

where dy is restricted on the plane R2.
2. Find w. The corresponding nonlocal equation is:

y—x y—x

-3 W(y) —w(x)dy + & dy
Bs(x) By |y —x1 |y — x|
———— (1 — XD (2 — x) (3 — x3)dy
_ 2| JBx) ly — x| in R?
R -t —xddy |
T oW1 = X1) )y =X
By |y —xI? 22
volumetric Dirichlet B.C. for w,

where dy is again restricted on the plane RZ.
3.3 Convergence to the Local Limit

In this section, we study the limit of the operators involved in the decomposition as the
extent of nonlocal interactions vanishes. To this end, we consider kernels with support on a
ball or radius 8, called horizon or interaction radius, and we study the convergence behavior
as 6 — 0. For simplicity and clarity in the exposition, we consider an integrable constant
kermnel y = - a0 = lee|?, such that:

atx, y) = X0 € B, 29)
We study the limiting behavior of the operators in Egs. 19 and 22, i.e., L, and Cy(Co™)
respectively. While the limit of the nonlocal Laplacian £ has been widely studied [23], no
results have been proved on the limit of Cy (Cy™); thus, we proceed by analyzing the integral
in Eq. 6. First, we note that the second term is the vector Laplacian operator, for which we
already know that for some scaling ks:

ks Law(x) = Aw(x) + O(52).

— X
X

More specifically, for w = (w1, wa, w3), the first component of the vector Laplacian (the
other two are obtained in the same way) is given by:

4
—Loqwi(x) = —E(SS(wl,xm + Wi vy + W) + OG7),
SO

5
g5 Lawn () = Awi(¥) + 0.
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Thus, we analyze the other term in Eq. 6, i.e., / o @a(w(y) —w(x))dy. We expand the
n
integrand: for any vector v € R3, we have: :
ozfvl + a1V + ooz v3
aQav=| arxjv] + a%vz + ar03v3
a3 V] + a3aavy + (X§U3

Due to symmetry, we only study the first component; we have:

2/ [0 (w1 (y) — wi(x)) + a2 (wa(y) — w2 (%)) + arez(w3(y) — w3(x))]dy

R”
=I1+11+1I1.

We analyze each term separately. Due to the compact support assumption on &, we have:

1_2/ 01 = |2 " (1) — wi Ny

Bs(x)

h2
=2 / ﬁ(wl(x +h) — w;(x))dh
Bs(x)

h3 1 1
=2 / e L (Vwi(x)-h+ 2hTV2w1(x) + 6V3w1(x)[h h, h] + O(§"))dh
Bs(x)
It can be shown that, due to symmetry, the odd order derivative terms have no contribution,
in fact, their corresponding integral values are 0. We analyze the term with the Hessian:

h% 1 T2
2 | i gt Viwi@hdh
By(x)

h2
= / 2 (h1w1 xixv F 2h1how yyx, + 2R1A3W1 5 xy
Bs(x)

+ B3W1 xyxy + 2h2B3W1 xyxy + h3WT 151s) dh

=A+B+C+D+E+F.
We treat each term separately. It can be shown that B = C = E = 0; furthermore,
4 4 5 4r
A= gs W1,x1x1 s D = %8 W1,xpx7 F = 755 W1, x3x3+
Applying a similar procedure to /7 and /11, we have the following:
I1+11+111
471
25

471 8
S5 Aw; + L85V (V - 87
=75 1+ 25 8VV W) + 060,

T
+ ——8%w3 1y + O©7)

8 8
stl,x3x3 + 785w2,x1xy 75

4
5
8 wl,xzxz + = 75

4
5
—4 wi x1x1+ 75

75
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In summary, the first component of Cy (Co *W)(x) is given by:

(Ca(Ca™w)), = E%T(SS[(V(V W) = Awy) = Awy |+ O@T)

8
- %55 [v X (V X W) — Awl] + 0.
Note that this is not consistent with the first component of the local operator; thus, we
conclude that:
k Cy(Cy™W) — V x (V x W) — Aw,

75 . )
where k = Fr and the convergence rate is of O(§4).
T

In conclusion, the convergence of the scaled nonlocal operator k Cq (Cy* W) to its classical
counterpart V x (V x w) holds only on the space of harmonic functions w.

3.4 Connections to Other Results in the Literature

In [23], the well-posedness of the linearized peridynamics equilibrium system:

- / Cly —x) (w(y) —w(x))dy = b(x), (30)
Bs(x)NS

is established for § > 0, where w(x) denotes a displacement field, and where b(x) is a
given loading force density function and C(&) is the micromodulus tensor defined by:

p (&)
&%)
The functions p and Fy are given radial functions and their properties determine the well-
posedness of Eq. 30. We mention the works of [23] and others (see for example [2, 9, 13-15,
19, 29]) for well-posedness theory in the case where Fy = 0, although [27] argues that
the condition Fp = 0 is too restrictive for equations of motion for bond-based materials.
Moreover, Eq. 30 defines a nonlocal boundary value problem with Dirichlet-type volumetric
boundary conditions and approaches the Navier equations of elasticity with Poisson ration

1/4 as § — 0 (see [9, 14]). Well-posedness is studied in the function space:

Ceé =2 §QE&+2F(I5DL (€29

S(Q) = 1we L*(Q:RY):
2
y—x
/ p(y —x|) ‘|y_x| ~(w(y) —w(x))| dydx < oo
QxQ
Whenver p is singular, S(£2) is equivalent to a fractional Sobolev space, a proper subspace
of L2(§2) (see [10] and references therein).
We can reformulate (21) to (30) by selecting appropriate «. In particular, we are
interested in the prototype kernels:
y—x

o= —
ly —x|1+B

X(y € Bs(x)),

where B = B(d) > 0. By letting £ = y — x, the formulations (21) and (30) agree and a
simple calculation finds:

1
—5 = Fo(&D. (32)

p(&]) = P

@ Springer



Journal of Peridynamics and Nonlocal Modeling

For reference, the simple calculation is included below. Consider the tensor:
a@a—o-al

Letting £ = y — x, we have:

o y—x y—x y—x)-(y—x)
a@a ool = T Oy R [y —x20P
1 £-&
- |tg-|2(l+[3)E ®§ + |E|2(1+[3)
1
= &7 151 Pe &+ &P

1
&2

Remark 4 The identity (32) implies that the results in [23, see Thms 4.2 & 4.5] cannot be
used to obtain unique solutions to Eq. 21 for a given u. That is, the results of [23] apply in
two scenarios. The first scenario® requires Fp € L}o . (R?) while |& 2 p) e Llla . (RY). This
would require B < d +2, while simultaneously having B < d. In the Sobolev scale, we take
B =d + 2s, fors € (0, 1); hence, this scenario is not fruitful. The second requires Fy to
have zero mean value and for p € L 11(;5- (R4) and does not apply to the work presented here.
Therefore, the results from Theorems 1 and 2 lift previous restrictions mentioned in [27].

1
p(EDE ® & + Fo(IEDT = EC(E)'

3.5 Implementation of Results in Applications

In this paper, we produced the Helmholtz decomposition for two-point functions u(x, y).
To motivate the applicability of the results, we first offer some comments regarding the
implementation.

First, the input of a function could be seen as a two-variable argument in which one of the
points being fixed, as a point is identified by being referenced to another one (usually, taken
to be the origin). Thus, f(x) is really f(x, 0); so, our results could be seen as decompositions
for functions evaluated at x, when y is the reference point, which would be generalizations
of results in the conventional setting where we only track the variable x with y assumed to
be the origin.

A possibly more interesting argument in favor of studying two-point functions (espe-
cially in nonlocal settings) is that starting from a one-point function v(z) (usually provided),
one can easily generate a two-point function u(x, y) to which the decomposition results
would apply, by simply taking:

1
u(x,y) = 7 (v(x) +v(y)),

u(x, y) :=v(x —y),
or
ux, y) :=vX)y(x —y),

’Note that the assumption |£|%p(£) € L}OL,(R‘]) is a simplification of the requirement that
2
lim % =0.

30 f E12p(&)dE
Bs(0)
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where 1 is a given scalar function that possibly measures the interaction between x and y.
The choices here are infinite; however, the context of the application, physical or mathe-
matical considerations could be invoked to choose a suitable candidate. In fact, for a single
given one-point function, one may desire to obtain a set of decompositions for different two-
point functions generated by the initial one, each of these two-point functions capturing a
different type of interaction or behavior.

We conclude with some comments regarding the importance and applicability of nonlo-
cal calculus. The introduction of nonlocal operators that follow a consistent set of properties
and rules is important in theoretical problems, as well as in numerical simulations. For
theoretical results, duality and “integration by parts” results are important for a variety of
estimates that yield well-posedness, asymptotic behavior, and properties of solutions, in
a similar way in which these theorems are obtained in classical (differential) framework.
Cancellations of terms that result from identifying the kernels of operators and their decom-
positions are critical in obtaining theoretical results, as well as in numerical applications.
The applications of classical Helmholtz-Hodge decompositions offer us a roadmap in this
direction, as spaces of functions can be decomposed in curl-free and divergence-free com-
ponents leading to a variety of methods and implementations in graph theory, imaging, and
fluid dynamics [3, 4, 21, 22]. There have already been several nonlocal models for fluid
dynamics which involve the newly developed nonlocal calculus [11, 12], for which solutions
with low regularity are allowed. A natural step forward is finding suitable decompositions
of vector flows which would enable further theoretical and numerical developments.
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