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Abstract. We analyze the well-posedness of an anisotropic, nonlocal diffusion equation.
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a class of fractional-order operators and present rigorous estimates for the solution of the
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1. Introduction

Nonlocal models have become a preferred modeling choice for scientific and engineer-
ing applications featuring global behavior that is affected by small scales. In particular,
nonlocal models can capture effects that classical partial differential equations (PDEs) fail
to describe; these effects include multiscale behavior and anomalous transport such as su-
perdiffusion and subdiffusion. A nonlocal equation is characterized by integral operators
acting on a lengthscale or “horizon”, describing long-range forces and reducing the regular-
ity requirements on the solutions. Engineering applications include surface or subsurface
transport [3,4,21,30,31,47,48], fracture mechanics [29,34,52], turbulence [32,41], image
processing [1,11,27,35] and stochastic processes [6,13,37,39,40].

In this work we focus mainly on nonlocal operators of fractional type, of the form

Lon=2,(Ax)Y,,), with w o< [x —y[T" (1.1)

and their use in models for solute transport. As reviewed carefully in Section 2, A(x) de-
notes a diffusion tensor and 2, and ¥, denote weighted nonlocal divergence and gradient
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operators, respectively, with weight function w. Modeling and simulation of surface and
subsurface transport is challenging due to the inevitable heterogeneities of the media which
generate, at the continuum scale, diffusion processes that exhibit transport rates which may
be faster or slower than those described by the classical integer-order diffusion equation.
While at the smaller scales a local PDE model may be able to accurately describe diffusion
processes by explicitly embedding the heterogeneities in the model parameters, at the con-
tinuum scale, such models may fail to do so. In contrast, a fractional-order model using
an diffusion operator of the form (1.1) may act as a homogenized model that encodes the
heterogeneities of the medium in the integral operator itself. Several fractional models
have been proposed in the literature for such applications; we refer to [54] for an extensive
review. The problems we study in the present work serve as a novel models for anisotropic,
anomalous transport.

Though significant progress has been made in the analysis and simulation of nonlo-
cal equations, many modeling and computational challenges still remain. Among those,
we mention the expensive computational cost [2,9, 12,19, 44, 53, 55], the identification
of optimal model parameters or kernel functions [7, 17, 18, 28, 42,43, 56-58], and gaps
and open questions within the nonlocal and fractional calculus theories [14,49-51]. One
focus of this work is on such theoretical gaps in the analysis of the so-called weighted non-
local operators, their connection to fractional operators and on the well-posedness of the
corresponding diffusion problem. The connection between nonlocal and fractional opera-
tors, investigated for the first time in [10] and [16], was studied extensively in the recent
work [15]. There, the authors introduce the notion of a unified nonlocal vector calculus
for scalar functions and introduce a universal nonlocal Laplace operator that includes, as a
special cases, the well-known fractional Laplace operators and other variants of the latter.
Variational results of the unified calculus allow the extension of the well-established the-
ory of unweighted operators [23] to weighted nonlocal operators and, more specifically,
operators of fractional-order vector calculus.

We continue this effort by providing conditions for well-posedness for problems involv-
ing anisotropic nonlocal weighted operators, with a special focus on fractional operators of
the form (1.1) for which we establish well-posedness.

Our major contributions are:

1. The extension of results presented in [15] to the parabolic case.

2. The well-posedness analysis of the elliptic and parabolic anisotropic nonlocal diffu-
sion problem and, for the fractional case, the well-posedness of such problems for
fractional orders s € (0, 1).

3. The well-posedness analysis of an anisotropic nonlocal transport (advection-diffusion)
equations and, for the fractional case, the well-posedness of such problem for frac-
tional orders s € [0.5,1).

4. The application of (3) to surface and subsurface solute transport.

Outline of the article In Section 2 we recall important results of the unified nonlocal
calculus and we extend the well-posedness analysis presented in [15] to the time-dependent
case. In Section 3 we introduce the anisotropic Poisson equation involving the operator
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(1.1), introduce an equivalent unweighted diffusion operator by proving the existence of
a symmetric equivalence kernel, and extend variational results of [15] to the anisotropic
case. In the same section we also rigorously prove the well-posedness of the corresponding
fractional-order problem. In Section 4 we introduce the anisotropic parabolic problem
for (1.1) and analyze its well-posedness; we also provide an a priori estimate for the its
solution and specialize it for the fractional case. Section 5 deals with anomalous transport
of solutes in the surface or subsurface. Here, we prove the well-posedness of the anisotropic,
anomalous advection-diffusion problem for both the general and fractional case. In Section
6 we summarize our results and contributions.

2. Notation and previous results

In this section we recall the definition of weighted and unweighted nonlocal operators
with special emphasis on the case of fractional kernels. This review is based on Section 2
of [15]; as we recall those results, we also extend them to the time-dependent, parabolic
case.

2.1. Unweighted operators and corresponding volume-constrained problems

Let @ : R" x R" —» R", for n = 1,2, 3, be an anti-symmetric two-point vector function.
For v: R" x R" — R", the nonlocal unweighted divergence v : R" — R is defined as

2v(x) := J (v(x,y) +v(y,x)) - a(x,y)dy. 2.1
]er

For u : R" — R the nonlocal unweighted gradient, 4u : R" x R" — R", the negative adjoint
of (2.1) [24], is defined as

YGu(x,y) = (u(y) —u(x))a(x,y). (2.2)

The nonlocal unweighted Laplacian is defined as the composition of unweighted nonlocal
divergence and gradient, i.e.

Lu(x) =29u(x) = 2J (u(y) —u(x))y(x, y)dy, (2.3)
RH

where the nonnegative kernel y is given by y = a-a.

In order to define a diffusion problem in a bounded domain Q2 C R", by definition of
“u(x), it is necessary to evaluate u(x) for x € R™ \ 2. We refer to conditions on u in
the exterior of the domain as exterior conditions or volume constraints. With this in mind,
the strong form of an unweighted nonlocal diffusion problem is given by: for f : Q@ — R,

For a discussion on sign-changing kernels and nonsymmetric kernels, see [38] and [13], respectively.
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uy:2— Rand g:R"\ Q— R, find u such that

eu(x,t) = Lulx,t) + f(x,t), (x,t)eQx(0,T)
u(x,t) =g(x,t), (x,t) eR"\ Q (2.4)
u(x,0) =up(x), x €0

where the second condition in (2.4) is the nonlocal counterpart of a Dirichlet boundary con-
dition for PDEs and it is referred to as Dirichlet volume constraint* or an exterior value condi-
tion. The work [13] shows that such condition is required to guarantee the well-posedness
of (2.4). For simplicity and without loss of generality we analyze the homogeneous case
g = 0; all the results below can be extended to the non-homogeneous case using “lifting”
arguments (see, e.g., [17]).

To obtain the variational form of equation (2.4), we apply the following nonlocal form
of the first Green’s identity, introduced in [24]°:

f—.‘fu(x)v(x)dx =J J Yu(x,y) 9v(x,y)dydx + J 2(9u)(x)v(y)dx. (2.5)
Rf‘l n
Q

R7\Q

Multiplying (2.4) by a test function v such that v = 0 on R" \ Q and integrating over the
domain  yields, for all t > 0,

O=J(atu(x,t)—.ffu(x,t)—f(x,t))v(x)dx (2.6)
Q
= J deulx, t) v(x)dx +J J Yu(x,y,t) - 9v(x,y)dydx 2.7)
Rn Rn
Q

+ J @(%u)(x,t)v(x)dx—ff(x,t)v(x)dx,
Q

R7\Q

where the integral over R" \ Q on the right-hand side is zero due to the properties of v.
Given a function space S with norm || - ||, we define the space L?(0, T;S) as follows

L?(0,T;S) = {w:R" x R — R such that w(-,t) € S VY t > 0, and ||w(-, t)||s € L*(0, T)}.

Then, the weak form of the nonlocal diffusion problem reads as follows. For f € L2(0, T; Vo (R™),
find u € L2(0, T; Vo(R™)) such that

Cou,v)+ B(u,v) =Z(v), Vve Vp[R"Y), 2.8)

*For definition and analysis of Neumann volume constraints we refer to [23] and for their numerical treatment
we refer to, e.g., [20].

$Note that [24] introduces the first Green’s identity for operators whose kernels have support Bs(x), for § > 0.
Equation (2.5) corresponds to the case 6 = 00, of interest in this work. The same result, solely for fractional
operators, was also proved in [22].
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where (-, -) indicates the L? inner product over €, and

B(u,v) = J J Yu(x,y) 9v(x,y)dydx,
Rf‘l Rf‘l

2.
7o) =f () dx, @9
Q
Vo(R™) = {v € L2(R") : ||v|| < oo and V|gm\q = 0}.
Here, the energy norm |||-|| is defined as
Ivil* = f f |9v(x,y)I>dy dx, (2.10)
RH n

and the space V) is the dual space of V. Note that the bilinear form 98(,-) defines an
inner product on V,(R™) and that llull?> = #(u, u). This fact implies that the bilinear form
is coercive and, hence, weakly coercive. Together with the continuity of # and &, this
yields the well-posedness of the weak form (2.8) [13].

2.2. Weighted operators and corresponding volume-constrained problems

We let w : R" x R" — R be a nonnegative, symmetric scalar function known as the
weight function. For v : R" — R", the nonlocal w-weighted divergence 2,v : R™ — R is
defined as

PD,v(x) = D(w(x,y)v(x))

(2.11)
= f (w(x,y)v(x) + w(y, x)v(y)) - alx,y)dy.
Rn

For u : R" — R, the nonlocal w-weighted gradient, negative adjoint of the divergence [24],
9, u:R" — R" is defined as

Yulx):= J w(x,y)9u(x,y)dy
R (2.12)

= J w(x, y)(u(y) —u(x))a(x,y)dy.
Rn

As in the unweighted case, we define the nonlocal w-weighted Laplacian as the composition
of (2.11) and (2.12), i.e.,

2 ulx)=9,%9,u(x)

= JRn [w(x,y) . w(x,2)(u(z) —ulx))a(x,z)dz 2.13)

+w(y,x) J w(y,2)(u(z) —u(y))a(y,Z)dZ] -a(x,y)dy.
Rn
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Using the symmetry of w, we can further write
ZLoulx) = J w(x,y) U w(x, 2)(u(z) —ulx))a(x, z)dz
R" R"

+J w(y,Z)(u(Z)—u(y))a(y,Z)dZ]~a(x,y)dy. (2.14)
Rn

Remark 2.1. We have reviewed the definitions (2.11), (2.12), and (2.13) assuming that
w is a symmetric, scalar valued function. In Section 3, we consider the case when w is a
nonsymmetric tensor. Definitions (2.11), (2.12), and (2.13), but not the simplification (2.14),
may be utilized for this case with products of w and vectors being interpreted as matrix-vector
multiplication.

As for the unweighted case, problems defined on bounded domains involving these
operators require a volume constraint on the exterior of Q2. We introduce the strong form
of a weighted, nonlocal diffusion problem with homogeneous volume constraints. For f :
Q- Rand ug: 2 — R, find u such that

Jeu(x,t) =L, u(x,t)+ f(x,t), (x,t) e x(0,T]
u(x,t)=0, (x, ) eR"\Qx(0,T] (2.15)
U(X,O):LLO(X), xen

where the second condition in (2.15) is still referred to as Dirichlet volume constraint. Next,
by multiplying (2.15) by a test function v : R" — R such that

v=0inR"\ Q, (2.16)
and integrating over the domain 2, we have the following weak form:

J (Geu(x, t)— L u(x,t) — f(x,t))v(x)dx =0, for all t > 0. (2.17)
Q

The work [15, Theorem 5.1] introduced the following weighted nonlocal Green’s first iden-
tity
J -2 ulx)v(x) dx = J G, u(x)-94, u(x)dx + J DY u(x)v(x)dx. (2.18)
Q R" R™\Q

By substituting the latter in (2.17), we obtain
J deu(x, t)v(x)dx + f G u(x,t)- 9, u(x,t)dx
Q Rn

+J D9, ,ulx,t)v(x) dx—J flx,t)v(x)dx =0. (2.19)
R7\Q Q
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By (2.16), the integral over R™ \ 2 on the left-hand side is zero. Thus, the weak form of the
nonlocal diffusion problem reads as follows. For f € L2(0, T; (V52) (R™), and ug € VS (R™),
findu € L%(0, T; V3’ (R™) such that

G, v) + B, (u,v) = F(v), Yve VSR, (2.20)

where
B, v) = f Gott(x) 9, v(x)dx,
]Rn

(2.21)
Ve (R™) = {v € LA(R™) : [V, < 00 and v|gmq = 0},
and where the weighted energy is defined as
vl = J |9, v(x)? dx. (2.22)
Rn

The well-posedness of problem (2.20) follows when an equivalence relationship can be
established between weighted and unweighted operators, as we summarize in the next
section.

2.3. The equivalence kernel

The equivalence theorem between weighted and unweighted operators proved in [15]
provides an equivalence kernel y,, that, for given @ and w, guarantees that & = <. In
what follows, we summarize the main result and its consequences.

Theorem 2.1. [15, Theorem 4.1 ] Let 9, and ¥9,, be the operators associated with the sym-
metric scalar weight function w and the anti-symmetric function a. For the equivalence kernel

Y eq defined by

2Yeq(x,y; 0, @) = J [w(x,y)alx,y) - w(x, z)a(x, )
Rn

+ CO(Z, y)a(z, y) : Cl)(x,y)a(x,y) (2.23)

+ow(z,y)a(z,y) wlx,2)a(x,2z)]dz,

the weighted operator £, = 9,,%9,, and the unweighted Laplacian operator ¥ with kernel
Yeq are equivalent, i.e. £ = <Z,,.

This result, and the weighted nonlocal Green’s first identity, imply the following impor-
tant variational equivalence.

Theorem 2.2. [15, Theorem 5.2 ] For y.q(x,y; w, @) defined as in (2.23), the variational
forms associated with weighted and unweighted nonlocal operators are equivalent. That is, for
allv=0inR"\ Q,

B(u,v) =J f Yu(x,y)-9v(x,y)dydx =J Y. u(x)9,v(x)dx = B, (u,v).
R o (2.249)
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An immediate consequence of this theorem is the equivalence of weighted and un-
weighted energies, i.e.

IviIi* = B, v) = B,(v,v) = VI, (2.25)

More importantly, the variational equivalence allows us to extend the unweighted well-
posedness results to the weighted case, anytime the equivalence kernel y.q induces an
unweighted coercive bilinear form A(-,-), see [15] for a discussion.

2.4. The special case of fractional operators

In this work, we are interested in the case of fractional operators. In this section we
recall their definition and specify the choices of a@ and w for which the weighted fractional
Laplacian is equivalent to the standard fractional Laplacian.

The (Riesz) fractional Laplacian is defined as [33]

(—AYu=C ux)—uy), (2.26)
" Jon Ty

where
c 4T (s + %)
M n/2|0(=s)|
The weighted fractional gradient and divergence operators are defined as [36,45,49-51]

(2.27)

gradu(x) = | [u(0)—u()] =L —1 gy,

R lx =yl lx —y|mts

div'v(x) = J Vo) —vy)] =L 1
- x—ylx—y

(2.28)

dy.

We summarize in the following theorem several results proved in [15].
Theorem 2.3. Let v € H*(R?) and u € H*(RY). For the weight function and kernel

y_
ly —x|’

w=Cylx =y, a(x,y)= (2.29)

where C,, is the constant” defined as [15]

_ 2ssin(ms/2)

s+1
= T3 10,51d 6 (2.30)

|6]=1,6,>0

the fractional divergence and gradient operators can be identified with the weighted nonlocal
operators,
div’v(x) = 2,v(x)
(2.31)
grad’u(x) = 9,,u(x).

"The constant C,, may be expressed as G,/+/—D, in the notation of [15].
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Furthermore, a(x,y)w(x,y) = (y —x)|y —x|[~"+D implies that

Cn,s 1
2 |x _y|n+28’

Teq(X,¥) = v (x,¥) =— (2.32)
where FL stands for “fractional Laplacian” and C, ; is the defined as in (2.27). Then, for
u € H*(R"),

Lu=Lu=—(—A)u. (2.33)

In words, the fractional gradient and divergence are special instances of weighted gra-
dient and divergence operators, for special choices of @ and w, and their composition is
equivalent to the standard fractional Laplacian operator.

Remark 2.2. The corresponding weighted and unweighted diffusion problems are both well-
posed in L%(0, T; HG,(R")) where Hy(R") = {v € H*(R") : v|gn\o = 0}. This follows from
the coercivity of AB(-,-) for v = yp [15] and from the variational equivalence in Theorem
2.2. More precisely, on one hand, the fact that the bilinear form %(-,-) associated with yp;
defines an inner product on H,(R") guarantees the well-posedness of the unweighted parabolic
problem. On the other hand, the variational equivalence guarantees that the weighted bilinear
form B, (-,-) associated with w and a defined as in (2.29) is equivalent to %B(-,-). This fact
implies that the weighted parabolic problem is also well-posed in L(0, T} HE (R™)).

3. Well-posedness of anisotropic nonlocal Poisson problem

In this section we focus on the elliptic equation for the more general case in which
the diffusion operator is anisotropic. This case corresponds to the introduction of a space-
dependent diffusion tensor for which the theory reviewed in Section 2 is not sufficient to
guarantee existence and uniqueness of solutions. The analysis conducted in this section
generalizes several results proved in [15] to the anisotropic case; these include existence
of a symmetric equivalence kernel and a generalized Green’s first identity for operators of
the form 2, (A(x)¥,,), and a variational inequality that guarantees the well-posedness of
the corresponding anisotropic volume constrained problem under certain conditions. We
utilize this to prove well-posedness for the specific case of fractional operators.

3.1. Equivalence kernels and Green’s identity for anisotropic weighted nonlo-
cal operators

We first introduce the anisotropic diffusion tensor and the corresponding nonlocal op-
erator: let

A:R" - R" x R" be bounded, measurable, symmetric and elliptic, (3.1)
i.e. there exist 0 < A, < Ap.x < 00 such that for all ve R" and x € R",

Amin|V]? < V-AX)V < Aax V12 (3.2)
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This implies the existence of a tensor-valued function A2 (x) such that A2 (x )A% (x) =A(x).
We define the anisotropic nonlocal weighted Laplacian as

Lesatl(x) = 2,(A(x) G, u(x)). (3.3)

The following lemma shows that the tensor A can be included in the weight function w so

that £,,.4 can be equivalently written as £ for & = Az, Tt is important to note that,
by construction, the weight function & is nonsymmetric, i.e. @&(x,y) # @(y,x), unless
A(x) = Const., and that & is also a tensor. In Section 2.2, we assumed that the weight
was symmetric, but the same operators and may be defined for nonsymmetric weight, and
we utilize the same notation, e.g., for the diffusion operator £ for the diffusion operator
(2.13) with nonsymmetric weight é&.

Lemma 3.1. Let A satisfy (3.1) and a and w be an anti-symmetric vector function and a
. . . ~ 1
symmetric scalar function respectively. Then, for o = A2 w,

Loau(x) = 2,(Alx)9G,,u(x)) = Lu(x). (3.4
Proof. We explicitly compute the composition of weighted divergence and gradient.
D (Ax) Y, u(x)) = 2(w(x, y)A(x )Y, u(x))

= f [e(x, y)A(x)YG,ulx) + w(y, x)AY)Y,u(y)]-alx,y)dy
RH

= f [w(x,y)A(x)f w(x,z)%u(x,z)dz]-a(x,y) dy
Rn

Rn
+J [w(y,X)A(y)J w(y,Z)%u(y,Z)dZ]-a(x,y)dy
Rn Rn
= J [w(x,y)A%(x)J w(x,z)A%(x)(gu(x,z)dz] -a(x,y)dy
RH RH
+J [w(y,x)A% (y)J w(y, 2)A? (y)%u(y,z)dz] ca(x,y)dy
Rf‘l Rf‘l
= J [&S(x,y)J &S(x,z)%u(x,z)dz] -a(x,y)dy
Rf‘l Rf‘l
+J [&(y,x)J cZ(y,z)‘yu(y,z)dz] -a(x,y)dy
RH RH

= @‘;S%u(x), by (2.13).
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Having established that the addition of a space-dependent diffusion tensor corresponds
to having a nonsymmetric weight function in the nonlocal Laplacian operator (2.13), we
show that the corresponding weighted Laplacian still admits a symmetric equivalence ker-
nel. Note that the arguments below hold also when w is a tensor.

Lemma 3.2. Let the weight function w be two-point function, not necessarily symmetric, i.e.

w(x,y) # w(y,x). Then, there exists a symmetric equivalence kernel y.q such that

Do (Y,ulx)) = ZJ (u(y) —u(x))yeq(x,y; w)dx, (3.5)
Rn

where y.q(x,y; w, @) is a symmetric function of x and y.

Proof. First, we derive the equivalence kernel corresponding to a nonsymmetric weight.

D Goou(x) = J(w(x,y)%U(x) +o(y, x)9,uly)) - alx,y)dy

Rn

= f [w(x,y)J w(x,2)(u(zg) —ulx))a(x,z)dz
Rf‘l

Rn

+ w(y,X)J w(y,2)(u(z) —u(y))a(y,Z)dZ] -a(x,y)dy
Rn

= J J(u(z) —u(x))w(x,y)wlx,2)a(x,z) alx,y)dyds (3.6)

R R

+ J J(u(Z) —u(y))o(y,x)o(y,z)a(y,z)  alx,y)dyds. 3.7)

R" Rn
Let the integral in (3.6) be I and the one in (3.7) be II. We have, by self-adjointness of
w(x,y),
I= J J(H(Z) —u(x))w(x,2)a(x,z)  w(x,y)a(x,y)dydz

R Rn

= J(u(Z) —u(x))ow(x,z)a(x, ) J w(x,y)a(x,y)dydz
Rn Rn

= J(u(Z) —u(x))y(x,y)dz,
Rn

where we have defined v;(x,2) = w(x,2z)a(x,2) - f w(x,y)a(x,y)dy. Next, by self-
RTI
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adjointness of w(y, x),

v J J (u(z) —u(y))e(y,2)aly,2) - oy, x)alx,y)dydz

Rn Rn
= J J(u(Z) —u(x))w(y,z)a(y,z) o(y,x)a(x,y)dyds
Rn R
+ J J(u(X) —u(y))o(y,z)aly, ) o(y,x)a(x,y)dyds.
Rn Rn

Switching y and 2 in the first integral, and employing the anti-symmetry of a, we find

"= J J (u(z) —u(x)w(y, 2)aly,2) oly,x)alx,y)dyds

R Rn

+ J J(u(x) —u(2))w(z,y)a(z,y)  w(z,x)alx,z)dxdz

Rf‘l Rf‘l
= J J(U(Z) —u(x))w(y,2)a(y,2)  o(y,x)a(x,y)dydz
ke R
+ J J(u(z) —u(x))w(z,y)a(y,2) w(z,x)a(x,z)dzdy
R Rn

= J(u(Z) —u(x)) J [w(y,2)a(y,2) - w(y,x)alx,y) + w(z,y)a(y, 2) - w(z,x)a(x,z)]dydz
Rn Rn

= J(u(Z) —u(x))yr(x,2)dz.
Rn

Above, we have put

ri(x,2) = J[w(y,z)a(y,Z) co(y,x)a(x,y)+ w(z,y)aly,2) o(z,x)a(x,z)]dy
Rn

= J w(y,z)a(y,z)  w(y,x)alx,y)dy + o(z,x)a(x,2) - J w(z,y)aly,z)dy
Rn Rn
= 711,(%, 2) + 11, (x, 2).
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We next show that y*(x, 2) = y;(x, 2) + y;;(x, 2) is symmetric. Using antisymmetry of a,

v (z,x) = w(z,x)a(z,X)J w(z,y)a(z,y)dy +J w(y,x)a(y,x)w(y,z)a(z,y)dy
RH RH
+ w(x,z)a(z,x)-J w(x,y)a(y,x)dy
Rn
= w(z,x)a(x,Z)J w(z,y)a(y,z)dy +J w(y,x)a(x,y)w(y,z)a(y,z)dy
RH RH
+a>(x,z)a(x,z)-J w(x,y)alx,y)dy
RH
= w(z,x)a(x,Z)-J w(z,y)a(y,z)dy +J w(y,z)a(y,z) w(y,x)a(x,y)dy
RH RH
+a>(x,z)a(x,z)-J w(x,y)alx,y)dy
RH
=111, (x,2) + 7y, (x,2) + 7,(x, 2)
=7"(x,2).
Then, (3.5) follows by setting y¢q = 27™. m|

We now introduce the anisotropic nonlocal Poisson equation. For f : Q — R, we seek
u:R"™ — R such that

{—.,%w;Au(x, t)=f(x,t), xeN 38)

u(x)=0, x €R"\ Q.

As usual, a form of Green’s first identity is required to introduce a weak form for the
equation above. The next theorem extends the weighted nonlocal Green’s identity to the
anisotropic case.

Theorem 3.1. Let £, 4 be defined as in (3.3). Then,

— J Lpaulx)v(x) dx = J 4. v(x)Ax)9, u(x)dx + J 2,(A(x)¥9, u(x))v(x) dx
Q

Rn RM\Q
(3.9)

Proof. We first note that by combining the left-hand side of (3.9) and the second term
on the right-hand side of the same equation, we have:

J.wa;Au(x)v(x) dx + f P,,(A(x)9, u(x))v(x) dx = f 2,(A(x)¥9, u(x))v(x) dx.
Q

RU\Q Rn
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We compute explicitly the right-hand side of the equation above, using the definition of
weighted operators,

f Do (Alx )G, u(x))v(x) dx = J 2 (e(x,y)A(x)Y,,u(x)) v(x) dx

R" Rn
= J f [w(x, ¥y)A)Y,,ulx) + w(y, x)JAY)Y,uly)] - alx, y)v(x) dydx

R R™

= J f w(x,y) fA(x)w(x,z)%u(x,z)dz + fA(y)w(y,z)%u(y,z)dz

R Rn Rn Rn
~a(x,y)v(x) dydx

= J J J w(x, y)A(x)w(x,2)%u(x,2) - alx,y)v(x)dzdydx

R" R R

+J J J wlx, YAY)w(y,2)%u(y,2) - alx,y)v(x)dzdydx.

R" R R"

Applying the change of variables x — y — 2z — X,

J P,(A(x)9, u(x))v(x)dx = J J J w(x, y)A(x)w(x,2)%u(x,z)-alx,y)v(x)dzdydx

Rn R R R7

+ J J J w(y,2)A(2)w(z,x)%u(z,x) a(y,2)v(y)dxdzdy. (3.10)

R R R
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By using the definition of the weighted gradient and self-adjointness of w(x, y), we have

f Do (Alx)G,u(x))v(x) dx = J f w(x, y)A(x)G,ulx)-alx,y)v(x)dydx

Rn R R

+J f w(y,2)A(2)Y,u(z)-aly,z)v(y)dzdy

R R

= J f w(x, y)A(x)Y,u(x)-alx,y)v(x)dydx

R R"

+J J w(y, x)A(x) Y, u(x)-a(y,x)v(y)dxdy

R R"

= J J w(x, y)A(x) Y, u(x)-alx,y)v(x)—v(y)ldx dy

R R"

= —J [A(X)%u(x)]-f w(x, y)a(x,y)v(y) —v(x)]dx dy

R R"

= —J 4.,v(x)A(x)9,u(x)dx.

Rn

3.2. Weak form of anisotropic Poisson problem

Utilizing the results of the previous subsection, we can formulate the weak form of
equation (3.8) and show that the corresponding energy is equivalent to an unweighted
nonlocal energy. We multiply (3.8) by a test function v = 0 in R" \  and integrate over
the domain ; we have

f (—Zpaulx)—f(x))v(x)dx =0. (3.11D)
Q

The anisotropic weighted nonlocal Green’s first identity (3.9) then implies

f 4 u(x)A(x)9, u(x)dx +J P2,(A(x)¥9, u(x))v(x) dx —f f(x)v(x)dx =0.
Rn R Q

n\Q

Thus, the weak form of the nonlocal Poisson problem reads as follows. For f € VA’(R”), find
ue V;;‘(R”) such that
Boau,v)=F (), YveW(Qua), (3.12)
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where

Boalu,v) = J 9 . u(x)-Alx)¥9, u(x)dx,
R" (3.13)

VHRM) = {v € L*(R") : [[vlls < 00 and v|gn\o = 0},

and where the anisotropic energy is defined as

vii2 = f 9, v(x)-A(x)9,v(x)dx. (3.14)
]Rn

The existence of the equivalence kernel guaranteed by Lemma 3.2, allows us to establish
an equivalence relationship between the anisotropic weighted bilinear form 4,4 defined
above and the unweighted bilinear form 9 given in (2.8), where the latter is associated to

the equivalence kernel y¢q,(x,y ;A% w, a), as shown in the following lemma.

Lemma 3.3. Let A be a bounded, measurable and elliptic tensor, w be a symmetric scalar
function and a an anti-symmetric vector function. Then, the following identity holds:

Boalu,v) = J 4. v(x)Ax)9, u(x)dx = B(u,v), Vuve VS’;‘(R"), (3.15)
Rn

where %B(-,-) is the unweighted bilinear form defined in (2.9) associated to the symmetric
equivalence kernel yqq(x,y ;A% w,a).

Proof. The proof follows from Lemmas 3.2 and 3.1. We have

f 4, v(x)Ax)Y, u(x)dx =— f 2,,(A(x)¥9,,u)(x)v(x)dx (weighted Green’s identity (3.1))
Rn Q
=— f P2%u(x)v(x)dx (Equivalence kernel; Theorem 3.2)
Q

= f f Yu(x,y) 9v(x,y)dydx. (unweighted Green’s identity (2.5))
Rn JRn

O

The theorem above is not enough to guarantee the well-posedness of problem (3.12).
One approach to obtaining the existence and uniqueness of solutions involves establishing
certain properties of y.q, as highlighted in [15, Section 5]. However, thanks to the ellip-
ticity property of A, the well-posedness of the anisotropic problem follows from the well-
posedness of the weighted problem associated with the corresponding isotropic weighted
bilinear form 4,. In fact, 94, is coercive and continuous with respect to the energy
induced by of &,,, as we show in the following lemma.



Analysis of anisotropic fractional diffusion 17

Lemma 3.4. The bilinear form :%w;A(u, v) defined as in (3.13) is continuous and coercive in
VS (RM), ie.
| Beoa(t, V)| < Amax el VIl
Beoa(,1) 2 Aiallull?,

where Ay, and A, are the smallest and largest eigenvalues of A over R", respectively.

(3.16)

Proof. The ellipticity of A allows us to write
| Bea(t, V)| = f (A2 4, u(x))-(A2 9, (x)) dx
]Rn
=J |AZ9, u(x)||A29,,v(x)| dx
]Rn

gU |A%%u(x)|2J |A%%v(x)|2)
R" R"

< Amax lull oMVl

which implies, by definition, the continuity of 2,4 with respect to the norm |[|-||,,. The
coercivity with respect to the same norm simply follows from

NI=

B, u) = J Gou(x)-AG,u(x) dx > Angnllull? (3.17)

Rn

3.3. Well-posedness of the anisotropic fractional Poisson equation

In this section, we apply the analysis of the nonlocal anisotropic problem to the case
of fractional operators. That is, we consider w and a defined as in (2.29) and show that
the corresponding anisotropic problem is well-posed in the usual fractional Sobolev space.
In order to do this, we only need to show that the bilinear form 2,,.4 is coercive and
continuous with respect to the fractional Sobolev norm. In fact, Theorem (2.3) states that
the equivalence kernel associated with the weight and kernel functions in (2.29) is the
fractional Laplacian kernel y; ; the variational equivalence discussed in Remark 2.2 implies
that the corresponding weighted energy space V3’ is equivalent to H¢, and that the weighted
energy ||-ll., is equivalent to the H®* norm. Thus, Lemma 3.4 implies the continuity and
coercivity of %,,.4 in Hy, and the well-posedness of problem (3.12) is immediate, as stated
in the folling lemma.

Lemma 3.5. Let A satisfy (3.1), and let w and a be defined as in (2.29). Then, the corre-
sponding bilinear form A, defined as in (3.13) is coercive and continuous in Hg,(R") with
coercivity and continuity constants

Cn,s Cn,s

C'coer = Tlmin and Ccont = Tlmax’ (3-18)
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where A, and A, are the smallest and largest eigenvalues of Ain R", respectively. Further-
more, problem (3.12) is well-posed.

Note that for the fractional case and for a class of tensors satisfying (3.1) that we specify
below, we can characterize the equivalence kernel. In particular, the equivalence kernel is
such that the corresponding unweighted bilinear form is a Dirichlet form, as we show in the
following lemma.

Lemma 3.6. Let I be the identity tensor in R" and let A(x) = a(x)I satisfy (3.1) for a :
R™ — R, i.e. there exist two positive constants such that 0 < a < a(x) < a < oo. Then, the

. 1 .
equivalence kernel y.q(x,y;a%w,a) is such that

an,s
2

1 aC
|x —y|—n—2s < qu(x,y;ai w,a) < % |x _y|—n—23.

Lemma 3.6 implies that the equivalence kernel is positive; in addition to symmetry,
this property guarantees that the corresponding unweighted bilinear form 23 is a Dirichlet
form [26]. We point out that the class of tensors in Lemma 3.6 corresponds to a space
dependent isotropic diffusion as the intensity of the diffusion is the same in all directions.

Remark 3.1. It is unclear how to characterize the class of equivalence kernels for a general
anisotropic fractional-order operator. In our terminology of symmetric equivalence kernels,
[50] poses the problem of whether or not the equivalence kernel corresponding to anisotropic
fractional-order operators with a tensor A(x) satisfying (3.1) must satisfy the following con-
ditions:
AL Yeq(, Y —y[™ <A x—y|<1, (3.19)
TeqCOY)x —y "™ <M |x—y[>1, '
forre(0,1),0< A< A< oo, M < oo andt>0. Lemma 3.6 shows that the conditions in
(3.19) are satisfied in the isotropic case. The question remains of whether those bounds hold
for any tensor satisfying (3.1).

4. Well-posedness of a parabolic equation with anisotropic nonlocal diffusion

The results of Section 3 allow us to analyze the anisotropic parabolic problem. In fact,
the coercivity of the bilinear form %, implies the well-posedness of the corresponding
parabolic problem, for which weak coercivity would be sufficient. We introduce the strong
form of the anisotropic parabolic equation and, by using the Green’s identity (3.9), we
formulate the corresponding weak problem and state a well-posedness result.

For f : 2 = R and u; : Q — R, we seek u such that

diu(x,t) = 2,(A(x)9, u(x,t)) + f(x,t), (x,t)eQx(0,T]
u(x,t) =0, (x,t)eR"\Qx(0,T] 4.1)
u(x,0) =up(x), x €N



Analysis of anisotropic fractional diffusion 19

By multiplying (4.1) by a test function v = 0 in R" \ £, integrating over the domain 2, and
using the anisotropic Green’s identity (3.9), we have

0= J (Geul(x,t)— L ulx,t)—f(x,t))v(x)dx

& (4.2)

= J deu(x, t)v(x)dx +J 4 u(x)-A(x)9,,u(x)dx —J flx,t)v(x)dx.
Q R" Q

Thus, the weak form of the nonlocal diffusion problem reads as follows. For f € L%(0, T; (VS‘;‘)’(R”)),
and u, € VS(]R”), find u € L%(0, T; VS(R”) such that

(Geu,v) + Bpa(u,v) = F(v), Yv e Vu(R"). 4.3)

When the equivalence kernel y¢q(x,y ;A% w) associated with A is such that the unweighted
bilinear form 98 is coercive, problem (4.3) is well-posed, as we state in the following the-
orem.

Theorem 4.1. For f € L%(0,T; Vo®RM), uy € Vé‘ and 9B,.(+,*) such that the correspond-

ing ¥eq(x, y;A% w, a) induces a weakly coercive and continuous unweighted for 3(-,-), the
problem (4.3) has a unique solution u* € L2(0, T; Vo(R™)), where Vo(R") is the energy space
associated with the bilinear form (-, ).

Furthermore, if AB(-,-) is coercive and the associated energy norms satisfies a Poincaré
inequality with constant C,, that solution satisfies the a priori estimate

t CZ t
p
||u*(~,t)||§2(m+cc0erj |||u*(~,s)|||2dss||uo||§2(m+—J IFC9I2 ds ¥ ie>o0,
0 2Ccoer 0 Q2

(4.4)
where || - ||y, indicates the standard operator norm in the dual space of Vo(R") and Ceo is the
coercivity constant of the bilinear form A(-,-).

Proof. The conditions on f guarantee the continuity of the functional & (-). The weak
coercivity and the continuity of 4(:,-) and the continuity of Z(:) imply the existence and
uniqueness of a solution u* € L2(0, T; Vo(R™)) [25]. Then, (4.4) follows from arguments
entirely similar to those used in the classical theory of partial differential equations [46].
O

The results of Section 3.3 show that for a tensor A satisfying (3.1), and for w and a as in
(2.29), the equivalence kernel associated with 2,,(A(x)¥,,) induces an unweighted bilinear
form 43(-,-), whose energy norm is equivalent to the H*-norm. This implies that %(-,-) is
coercive and continuous on H{,(R"). Thus, Theorem 4.1 can be immediately applied to the
special case of fractional operators, as we show in the following corollary. Note that, in
this case, the unweighted energy norm corresponds to the H® norm for which the Poincaré
inequality is satisfied for all u € Hg,(R") [8].
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Corollary 4.1. Let A be a tensor satisfying (3.1), and let w and a be defined as in (2.29). For
f e L?0,T; (H5,(RM)') and uq € H,(R™), the problem

(O, v) + Bopalu,v) = F(v), Vv e Hy(R"), (4.5)

has a unique solution u* € L?(0, T; H,(R™)) that satisfies the estimate (4.4) for |-l = | - ||H§2
and Ceye as in (3.18).

5. Anisotropic advection-diffusion for solute transport

In this section, we introduce a mathematical model that is suitable for solute transport
applications and we prove its well-posedness. The anisotropic, fractional-order model in-
troduced in the previous section can be used to describe surface or subsurface anisotropic
anomalous diffusion of solutes (e.g. pollutants). As already mentioned in the introduc-
tion, several fractional models have been introduced in the literature with this purpose,
see, e.g. [21] for surface transport and [3] for subsurface transport. The novelty of model
proposed in this section is the characterization of the anisotropic behavior via a diffusion
tensor, similarly to what is commonly done in the PDE setting.

We point out that a diffusion tensor A(x) can be easily added to an unweighted nonlo-
cal Laplacian, just by defining the kernel as y(x,y) = a(x,y)(A(x)a(x,y)); however, this
definition compromises the symmetry of the kernel and, hence, the well-posedness of the
associated diffusion equation. The formulation below instead guarantees that the operator
%4> defined as in (3.3) and with w and a defined as in (2.29), is equivalent to an un-
weighted operator with a symmetric kernel, whose associated energy space is equivalent
to H;,(R"). Hence, the operator induces a well-posed diffusion problem. It should also be
noted that, since A(+) is a one-point function, only pointwise information is required to de-
fine its value, as opposed to other unweighted diffusion models where the diffusion tensor
is a two-point function [23]. In addition to being computationally complex and expensive
to identify (compared to one-point tensors), a two-point diffusivity tensor may be difficult
to interpret physically.

5.1. The anisotropic anomalous transport equation and its well-posedness

We extend the anisotropic fractional diffusion model introduced in Section 4 to an
advection-diffusion model that takes into account the presence of drift. We assume the
advection field to be a given solenoidal field v; in general, such a field is the solution of
Darcy’s equation.

Let A be a bounded, measurable and elliptic tensor and v be a bounded, solenoidal
vector, i.e. ||v][jeo(q) < C, < 00 and Vv =0. For w and a defined as in (2.29), f : 2 > R,
g :R"\ Q2 — R and uy; : 2 — R", the strong form of the anomalous transport problem is
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defined as follows

duu(x,t) = 2,(A(x)¥9, u(x,t)) —v(x) - Vu(x,t) + f (x, t), (x,t) e x(0,T]
u(x,t)=g, (x,t)eR"\Qx(0,T]
u(x,0) =up(x), x €N

(5.1)

The anisotropic Green’s first identity allows us to write the weak formulation of (5.1). For
the sake of simplicity, we analyze the weak form for homogeneous volume-constraints,
i.e., g = 0. Due to the presence of the advection term and in accordance with the theory
presented in [5], we restrict the fractional order to s € [0.5,1), in order to guarantee the
coercivity of the problem in presence of advection. For s € [0.5,1), f € L2(0, T; H(R")),
and u, € Hg(R"), we seek u € L?(0, T; H*(R™)) such that

B, v) + B, AW, v) + (V- Vu,v) = Z(v), Vv €Hy(R"), (5.2)

where 9, is the bilinear form defined in (3.13).
The following lemma shows that the bilinear form 9,,.4(u,v) + (v- Vu,v) is coercive.
Its proof is a combination of equation (3.16) and [5, Proposition 3].

Lemma 5.1. Let the fractional order s € [0.5,1) and A, be the smallest eigenvalue of the
tensor A over R". If the advection field v is bounded and solenoidal, then the bilinear form
B'(u,v) = Bya(u,v)+ (v- Vu,v) is coercive. In particular,

/ Cn,s 2
B (u’ u) = ‘%w;A(u3 u) 2 Tz’mm”u”H?Z

Arguments similar to Corollary 4.1 imply the well-posedness of problem (5.2).

6. Conclusion

We proposed and analyzed an anisotropic nonlocal equation generalizing several re-
sults of the unified nonlocal calculus introduced in [15]. In particular, we showed that,
in presence of an anisotropic diffusion tensor, the weighted nonlocal Laplacian operator is
equivalent to an unweighted Laplacian operator whose corresponding kernel is symmetric.
For the same operator we also proved an anisotropic Green’s first identity and showed that
the corresponding bilinear form induces an anisotropic energy norm that is equivalent to its
weighted and unweighted counterparts. This result allowed us to prove the well-posedness
of the associated elliptic and parabolic problems. Furthermore, thanks to the equivalence
results presented in [15] for fractional operators, we showed that our theory holds in the
special, important, case of fractional operators.

The theory developed in the first part of this work allowed us to prove the well-posedness
of an anisotropic nonlocal advection-diffusion problem. In the special case of fractional op-
erators, and for solenoidal advection fields, such a model is suitable for the description
of anisotropic, anomalous transport of solutes in heterogeneous media. Our model, as
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opposed to other models proposed in the literature, allows one to include a diffusion ten-
sor in the same way as for PDEs, without compromising the symmetry or well-posedness
of the variational form of the problem. The existence of a symmetric equivalence kernel
for anisotropic weighted nonlocal diffusion operators also implies that nonlocal diffusion
operators are a sufficiently rich class of models capable of describing such behavior in ap-
plications.
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