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ANISOTROPIC NONLOCAL DIFFUSION OPERATORS FOR
NORMAL AND ANOMALOUS DYNAMICS*

WEIHUA DENGT, XUDONG WANGT, AND PINGWEN ZHANGH

Abstract. The Laplacian A is the infinitesimal generator of isotropic Brownian motion, being
the limit process of normal diffusion, while the fractional Laplacian A®/2 serves as the infinitesimal
generator of the limit process of isotropic Lévy process. Taking limit, in some sense, means that the
operators can approximate the physical process well after sufficient long time. We introduce the non-
local operators (being effective from the starting time), which describe the general processes under-
going anisotropic normal diffusion. For anomalous diffusion, we extend to the anisotropic fractional

Laplacian AER/Q and the tempered one A,Bn/“ in R™. Their definitions are proved to be equivalent to
an alternative one in Fourier space. Based on these new anisotropic diffusion operators, we further
derive the deterministic governing equations of some interesting statistical observables of the very
general jump processes with multiple internal states. Finally, we consider the associated initial and
boundary value problems and prove their well-posedness of the Galerkin weak formulation in R™. To
obtain the coercivity, we claim that the probability density function Y should be nondegenerate.
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1. Introduction. Diffusion phenomena are ubiquitous in the natural world,
which describe the net movements of the microscopic molecules or atoms from a
region of high concentration to a region of low concentration. The speed of diffusion
can be characterized by the second moment of the particle trajectories (z2(t)) ~ t*.
It is called normal diffusion if & = 1 and anomalous diffusion [13, 30, 37] if o # 1.
The scaling limits of all the processes undergoing normal diffusion are Brownian mo-
tion. But without the scaling limits, most of the time, they are pure jump processes.
For anomalous diffusion, the processes are always characterized by long-range correla-
tion or broad distribution. The former includes fractional Brownian motion [28] and
tempered fractional Brownian motion [8, 27], while the latter contains the processes
with long-tailed waiting time or jump length. In the framework of continuous-time
random walks (CTRWSs) [23, 31], any one of the first moments of waiting time and
the second moments of jump length diverging leads to the anomalous dynamics. If
we extend to the processes with multiple internal states [42], then the diffusion phe-
nomena will depend on the distribution of each internal state, transition matrix, and
initial distribution, involving more complex dynamics.

There are many microscopic/stochastic models to describe normal and anomalous
diffusions and many different ways of deriving the macroscopic/deterministic equa-
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tions governing the PDFs of some particular statistical observables of the stochastic
processes. The commonly used stochastic model is CTRW, which consists of two
important random variables, i.e., waiting time and jump length. Two of the impor-
tant CTRW models undergoing superdiffusion are Lévy flight and Lévy walk. For
Lévy flight, the second moment of jump length diverges, which implies the processes
propagate with infinite speed. Therefore, the physical realizations of such processes
are quite hard and then rare. Lévy walks [44] can remedy the infinite speed by cou-
pling the distribution of waiting time and jump length. This gives rise to a class of
space-time coupled processes. Different from Lévy walks, another idea to bound the
second moment is to truncate the long-tailed probability distribution of jump length
[28, 29], i.e., modify |X|™"# as e AXI|X|~# with \ being a small positive con-
stant, leading to the tempered Lévy flights, which have the advantage of still being
an infinitely divisible Lévy process. The Langevin-type equations are built based on
Newton’s second law with noise as random forces, and the CTRW models also have
their corresponding Langevin pictures [19, 39]. Sometimes, it is convenient to use this
type of model if the external potentials are considered [7].

Another way to describe anomalous diffusion is Lévy process, which is defined
by its characteristic function and more convenient to deal with the stochastic process
in high dimensions. According to the Lévy—Khintchine formula [1], the characteristic
function of Lévy process has a specific form

(1) B(ehX) = [ R Xp(X, )X = 0,
where
| 1 . .
(2) ¢&%:m'b—2k%*ﬁléﬂm}FkY—l—erMYMJVMY)

with b € R™ and a is a positive definite symmetric n X n matrix, x; is the indica-
tor function of the set I, and v is a finite Lévy measure on R™\{0}, implying that
fR"\{O} min{1, |[Y|*}v(dY) < oco. If we take a and b to be zero and v to be a rota-

tionally symmetric (tempered) -stable Lévy measure
(3) v(dY) = copY|T"PdY or v(dY) = cnpre MY Y| Ay,
then the corresponding PDF of the particles’ positions solves

op(X,t op(X,t
) WX _ arrpxt) o PIY _ avrpx
where the operators A%/2 and AP/2 are defined in [10, eq. (34)] by the Fourier
transform §(k) := .7 [g(X)](k) = [g. €% g(X)dX with

FIA2g(X)] = ~|k|?§(k) and

5
®) FIAP2AGX)] = (=) (A 4 [K[2)7/2 = M 4 O(K[) ) 9 (K);

here 5 € (0,1) U (1,2), and [S] denotes the smallest integer that is bigger than or
equal to 3. A similar operator (\'/# + |k|2)® — X\ appears in [35, eq. (3)], where the
only difference is the term O(|k|?). However, their physical background is completely
different. The term O(|k|?) in (5) is strictly derived in [10, eq. (34)], where we consider
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the compound Poisson processes with tempered power law jump lengths, i.e., take the
Lévy measure v(dY) to be e MYI|Y|="=F. But the formula in [35, eq. (3)] is inspired
by the Schrodinger operator with the free Hamiltonian of the form Hy = (\2—A)Y/2 -\
in [4] and naturally extended to the form (A/# + [k[?)? — X with fractional order 3.

The two equations in (5) describe the isotropic movements of microscopic parti-
cles. However, the anisotropic motions are also very popular, especially in biological
systems. The cytoplasm of biological cells is always crowded with various obstacles.
These crowders are usually not uniformly distributed and provide the heterogeneous
media for tracer particles in them. So we need to develop models to characterize
the anisotropic feature. Compte [9] generalized the scheme of CTRWs and showed
the diffusion-advection equation and the mean square displacement (MSD) in three
kinds of shear flows. Meerschaert, Benson, and Baumer [26] made an extension to
high dimensions and provided an operator being a mixture of directional derivatives
taken in each radial direction, where the operator was directly given in Fourier space
and the associated fractional advection-dispersion equation was derived. Ervin and
Roop [17] discussed directional integral and directional differential operators in two
dimensions and defined the appropriate fractional directional derivative spaces. For
more details, we refer the interested reader to these literature and the references cited
therein.

In this paper, we start from the compound Poisson process to discuss more general
anisotropic nonlocal normal diffusion and anomalous diffusion. We present in detail
how to derive the macroscopic equations through the Lévy—Khintchine formula for
a general anisotropic process. For normal diffusion, the exact macroscopic equations
are given without taking a scaling limit. In this way, we find that the anisotropic
dynamics significantly result in different PDFs even for normal diffusion. We also
discuss the anomalous diffusion undergoing anisotropic movements in R™ and provide
the anisotropic tempered fractional Laplacian operator A?n/ 2 (the subscript m means
the dependence on directional measure m(6) or m(Y), first appearing in (15)). Despite

the complexity of Afjn/ Q’A, we derive its Fourier symbol, which looks more concise and
understandable. Finally, we discuss the space fractional differential equations with
the newly defined operator A?n/ 22 p R™, endowed with generalized Dirichlet and
Neumann boundary conditions, and prove their well-posedness. We construct a new
Hilbert space to include the solutions not vanishing at infinity and propose that the
nondegenerate function m(Y) guarantees the coercivity of the variational formulation
of the corresponding equations.

All the models mentioned above are for diffusion with single internal state, imply-
ing that the processes have the same distributions of waiting time and jump length
at each step. Intrigued by applications, e.g., particles moving in multiphase viscous
liquid composed of materials with different chemical properties, we further gener-
alize the processes with multiple internal states. In fact, the case of two internal
states is considered in [20, 34] with applications, including trapping in amorphous
semiconductors, electronic burst noise, movement in systems with fractal boundaries,
the digital generation of 1/f noise, and ionic currents in cell membranes; Niemann,
Barkai, and Kantz [33] investigated in detail a stochastic signal with multiple states,
in which each state has an associated joint distribution for the signal’s intensity and
its holding time. Xu and Deng [42] extended the Fokker—Planck and Feynman-Kac
equations [38, 40, 41] to cases with multiple temporal internal states. Here, we further
present the fractional Fokker—Planck and Feynman—Kac equations with multiple in-
ternal states, both temporally and spatially. “Multiple internal state” implies a kind
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of inhomogeneous motion. We show how to combine it with an anisotropic directional
measure m(Y).

The rest of this paper is organized as follows. In section 2, we show two kinds of
processes with Gaussian jumps, leading to different nonlocal macroscopic equations
describing normal diffusion. More general anisotropic processes undergoing anomalous
diffusions are discussed in section 3, and we also give two kinds of definitions of
anisotropic (tempered) fractional Laplacian for two different motivations and prove
their equivalences. In section 4, the fractional Fokker—Planck and Feynman-Kac
equations of anisotropic (tempered) fractional Laplacian with multiple internal states
are derived. The initial and boundary value problems with generalized Dirichlet and
Neumann boundary conditions are given in section 5, and their well-posedness is
proved in section 6. We conclude the paper with some discussion in the last section.

2. Nonlocal normal diffusion. As we all know, the paths of all Lévy processes
are discontinuous except for Brownian motion with drift. From the viewpoint of
[15, 10], the macroscopic equations governing the PDFs of these processes should
be endowed with the generalized boundary conditions since the boundary 02 itself
cannot be hit by the majority of discontinuous sample trajectories. For nonlocal
normal diffusion, it is a pure jump process with Gaussian jumps. Therefore, the
boundary conditions should be specified on the domain R™\2. By the central limit
theorem, the scaling limits of all these processes are Brownian motion. But without
scaling limit, these processes are different and should be distinguished.

Now we consider the compound Poisson process with Gaussian jump length, in
which Poisson process is taken as the renewal process. Let Poisson process N (t) satisfy
P{N(t) =n} = %e‘ct, where the rate ¢ > 0 denotes the mean number of jumps
per unit time. Then the compound Poisson process is defined as X(t) = Z;V:(S) X;,
where X; are i.i.d. random variables obeying Gaussian distribution. The characteristic
function of X(¢) has a specific form as [10, eq. (9)]

(6) E(e/X) :/ X (X, 1)dX = eCt(®o(l)—1),

where ®y(k) = E(e?®*s), j =0,1,..., N(t). Denoting the probability measure of the
jump length X; by v(dY), we have

(7) Po(k) — 1= /n(eik'Y — 1)r(dY),

which is the same as the Lévy-Khintchine formula (2) by taking a = 0 and b’ = 0
(b’ contains b and the third term in the integral of (2)). Although the length of
X; obeys Gaussian distribution, the distribution of the direction of the movement
has many different choices. Here, we consider two specific cases in two-dimensional
space and derive the corresponding deterministic equations. The first case is that the
particles spread uniformly in all directions, while the second one is that the particles
move only in horizontal and vertical directions. Considering the definition of the
Fourier transform and (6), we have

(8) Bk, 1) = (0071,
which implies that the equation in k space is

Ip(k,t) R
(9) o ((®o(k) — 1)p(k, ).

Next, we give the specific expressions of ®(k) (or ¥(dY)) for these two cases.
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Case 1. Since the particles spread uniformly in all directions, v(dY) is taken as

1 _xp?
v(dY) = 5-52¢ 207 d

where o2 is the variance. Then we obtain
(10) Do(k) — 1 =e 27 K" _q,

which implies

(11) ap(;i’t) ___¢ e~ ZE (X, 1) — p(Y, 1)dY

27102 Jge
by taking the inverse Fourier transform
Z 7 (@o(k) = Dp(k, )] = F @ (K)p(k, 1)] — F ' [p(k, 1))

1 _Ix=Y|?
B /e 227 p(Y,1)dY — p(X, )
R2

2102

1 _x=vp?
- € 207 (p(Xat) —p(Y,t))dY
202 Jpo
Case 2. Since the particles spread in either horizontal or vertical direction, we
take v(dY) to be

1 lyy |2 1 lyz|?
————€ 22§ dY + ————e~ 2:2 § dyY.
2(2mwo?)2 (12) 2(2%02)% ()

v(dY) =
Similar to Case 1, we obtain
1 12|k |2 n 1

(12) Po(k) - 1= 3¢ Zem2otkal’

and the equation

opX,t) ¢ / gl )
at a 2(2770'2)% ( Re 7 (p(xl’x27t) p(ylax27t))dy1

(13) lzg —ya|?
+/€7 202 (p($17x27t)_p($1»y27t))dy2>‘
R

From (11) and (13), it can be noted that different ways of movement of microscopic
particles lead to different macroscopic equations. These macroscopic equations are
both nonlocal and should be endowed with the generalized boundary conditions. But
if we take the scaling limits of the Gaussian jump processes, the two cases above
both converge to Brownian motion. In fact, let 1/¢,0? — 0, and keep the product
¢0?/2 — K, being a constant, where K is the diffusion coefficient with unit [cm?]/[s]
[3]. Then, both (10) and (12) become, up to a multiplier, ®g(k) — 1 = —10?|k[?,
resulting in the classical heat equation
(14) WO _ i ap(X.0)

ot
where A is the usual Laplacian in R2. To illustrate the relationship between Case 1 and
Case 2, we simulate the trajectories of the particles undergoing Gaussian jumps in Fig-
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Fi1G. 1. Random trajectories of Gaussian jumps in Case 1 and Case 2 with 400 steps in the top
row and 40000 steps in the bottom row.

ure 1. Two pictures in the top row are for the 400 jumps performed uniformly (a) and
just in horizontal-vertical direction (b), while another two pictures in the bottom row
display 40000 jumps, respectively. The differences between Case 1 and Case 2 are ap-
parent for a relatively small number of jumps. But after many thousands of jumps, the
differences gradually disappear, as both processes converge to the Brownian motion.

Besides the two cases above, more generally, the particles can move in a vari-
ety of different ways, depending on the environment. There may be more particles
spreading in one direction or some particles spreading faster in another direction.
This phenomenon is called anisotropic diffusion and can be characterized clearly by
the Lévy measure v(dY). More precisely, still in two-dimensional space, by polar
coordinate transformation, take v(dY) to be

2
(15) v(dY) = ¢ exp [—712} m(0)rdrdd,
205

where ¢, > 0 is the normalized parameter, r > 0, 6 € [0, 27) denotes the different di-
rections, m(6) denotes the probability distribution of particles spreading in #-direction
satisfying m(6) > 0, f02 "m(0)dd = 1, and oy denotes the different variance or speed of
particles spreading in 6-direction. Different from (3), this v(dY) contains a new PDF
m(0), which only depends on direction. Turning back to the Cartesian coordinate
system and following (7), we have

Y
20%{

q>0(k)—1=cm/

(e®Y —1)exp [—
R2

[ meviay,

where the PDF m(#) is abused by m(Y) and Y € R™\{0} is in the Cartesian coordi-
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nate system, while it really means m(%), only depending on the radial direction of
Y. The notation m(Y) will be used in the subsequent sections. Then similar to (11)
and (13), we can derive the equation
2
o) 20— e, [ w0 ¥ | -5 mex - vay.
R2 XYy

If we take o9 = o, m(6) = (2m) 7!, or m(0) = 1(6(0) + (60— %) +0(0 — ) +6(0 — 2F))
in (15), then (16) reduces to (11) and (13), respectively.

The discussions above, including the case of (15), are aiming to describe aniso-
tropic jump processes. All the macroscopic equations are nonlocal and should be
endowed with generalized boundary conditions [12].

3. Anisotropic anomalous diffusion. Now we discuss the anomalous diffusion
with the property of anisotropy. Still based on the compound Poisson processes in
the previous section but with the diffusion processes being anisotropic (tempered)
[B-stable, we try to derive their corresponding deterministic equations undergoing
anomalous diffusion. Taking ¢ =1 in (9) leads to

(7) WD (@o(a) ~ 1)k, 1),
where
(18) Po(k) —1= /M{O} [e“"Y —1 =ik Yy, [V(dY).

Here, different from (7), we add a term ik - 'Y to overcome the possible divergence of
the integral of (18) because of the possible strong singularity of v(dY) at zero for the
case of anomalous diffusion. For an isotropic S-stable anomalous diffusion process in
n-dimensional space, its distribution of jump length is 057“_"_6, which means that

(19) v(dY) = cg|Y|T"PaY.

When 0 < 8 < 1, the term ik - Y can be omitted due to weak singularity (the integral
in (18) is convergent at origin). If 1 < 8 < 2, though the singularity is strong, this
term can also be omitted due to the possible symmetry of the Lévy measure v(dY),
ie, v(dY) = v(—dY) (the integral in (18) at origin can be understood in the sense
of Cauchy principal value). Therefore, if 1 < 8 < 2 meets with the asymmetry of
v(dY), this term is required. Based on the analyses above, we will keep the term
ik - Y formally for 0 < 8 < 2 in the following, though it vanishes in some appropriate
situations.

Two special cases have been considered in [10], i.e., the isotropic one (19) and the
horizontal-vertical one,

v(dY) =cp, |~ 6(y2)0(ys) - - 6 (yn)dY
(20) + ey ly2| T 2 0(y1)0(ys) - 5 (yn )Y 4 - -
+ e, [Ynl P (Y1) (y2) - 6 (Yno1)dY,

where $3; € (0,2) and y; is the component of Y, i.e., Y = [y1,¥2,...,yn]?. Their
corresponding macroscopic equations are

X

ot
_ p(X,t) — p(Y. 1)
_ cn,ﬁP.V./n %y 1Y

(21)
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and

(22) WD (a2 AR 4 ABP(X D),
respectively, where Agj/ ? is the fractional Laplacian in R! w.r.t. ;. Besides the two
cases, there are also a large number of irregular motions the microscopic particles
perform. In general, we call it anisotropy. With the aid of the Lévy—Khintchine
formula (2), the concrete form of v(dY) can be given.

Following (17) and (18), with the inverse Fourier transform, we have

@) PG = [ O Y) )+ (Y TxplX) e MY,
where Vx = [0z, 0uy, - .., 0z,]7. Taking
1wy
24 YY) = By Ty
gives
op(X.t) 1 Lo |
(25) ot - |F(_B)| {0} [p(X Y) p(X) + (Y vXp(X))X“YKlJ
X m(Y) Y
|Y|n+B ’

We can make the meaning of m(Y) clear by transforming this equation into a polar
coordinate system. In the two- and three-dimensional cases, (25) becomes, respec-
tively,

= /

p(z1 — rcos(f),xzo — rsin(0)) — p(x1, x2)

SRR AR P T)
+ (7" cos(6) D + rsin(6) 6962))([“1] ] pEERy dodr

and
Ip(X, 1)

ot
oo pm 2T
B m A /O /0 [p(xl — rsin(f) cos(¢), x2 — rsin(f) sin(¢p), zs — r cos(d))

) 9 o
— p(21, 20, 33) + (r sin(6) cos(¢)a—f1 + rsin(f) sin((b)aixi + TCOS(G)T;;)X[ ]]
r<l

m(0,¢)sind

g dododr,

where the directional measure m(6) or m(6, ¢) specifies the distribution of particles
spreading in the radial direction of Y; among them, m(6) is defined on [0, 27|, satis-
fying fo% m(6)df = 1, while m(6, ¢) is defined on a [0, 7] x [0, 27] rectangular domain,
satisfying foﬂ 027T m(0,¢)dpdd = 1. The situation becomes much more simple if the
particles move in one dimension. It is like the biased CTRW model with asymmetric
probability of jumping left or right [2, 23].
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For the tempered Lévy flight, we can describe the movement of microscopic par-
ticles and derive the macroscopic equations by defining

1 m(Y) Iy

(26) ) = o)) oy Y

and (23) becomes

ap(;i - IF(iﬂ)I R\ {0} [P(X = Y) = p(X) + (Y - Vxp(X)) v 1))
(27)
m(Y)
y Wdy.

We write (25) and (27), respectively, as

(28) X0 _ Aprrpx,t) and PP asayx ),
ot ot
where the notation A%/? (Afl/ 2"A) denotes the anisotropic (tempered) fractional Lapla-
cian in R™ and their definitions are the right-hand sides of (25) and (27).
Different from (25) and (27), an alternative definition of the anisotropic (tem-
pered) fractional Laplacians can be given in Fourier space:

(29) FIAP2p(X, 1) = (—1)[F] [/
|

¢‘=1<—z‘k : ¢)”m(¢)d¢]ﬁ(k,t)

and

(30) f{AﬂW(X,w]:(—l)W[ /¢ (A —ik- )" — \7) m(¢)d¢]ﬁ(k7t)-

|=1
The former one has been given in [26, eq. (2)]. It seems that these definitions are
natural for the study of the governing equations since the symbol (—ik - ¢)? for 8 €
(0,1) U (1,2) denotes a S-order fractional directional derivative. Now we consider the
question of when the two ways of defining the operators are equivalent. To establish
the relationship between them, we focus on two cases.

e Case I. 0 < 8 < 1 or m is symmetric. Recall that here that the third term

in (25) and (27) can be deleted:

1 m(Y)

B/2 - _ —_
B0 XD = e [ X Y) 0] aY.

1 Y
(52) AP = e [ ) (X)) e
IT(=B)| Jrn\ 10}
e Case II. 1 < 8 < 2 and m is asymmetric. Recall that the integrals in (25)
and (27) without the third terms can be understood in the Hadamard sense
[36, eq. (5.65)], i.e.,

A Y] |Y|n+ﬂ Y.

M) =t g [ X ) - p00] g
1
(33) =T Loy XY =B+ (Y D)
m(y)
e
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(34)
Y
ARPPp(X,t) = p.f. m(Y)

MY |Y|n+6 dY

1
TA) a0 [P(X=Y) - p(X)]

1
B m R7\{0} [p(X - Y) - p(X) + (Y : VXP(X))]
- 6*'3?'2{)7’*5 - IF(iB)I L(1= AN (b - Vxp(X)),

where b = f\tﬁI:l dm(p)de.

In Case II, since the high singularity makes the integral divergent, we use the notation
p-f. to denote its finite part in the Hadamard sense.

Then we have the following theorem; see Appendix A for the proof, which further
implies the equality (34).

THEOREM 1. Let m(Y) be any directional measure on unit sphere and A > 0. The
definitions of the anisotropic (tempered) fractional Laplacians A,ﬁn/z’)‘ in both Case 1
and Case II are, respectively, equivalent to NP2 (29) and (30) in R™.

We have just defined the anisotropic (tempered) fractional Laplacian by extending
the Lévy measure v(dY) with different probability distribution in different directions.
More generally, another two variables, jump length exponent S and truncation ex-
ponent A, can also be generalized to be anisotropic, i.e., 3(¢) and A(@), sometimes
abused by S(Y) and A(Y) similar to m(Y). Let 8(¢) € (0,1) U (1,2) and A(¢) > 0.
Following (29), (30), (32), and (34), the definitions of new anisotropic (tempered)
fractional Laplacian are, respectively, the following:

e Case I: 0 < 8 < 1 or m is symmetric,

Bx = [ (X Y) - p(X)
R™\ {0}
(35) m(Y)

SE S G

e Case II: 1 < 8 < 2 and m is asymmetric,

Agl/27/\p(xa t) = pf ) [p(X _ Y) _ p(X)]
X e m(Y) Iy
(36) IT(—B(Y))|eXMIYI|Y |n+8(Y)
= /]R P(X-Y)—p(X)+ (Y - Vxp(X))]

EA©) m(Y)
ID(=B(Y)) XY |50

where b= [, T(1 = B(6)) A(6)°®1 pm(8)/IT(~5(6))lds.

In Fourier space, the new operator has the form

dY — (b - Vxp(X)),

(37) FIAL/> p(X, 1)] = (—1)7] /

s ((A(@)-ik-4)"@ - \(6)"®)) m(9) (K, 1).

We simulate the trajectories of the particles with the anisotropic movements.
Figure 2 shows the random trajectories of tempered Lévy flights and the corresponding
MSDs. All particles start the movements from origin. Compared with the isotropic
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Fic. 2. Several random trajectories and MSDs of tempered Lévy flights. The isotropic move-
ments with B = 1.3 and A = 0.1 are shown in (a). To describe the movements with anisotropic m(¢),
we choose m(¢) = 3/(4w) for arg(¢) € (0,7) and m($) = 1/(4n) for arg(¢) € (w,2x) in (b), while
for the case with anisotropic truncation parameter A\(P), we choose A(¢) = 0.1 for arg(¢) € (0,7)
and (@) = 0.01 for arg(¢) € (m,2m) in (c). The MSDs of the three kinds of tempered Lévy flights
are shown in (d).

movements in (a), the particles are more inclined to move upward in (b) due to
the anisotropic m(¢). Some large downward jump lengths are found in (c) since
the truncation parameter A = 0.01 is smaller for arg(¢) € (m,2mw). The MSDs of
these three cases are presented in (d), both exhibiting normal diffusion. For the case
with anisotropic m(¢), the bias resulting from the asymmetric probability of jumps
suppresses the diffusion behavior, while for the anisotropic A(@), the weak tempering
A = 0.01 enhances the fluctuation and thus results in a large diffusivity. Besides the
MSD, there are also many other interesting statistical quantities, such as first-passage
time and escape probability [5, 11, 24]. With the accurate characterization of the
anisotropic normal or anomalous diffusion processes in n dimensions, these quantities
can be further considered in the near future. Some interesting phenomena should be
observed due to the anisotropy.

Remark 3.1. In the practical problem, the directional measure may depend on
the concentration gradient. To emphasize the effects caused by the directional gradi-
ent, the definition of the anisotropic (tempered) fractional Laplacian in (35) can be
extended to

AB2Ap(X. 1) = (—1)17] / P(X —Y) — p(X))
R\ {0}

(38) ap(Y)
m(Y7 S )

DB | Oy [r+AY)

day,

where m should be an increasing function of directional gradient %.
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As a complement to the definition of the anisotropic (tempered) fractional Lapla-

cian (29) and (30), we also present the definition of the operator in the case that
B =1;ie,let v(dY) = ‘;';‘(il dY, which still is a nonlocal operator. For the sake of
simplicity, we assume that m(Y) is symmetric; then the term (Y - Vxp(X))y v o, in

(23) can be omitted. For the one-dimensional asymmetric operators with § = 1, see

[22] for details.

PROPOSITION 2. Let 8 = 1 and A\ > 0. If the directional measure m(Y) is
symmetric, then the Fourier symbols of the anisotropic fractional Laplacian and the
corresponding tempered one are, respectively,

(39) FALN = 5 [ 18 mg)d 500
and

FAY2 (X, 1)) :/|¢|=1 [(k - @) arctan (k)\¢> - %ln()\2 + (k- ¢)?)

+Aln A] m(@)d - p(k, ).

Proof. We first prove the tempered case. Taking the Fourier transform of the
right-hand side of (27), we have

Flayzx|m = [

R
- [/n (Wm(Y)le -k, 1),

where the term isin(k - Y) vanishes due to the symmetry of m(Y). By the polar
coordinate transformation, we have

- k-Y)
[ oy me0ay = [ [ e costrk gm@)agar

(40)

eik-Y -1

WW(Y)CIY -p(k, t)

Denote I(r) = f\¢|:1(1 —cos(rk - ¢))m(@)de for simplicity. After performing integra-
tion by parts twice, the equation above becomes

001*267” r)dr = 001"7167“ "(r) — r))dr
/ Iy = [ (I'(r) = M(r)d

_ /O T (e (I (r) — AL () + NT()dr,

where the boundary terms vanish due to I(0) = I’(0) = 0. Then (40) can be directly
obtained by using the formulas [21]

(41)

/ e” % sin(pz) In(z)dx = [q arctang - g In(p® +¢*) — pC] ’
0

P+
(42) /Oo e~ 9 cos(px) In(x)dx = 1 parctan L | In(p® 4 ¢*) + ¢C
0 P’ + ¢ q 2 ’

© 1
/ e In(a)dr =~ (C +Ing).
0

where C is the Euler constant.
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For the proof of (39), taking A = 0 in (40) leads to

FIALO) = [ (- 9) sl 8) m@)ag- 501

™

2 /w:l (- 8)] m(@)d - (k. 1). .

Furthermore, if m(¢) is isotropic, then

s N ™ ~
FAp(X )] = s— (k- ¢)| dp - p(k,t) = 5—IK]| |cos(0h)] dép - p(k, 1)
2w Jigl=1 2on g1
= icn|k|/ sin"~2(61)| cos(61)|df; - p(k, t)
2("]77, 0
1 =n 1 7
S K|k, t) = — k|- p(k, t),
1Ol Bl D) = i (k)

where w,, is the measure of the n-dimensional unit sphere, w,, = 27™/2/T'(n/2) if n > 2
and w, = 2 when n = 1; the rotation invariance [32, Prop. 3.3] of the integrand is
used in the second equality, and cos(6;) denotes one of the components of vector ¢:

o = </07T Sinnﬁ%(ez)dgz) (/07r sin(ﬂn,g)d&l,g) (/027T dﬁ’nfl) = I2‘(7T::11)

Following (40), the Fourier symbol of the new anisotropic tempered fractional Lapla-
cian when =1 is

FIAY? = /

|1=1

(e arctan (52 ) =2 10(3)* 4 (.0 +2(@) \@) | m(@)as,

All the discussions above are based on compound Poisson processes with a differ-
ent probability distribution of jump length for (tempered) Lévy flights, which render
the deterministic governing equations with classical first derivative temporally. In-
stead, the fractional Poisson processes are taken as the renewal process, in which the
time interval between each pair of events follows the power law distribution. Then the
deterministic governing equations with a Caputo fractional derivative temporally can
be derived. More precisely, let S(t) be a nondecreasing subordinator [6] with Laplace
exponent s¢, a € (0,1). Then consider a new process Z(t) = X(E(t)), where X(?) is
the Lévy process discussed in (17) with Fourier symbol ®4(k)—1 and the inverse subor-
dinator E(t) = inf{7 > 0: S(r) > t}. Then similar to [10, eqgs. (16) and (17)], we have

p.(Z,t) = /000 D (Z, T)pe (T, t)dT,

where p.(7,t) denotes the PDF of E(t). Performing the Fourier-Laplace transform
leads to

~ safl

- k7 = a1 &

P=(k:8) = T o
where the notation * denotes the Laplace transform from ¢ to s. Arranging the terms
and performing the inverse Laplace transform, one obtains
(43) 6 D (k, 1) = (®o(k) — 1)p- (k. 1),

the only difference of which with (17) is the temporal derivative. Then, as a way
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S1 | S2| S3

S1 | S2| S3 S1 | S2| S3 S1 | S2| S3

S1 | S2| S3 S1 | S2| S3 S1 | S2| S3

Fic. 3. Three internal states in each step. FEach internal state of S1, S2, and S3 contains
different distributions of waiting time & and/or jump length n.

of treating (17), taking the inverse Fourier transform results in the corresponding
deterministic equations whose expressions depend on the specific v(dY).

4. Multiple internal states with anisotropic diffusion. Now, we derive the
fractional Fokker—Planck and Feynman—Kac equations with multiple internal states
both temporally and spatially, with the spatial operators being the anisotropic (tem-
pered) fractional Laplacian A,ﬁn/ 2:A presented in the above section. We first try to
make it clear what multiple internal states mean. The motion of particles is char-
acterized by waiting time £ and jump length 7 in the CTRW framework. Assume
the process only has three different possibilities of distributions of £ and/or 1 at each
step. We call it three internal states S1, S2, and S3, as in Figure 3. The information
contained in each internal state Si (i = 1,2,3) is the distributions of £ and 7 at the
current step. More general models may contain more information and more internal
states. In one step, each possibility of the three will yield the next step still with
three different possibilities. So step after step, a Markov chain is formed. As long as
the initial distribution |init) and transition matrix M are given, the distribution of
internal states of nth step can be easily obtained, denoted by (MT)"~1|init). Here,
the element m;; of the matrix M denotes the transition probability from state ¢ to
state j, and the notations bras (| and kets |-} denote the row and column vectors,
respectively.

The number of the internal states is taken as IV for the fractional Fokker—Planck
and Feynman—Kac equations, the derivation processes of which are similar to the ones
given in [42]. Here we only provide the derivation of the Fokker—Planck equation. We
denote the column vector by capital letter and its components by lowercase letters,
e.g., |G(X,t)), with its components ¢g*(X,t),i = 1,2,..., N being the PDF of finding
the particle, at time ¢, position X in n-dimensional space, and internal state . Then
define the waiting time distribution matrix ®(¢) = diag(¢'(t), #*(t),..., ¢~ (t)) and
the jump length one A(X) = diag(A\}(X), A3(X), ..., ANV(X)), where ¢(t) and \*(X)
are, respectively, the PDF's of waiting time and jump length at the ith internal state.

Let |@Q, (X, t)) be composed by ¢, (X,t),i =1,2,..., N, representing the PDF of
the particle that just arrives at position X, time ¢, and ¢th internal state after n steps.
Thus, the matrix of survival probability is

W(t) = diag (w'(t),...,w" (¢

)
_ diag (/too SL(F)dr, . .,/too ¢N(T)d7> . /th)(T)dT,
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where I denotes the identity matrix. This indicates that the Laplace transform of
W (t) is

(s = L2

For G and @, there exists
+ 00

(44) GE.) = [ W) D 1Qu(X,t = e
0 n=0

On the other hand, for each component ¢! of @,,, we have

N t
¢ (X, t) = Z/ mNX = Y)®(t — 7)¢,_ (Y, 7)dYdr.
=170 Jre
Thus, @ satisfies

(45) |Qn(X,t)) = /0 - MTAX = Y)®(t — 7)|Qn_1(Y,7))dYdr.

Taking the Fourier-Laplace transform to (44) and (45) leads to

(46) Gk, 5)) = %‘I)(S)[I — MTA(K)®(s)] " [init).

The Fokker—Planck equation can be obtained by applying the inverse Fourier—
Laplace transform on (46). Here, we take the waiting time distributions as asymptotic
power laws; i.e., in Laplace space é(s) ~ I —diag(s®t,...,s*V),0 < aq,...,ay < 1.
As for jump lengths, they obey the Lévy distributions; i.e., in Fourier space, each
component of A(k) is the form of (30) with particular 3; and );. Then, the Fokker—
Planck equation with N internal states is

() MT%|G(X,t)> = (MT — Ddiag(D; =™, ..., D{~*M)|G(X, 1))

+ MTdiag(D{ = AN DTN ABN2AN)|G(X, 1)),

where D; ~* is the Riemann-Liouville derivative defined as [36]

1-a i _ 1 a/tm
(48) D, ¢ (X,t) = T 9t Jy @=r)i-= dr

and Ag{/ 22 denotes the anisotropic (tempered) fractional Laplacian with its Fourier
transform A (k).

For the Feynman-Kac equations, we define the functional A = fg U(X(7))dr,
where U is a prespecified function. Let G(X, A,t) be the PDF of the functional A
and position X and G(X, p, t) be the Fourier transform from A to p. Then the forward
Feynman—Kac equation is

MT%@(X,p, 1)) = (MT = Idiag(D; ~*,...,D; “M)|G(X, p, t))

+ MTdiag(AR /2D L AGNPANDETON) G(X, p, 1)) +ipU (X)MT|G(X, p, 1)),
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where

1—a; —i 1 0 . t ei(t*T)PU(X) i
D,m g (X, pt) = () ((’)t - ZPU(X)) /0 D (X, p,7)dr,

and the backward version is
0 ~ . —a —an | A
M™ 2 1Gxy (1)) = (M7 — Ddiag(D}",., DE%) |G, (p, 1)

+ M diag(D} AR L DTN AINEANY) G, (p, 1)) + ipU (Xo) M |Gx, (p, 1))

m,Xo

5. Generalized boundary conditions. In this section, we mainly consider the
initial and boundary value problems with the anisotropic tempered fractional Lapla-
cian. The case for the anisotropic fractional Laplacian can be obtained by taking
A = 0. Following the ideas of [10, 12, 15], the local boundary 9 itself cannot be hit
by the majority of discontinuous sample trajectories; based on this physical implica-
tion, these problems should be specified the generalized Dirichlet- and Neumann-type
boundary conditions. For the sake of simplicity, we only discuss the anisotropic tem-
pered fractional Laplacian A%/Q’)‘p(X, t) defined in (32); i.e., A and 8 are constant:

1 m(Y)

AB/22 = -Y) - —o———dY.
(49) m o p(X ) T5)] Rn\{o}[p(X Y) - p(X)] eMY”YV,%dY

Consider the time-dependent Dirichlet problem

w —AIPAp(X ) = f(X,1) in ©,
(50) p(X,t) = g(X,1) in R™\Q,
p(X,0) = po(X) in 0

and the Neumann problem

Remark 5.1. If we consider the model with a Caputo fractional derivative in time,
like (43), its Dirichlet problem can be similarly formulated as above, while its Neu-
mann problem should be

§ DPp(X. ) = AYP (X, 1) = f(X, 1) in Q
(52) D= AP p(X, 1) = g(X, t) in R™\Q,

p(X,0) = po(X) in Q,
where D}~ is the Riemann-Liouville derivative defined in (48). Tt should be noted
that the Neumann boundary condition g(X,t) is time dependent in both (51) and

(52), meaning that the numerical flux of diffusing particles across the boundary 92
is time dependent.
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Remark 5.2. For the problem (51) with homogeneous Neumann boundary condi-
tions g = 0 and source term f = 0, if the directional measure m(Y) is symmetric, we
can prove the property of conservation of mass inside 2.

More specifically, from the symmetry of m(Y), we have

X) -~ p(Y
//QXQ €A|>£)—(Y|)|X I_)(Y)n_m m(X —Y)dXdY

p(Y) — p(X)
- //Qxﬂ eMX=YI|X — Y|n+ﬁm(X —Y)dXdY = 0.

Therefore, for (51) with f =g =0,

%/Q dX:/QAfl/Q”\p(X) dX

! p(X) — p(Y)
= - T(=8)| /Q / AXYI|X — Y|n+ﬁm(X -Y)dYdX

| p(X) — p(Y)
=5 L/ o ARVIX s X~ Y)Y X

S p(X) = p(Y)
- _m /Rn\Q/Q AX=Y[|X — Y|+ m(X —Y)dXdY

1 p(X) —p(Y)
= —m /]R"\Q /" AXYI|X — Y\’Hﬁm(x -Y)dXdY

1
= —— 5/2’)\ =
B Jamio o P =00

Thus, the quantity fQ pdX does not depend on ¢, which means the conservation of
mass inside €.

Based on the definition of AL/**p(X, t) in (49), there is no need for the solution
p(X,t) to vanish at infinity. To guarantee the convergence of the integral in (49),
the solution p(X,t) should satisfy that there exist positive M and C such that when
(X[ > M,

Ip(X,t)] < CeXaIXI for positive small e.

This is an essential difference from Riesz fractional derivatives [43], which must vanish
at infinity. A special example is that p(X,t) = 1 and A&/Q’Al = 0. Indeed, that
p(X,t) does not vanish at infinity still has some clear physical meaning, e.g., escape
probability [11]. Considering the case of 8 = 2 in (30), we have

(53)  FIALPX, 1) = /

[ eer -2 miris ok,

In this case, m(¢) determines the covariance matrix a in (2) [26]. If m(¢) is symmetric,
the term containing ¢k, corresponding to the first-order derivative, vanishes. If not,
from (53),

(54) FALP(X, )] = ((ik)T A(ik) — 2(ik)Tb) p(k, 1),
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where the matrix A = (a;j)nxn With a;; = fl¢|:1 éid; m(p)de and the vector b =
(bj)nx1 with b; = fl¢|:1 @; m(¢)dg. This implies

n n
o? 0
55 A = e e F2AY b
(%) W= 2 agxax, P by,
i,j=1 j=1
Then the weak solution p € H(R") of (51) satisfies, for all ¢ € H(R"),

p
i 8t 00X+ / . Z:: i 95X, ax

For the Neumann boundary conditions in (51), we have

a n
gqdX = / ;i qdX + 2)\/ b; qdX
An \Q n\Q Z J 8X aX n\Q Z ] aX

p n
/OQZa”a qu/n\ﬂz ”8X 6X /n\QZbJ(’)X qdX.

7,7=1

qdX = | fqdX— gqdX.
Q

n =1 J 8X R™\Q

Then

dp dp dq S
/ dX+/Z a5 5% 7%, X 2)\/j1
:/qudX+/ Z a”8 qds,

which means that the usual Neumann boundary condition is recovered. Similarly, for
the Dirichlet boundary condition in (50), when 3 = 2, AL} becomes a local operator.
Then only the information of g(X, t) on the boundary 92 is used to solve the problem,
implying that the usual Dirichlet boundary condition is recovered.

~Op
19X,

6. Well-posedness and regularity. Here we show the well-posedness of the
problems provided in the previous section. First, we define the fractional Sobolev
space for s € (0,1),

HS(Q) = {1} S LZ(Q) : "U‘Hs(g) < OO}7

[v] s () <//Qx9 = |n+2)s) dz dy) -

is the Aronszajn—Slobodeckij seminorm. The space H*() is a Banach space, endowed
with the norm

where

1/2
ol = (0120 + [0Feey) -

Equivalently, the space H*(2) can be regarded as the restriction to Q of functions in
H*(R™). We define H§(2) as the closure of C§°(2) in H*(§2). Consider the space

HS(Q) = {ve H*(R™) : v=0in R"\Q}
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equipped with the /*(R") norm. The dual space of Hg(Q) is denoted by H—*(Q) or
H§()'.

If g € L2(0,T; H3/2(R™)) N HY(0,T; H-#/2(R™)) and f € L?(0,T; H~#/%(Q)),
then the weak formulation of (50) is to find p = p+g such that p € L*(0,T; ﬁ5/2(ﬂ))ﬂ
HY(0,T; H-P/2(Q)) — C([0 T], L?()) and

T
(56) //Qatﬁqudt—F ST(— ‘/ a(p, q)dt = // (f + AB/22g — 8.g) qdXdt
for all ¢ € L*(0, T} HB/z(Q)) where

a(p.q) = 2I0(=B)| (=A5/**p,

ey
(57) o
2 [.... “muH)

_ [ O RO ) — Y ZX0) gy
R™ xR™

AX-YX — Y[ th

To show the well-posedness of the weak formulation (56), the main task is to prove
the continuity and coercivity of bilinear form a(p,q) [18, 45], while I(q) := [,(f +

N Yg—0 ¢g) ¢dX is a continuous linear functional on L?(0, T} Hﬁ/ (Q)) evidently.
Here, the bilinear form a(p, q) is based on (32). For (34), the blhnear form becomes
a little bit complex. But the well-posedness is still valid since we mainly prove it in
Fourier space.

LEMMA 3. The bilinear form a(p,q) is continuous on HP/2(R™) x HP/2(R").

Proof. We prove the continuity in the Fourier space. Using the Parseval equality
and Theorem 1, we have

a(p,q) = 20 (=B)(F[-A5* ], Zq])

(58) _ B (12 )28/ 2= Ry
9 [ (0= 0% 0972707 ) migis )i

where n = arctan( ) Then because of (A2 + [k - ¢|2)5/2 < 20/2(\° + |k - ¢|?),
a0l <C [ [l 8 m(@)dd o) (k) dk
»Jigl=1
<C 1+ kP de |p(k)||G(k)|dk
<o f [ asmm@s 59l

(59)
= [ k) 150909k
= C||p||HW2(R") ) ”(I”HWZ(]R”)v
which completes the proof. ]

Before proving the coercivity of the bilinear form a(q, ¢), we show a lemma first.
Because of the Parseval equality, there exists

(60) a(q.9) = 20(~ ) / d(k) (k) Pk,

n
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where 1) = arctan(*52) and d(k) = f\¢\:1(/\ﬁ — (N2 4 (k- 9)2)P/2e71) m(¢)d¢. Thus,
the complex conjugate of d(k) satisfies d(k) = d(—k), which implies that S[d(k)] is
an odd function. On the other hand, since g(k) = [5, e**¢(X)dX and ¢(X) is a

real function, we have that §(k) = §(—k) and |G(k)|? is an even function by

[a®)]* = a(k)a(k) = 4(-k)i(~k) = |a(-k)|*.

(©60) atg.) =2009) [ [ (¥ - 0+ 097 eos(n)) m(@)ag e

For the isotropic case, m(¢) is a constant, and

(_1)[51

Wn

(62) F[-A7*g(X)] = [ (0= 0 0o eostam) ds -t

In the following, we show that under some reasonable assumptions on m(¢), there
exists a constant C' > 0 such that

(63)  RLF[-ANPq(X)] - 4(k)] > CF[-APPA¢(X)]-4(k)  VkER”,

where

wlw

RLZ (A2 0(X))1709) = (-1 [

(V=004 (k0)?)
|p|=1

cos(ﬁn)) m(¢)de-|G(k)[>.

DEFINITION 4. The directional measure m(@) on the unit sphere in R™ is said to
be nondegenerate if the set A, (@) := {¢;m(d) # 0} can span the whole space R™.

LEMMA 5. Let 8 € (0,1)U(1,2). For the operator —Aﬁ{“, the nondegeneration
of the directional measure m(¢) on the unit sphere is equivalent to (63).

Proof. Denote f(k-¢) = (—1)IFIT(A\ — (X2 + (k- ¢)2)§ cos(fn)). Then f" > 0
and fmin = f(0) = 0 [46, App.], which implies that .F[-A#/22¢(X)] - ¢(k) > 0 and
RIF[-AZ**¢(X)] - 4(k)] > 0. If k = 0, then (63) holds. If k # 0, then (63) is
equivalent to

REA X 40 L ol g ykere
FI-AP2A(X)] - 4(k) |

First, we prove the sufficiency. If the probability density function m(¢) is degenerate,
i.e., span{A,,(¢)} is the strict subspace of R™, then there exists Q being the orthogonal
complement of span{A4,,(¢)} in R, satisfying Vk € Q and V¢ € A,,(¢), (k-¢) =0. In
this case, there exist k,¢ € Q C R” s.t. (k-¢) > 0. It means that .7 [—AB/2X¢(X)] -
d(k) > 0 but R[.F[—AL/**¢(X)] - 4(k)] = 0. Then (63) does not hold.

On the contrary, for necessity, we assume that m(¢) is nondegenerate. If ¢(X)
does not equal zero but %[ﬂ[—Ag{Q’)‘q(X)] - 4(k)] = 0, then for any ¢ and k, f(k-
@)m(4) = 0 almost everywhere. Since m(¢) is nondegenerate, k must be orthogonal
to the space span{A4,,(¢)}(= R™). So k must be a zero vector, which means that

%[ﬁ[—Ag{Q’Aq(X)} - ¢(k)] = 0 has the only zero point k = 0 if ¢(X) is not zero. By
a simple calculation, both R[Z[—A/**¢(X)] - 4(k)] and F[—AP/22¢(X)] - 4(k) are
O(|k|?) when |k| — 0 and O(|k|?) when |k| — co. Then (63) holds. d
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LEMMA 6. Let g € 1:15/2((2). If the directional measure m(¢) is nondegenerate,
then the bilinear form a(q,q) > C|q\%6/2(Rn); i.e., it is coercive in HP/?(R™).

Proof. The coercivity is proved in two steps. The first step is to show that a(q, q)
can bound the bilinear form a(q, q) with isotropic m(@), i.e., a(q, q) > Ca(q, q), where

(64) //Rn . —p(Y))(@(X) —a(Y)) v ~

eMX YI|X — Y|P

In the second step, we prove that a(g,q) can be bounded by the norm Hq||§16/2(Rn).
In the first step, we prove it in the Fourier space like Lemma 3. It suffices to
prove that there exists a positive constant C' such that

(65)  RIF[-A* (X)) - 4(k)] = CF[-A2¢(X)] - 4(k)  VkeR",

which can be guaranteed if m(¢) is nondegenerate from Lemma 5. See [17, eq. (5.11)]
for some specific expressions of m(¢@), where the two-dimensional case is discussed but
without tempering. In the second step, we adopt the common technique of splitting
the nonlocal seminorm into “near” and “far” pieces in the nonlocal literatures [16,
25, 46]. More precisely, take a sufficiently big ball B, centering at the origin with
radius p so that 2 C B,. Denote § > 0 as the distance between Q2 and 0B,, § =

ianEQ,YE@Bp ‘X — Y| Then for q € f{oﬁ/z(Q),

1
|2 > /QQ(X)/ ——_dYdX
‘Hff/2(B;,) o B\ |X —Y‘T”B

66 e
(66) > (20" |B\ | X)X
= CHQ||2L2(Q) = C”qH%%R")
and
2
" (X)
|q|§{[3/2(Rn) = |QI?—IZ3/2(BP) +2/§;/"\B dedX
P
< lql? +2/ ¢*(X)dX Y| Py
o o2 +2 [ (LY
2w, 0P
= |Q|?{ﬁ/2(3‘)) + THQHQLZ(Q)
< C|Q|§{ﬂ/2(3p)~
Therefore,
—q(Y))?
dXdY
a(q,q) //B .5, e/\\X Y\|X Y |5
(68) o—20
= |Q|Hﬁ/2(3 )
2 O||Q||Hﬁ/2(Rn)-
The proof is completed. 0

THEOREM 7 (existence and uniqueness of weak solutions). Let py € L%(), f €
L2(0,T; H-P/2(Q)), and g € L*(0,T; HP/2(R™)) "N H(0,T; H-#/2(R™)). If the direc-
tional measure m(@) is nondegenerate, there exists a unique weak solution of (50) in
the sense of (56).
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Proof. The continuity and coercivity of bilinear form a(p, ¢) have been obtained.
Furthermore, I(g) is a continuous linear functional. Then the original initial boundary
value problem (50) has a unique solution. |

For the Neumann problem (51), first we define the tempered fractional space
HPPARY) = {v € L*(R™) : [v] oz gny < 00},

where the seminorm

/2
v(Y))? '
(69) [Vl gs/2 mny = (/R /R eMX Y\|X Y|n+ﬁdXdY

and the norm

1/2
(70) ||U||H6/2A(Rn) = (HU”i?(R”) + |U|zﬂ/2wA(R“)) :

The main difference of the Neumann problem with the Dirichlet one is that es-
sentially it is an unbounded problem. There are also some interesting properties for
the operator AEP’A defined in unbounded domain, e.g., A?n/z)‘l = 0 for constant
1, which may produce some dedicated/complicated issues for the choice of function
spaces, ways of proving the well-posedness, etc. For example, for the bilinear form

a(-,-) in (57),
(71) la(p, q)| % ¢ |p|Hﬁ/21*(]R") ’ |Q‘HW2’*(R")‘

In fact, take n =1, ¢(z) = 1 and
-1 x<0, 0 z=-1,
o ={ o 5sh m@={ ] 7

Then the right-hand side of (71) equals 0, while the left-hand side

oo 00 p(x) — ply
a(p,q) = 2/ / eMEyl)u _(y)1+5 m(sgn(e — y))dody
o [T [T @) —p)
B 2/;00/‘7; e)‘|w—y\|33_y|1+ﬁ dl’dy
0 o )

In the following, we just focus on the case that the probability density function
m(Y) is symmetric. We define the function space, containing the functions that may
not vanish at infinity,

(72) V= {p € LQ(Q) : |p|H,€L/2’A(]R") < OO},

furnished with the norm

1/2
el = (UpllEzc) + 1P n gy )

(73) 1/2
_ ((X) —p(Y))*
|p|Hff/2’)‘(R") = ([}gn /Rn 8MX—Y||X _Y|n+6m(X —Y)dXdY .
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PROPOSITION 8. V is a Hilbert space with the norm defined in (73).
Proof. We first verify that the norm in (73) is well defined. Let ||p|lv = 0. It can be

easily obtained that p = 0 a.e. in Q from ||p[|z2(q) = 0. Then from |p|Hﬁ/2,>\(Rn) =0,
one gets that (p(X)—p(Y))?m(X~Y) = 0 a.e. in R". Since m is nondegenerate, there
exist n linearly independent nonzero vectors r;,i = 1,...,n, satisfying m(r;) # 0.

Therefore, the differences of p along the directions r; are zero, that is, dp; = p(X +
hr;) — p(X) = 0 for any constant h. Then we consider a normal unit vector &; with
the ith component being unit. Since the sets r; can span the whole n-dimensional
space, the difference of p along the direction ¢; is the linear combination of those in
direction r;, i.e.,

(74) p(X + he;) — p(X) = Zaiépi =0 for any h,

i=1

which implies that each component of Vp is zero. Therefore, Vp = 0. Combining
with p =0 a.e. in €, we obtain p = 0 a.e. in R™.

Then we prove that V is complete by imitating the proof of [14, Prop. 3.1]. Take
a Cauchy sequence py with respect to the norm in (73). In particular, pg is a Cauchy
sequence in L?(€2), and therefore, up to a subsequence, we suppose that pj converges
to some p in L?(2) and a.e. in . On the other hand, for any (X,Y) € R?", define

ml/2(X —
(75) By (X.X) = ((X) = 4 Y)) =g g oy

Accordingly, since py is a Cauchy sequence in V |, for any € > 0, there exists N. € N
such that if k, 5" > N., then

mX-Y
2 [ k= p) X0 = (= ) (V)P e s XY

= ”E;vk - Epk”%%ﬂ@?")v

which means that E,, is a Cauchy sequence in L?(R?"). Up to a subsequence, we
assume that E,, converges to some E in L?(R?") and a.e. in R?".
Fixing Xo € , there exists limg_,o0 pr(Xo) = p(Xo); then for any given Y €
R™\2, we have that
klinolo EPk (Xo, Y) = E(Xo, Y)

Noticing that

m/*(Xy - Y)
Ep (X, Y) = (pr(Xo) _p’“(Y))eMxo—Yv2|Xo EpvICEEIPE

there exists

| | oYV, Y|4
kli{l;opk<Y) = klingo <pk(X0) - m1/2(X0 _ Y) Epk (X07Y)>
e’\‘XO*YV2|X0 — Y|(n+ﬁ)/2
= p(Xg) — E(Xy,Y
p( O) ml/Q(XO —Y) ( 05 )

for a.e. 'Y € R™\Q. This means that py converges to some p a.e. in R™. So, using
that py is a Cauchy sequence in V, any fixed € > 0, there exists N. € N such that, for
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any k' > Ng,
€2 > liminf||py — pi||3

k—oo

= lim inf/ (pr. — prr)*dX

k—o00
9 m(X -7Y)
+llmlnf/“/n Pk *Pk/ ) (Pk *Pk/)(Y” eMX_Y||X—Y|n+ﬁdXdY
/\2 2 m(X — Y)
> [k [ | (=p)) - 0= po) (V) g g KIY

= llp — pr I3,

where Fatou’s lemma is used. This says that p}, converges to p in V, showing that V
is complete. 0

Then the weak formulation of (51) is to find p € L?(0,T;V) N H(0,T; V') satis-
fying

ap T T
(76) / / qdXdt + ——— / alp, q)dt = / / fqdXdt — / / gqdXdt
2|F B)l 0Jo 0 JRM\Q

for all ¢ € L%(0,T;V), where

Y))(¢(X) — a(Y
(77 alp //R . eMXp(Y||)})((Q(Y)n+g( Din(x — Y)dxay.

Similar to [10, Thm. 4.2], we have the following.

THEOREM 9 (existence and uniqueness of weak solutions). Let pg € L?(Q), f €
L2(0,T; L*(2)), and g € L*(0,T;V'). If m(Y) is nondegenerate, then there exists a
unique weak solution of (51) in the sense of (76).

Proof. Let ty, = kr, k =0,1,..., N, be a partition of the time interval [0, T] with
step size 7 = T/N, and define

tr tr
Fr(X) =1 FX, t)dt,  gp(X) ::1/ g(X,t)dt, k=1,...,N.

te—1 T th—1
Then consider the time discrete problem: For a given px_1 € V, find py € V such that

1

1
1 /Q PeX)(X)dX + e ape(X).4(X)

(78) =~ / Prr (X)g(X)dX + / FX)g(X)dX — [ g(X)g(X)dX Vgev.
T Ja Q R™\Q

From the definition of V in (73), the continuity and coercivity of a(p, q) of the left-
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hand side of (78) on V is evident. For the last term on the right-hand side, we define
9(X) =0,X € Q for supplementary. Then g;(X) =0,X € €, and

[ X400 < lan Xl

/ gk<X>q<X>dX| -
R\

Thus, the right-hand side of (78) satisfies

RHS < Cllpk-1llr2) - lallzz) + I fell 2 - llallcz) + lgxllv llgllv
< C(lIpe-tllzeey + I fellae + gl ) - lallv,

which implies that the right-hand side is a continuous linear functional on V. There-
fore, by the Lax-Milgram lemma, there exists a unique solution p; € V for (78).
Then using the technique in [10, Thm. 4.2], there exists a unique solution p satisfying
(76). d

7. Conclusion. This is a companion paper with the latest one [10]. The main
generalizations come from five aspects: 1. We show how to derive the macroscopic
equations through the Lévy—Khintchine formula for a general anisotropic process in n
dimensions. 2. The anisotropic diffusion operators characterizing normal and anoma-
lous diffusion behavior in nonhomogeneous media are proposed. 3. The tempered
anisotropic diffusion operators are introduced by two different ways with different
motivations, and they are proved to be equivalent. 4. The well-posedness and reg-
ularity of the anisotropic diffusion equations are discussed. 5. The models for the
anisotropic anomalous diffusion with multiple internal states are built, including the
Fokker—Planck and Feynman-Kac equations, respectively, governing the PDF of po-
sitions of particles and the PDF of the functional of the particles’ trajectories. Wider
applications and numerical methods for the newly built various models will be dis-
cussed in detail in the near future.

Appendix A. Proof of Theorem 1.

Proof. We mainly prove the equivalence of the anisotropic tempered fractional
Laplacian in (34) of Case II to the alternative definition (30). The equivalence of
the anisotropic fractional Laplacian of Case I and definition (29) can be obtained
similarly. Taking the Fourier transform of the right-hand side of (34) leads to

7[5 p(X, 0] (k)
1 / e*Y —1—-ik-Y

m(Y)dY - p(k,t)

—r(=B)l ANYI[Y [ t5
L e ik b
|F(—,8)|F(1 ﬁ)>\ ( k b)p(k,t)
1 cos(k-Y) -1 . sinfk- Y)-k-Y A
- m—wl/ . (Ym)w m()dY +i | im&w m(Y)dY | - p(k,t)
L e [ ke s
T rg A /|¢_1<k $)m(¢)dg - p(k, 1).

Since 8 € (1,2) in this case, by polar coordinate transformation and integration by
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parts, we have

1—cos(k-Y)
/]R 76’\|YHY|"+5 m(Y)dY

/ /¢ . N (1~ cos(rk - ¢))m(@)dddr

T (=B)(1=38) rt e —cos(rk - ¢))m r
T - B)(l ) /0 /¢|_1<1 (rk - §))m(9)dd
2\ / Tl—Be—)\r/ (k - @) sin(rk - ¢)m(p)dddr

COREINS ¢l
. Oorl_ﬁe_)‘r - ¢)? cos(rk - ¢)m r
+ i [, 7 costrkc-gmig)aga

:/ (I + I + I5) m(¢)dg.
6=1

Then using the formulas [21, eq. (3.944(5-6))] and taking n = arctan (L) ¢) , we get
I =T(=B)A =T (=B)(\ + (k- §)*) 7" - X*cos((2 — B)n).
Iy = —20(=B)(N + (k- ") 57 - (k- $)Asin((2 — £)n).
I; = T(=F)(N + (k- )*) 2" - (k- §)* cos((2 — ),

which results in

L+ I+ s =T(=8) (M = (0 + (k- $)*) % cos(8n)).
Then
(79)
/Rn Wm”w e (V7= (2 + (k- 9)%) % cos(Bm) ) m(@)dg.
Similarly,
sinflk-Y)—-k-Y
/n 2A|Y||§’|”+ﬁ m(Y)dY
/ /¢ e sin(rke - @) ke $)m(g)dpdr
= =T pt=Pe=Ar sin(rk - @) — rk - ¢)m r
(- 5)(1—ﬁ)/o /w (sin(rk- ) —rk - $jm(@)dgd
S Oorlfﬁe*)‘r -@)(cos(rk - @) — 1)m r
(50) a7/ [tk eostrie 6) — 1mg)aga
_; Oorl_ﬁe_)\r . QSiIl’I“ .d)m -
== /. [, o sintric oymig)is

tv\m

_ _T(-p) /|¢ O (- 9)) sin(om) m(9)dg

ST B / (k - )m()dg.

|p|=1
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Combining (79) and (80) leads to the anisotropic tempered fractional Laplacian in
Fourier space

F5= X, 0] = (-0 [
lp|=1

=07 [ (k) ) mig)ag )

(O + (- @) 277 = ) m(g)dg - (k. 1),

which equals to (30). 0
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