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Abstract

In this paper the multi-dimensional analog of the Gillis-Weiss random
walk model is studied. The convergence of this random walk to a fractional
diffusion process governed by a symmetric operator defined as a hypersingu-
lar integral or the inverse of the Riesz potential in the sense of distributions
is proved.
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1. Introduction

In this paper we will study multidimensional random walk models ap-
proximating the Cauchy problem for fractional diffusion equations with
symmetric spatial operator of fractional order. We will follow the method
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profitably used by Gorenflo and Mainardi for the study of scaling limits
of discrete random walks, which was implemented in the one-dimensional
case in the series of their works (see [6], [7] and references therein). They
constructed a number of discrete random walk models approximating frac-
tional diffusion processes with symmetric and non-symmetric Lévy-Feller
fractional differential operators in the governing equation. The scaling weak
limits of these models represent stable Lévy processes for the full range of
scaling order « € (0, 2].

Our treatment can be considered as a multi-dimensional generalization
of the one-dimensional Gillis-Weiss model introduced first in [4] and studied
in the recent paper [6]. The main purpose of this paper is to construct a
multidimensional random walk models by choosing suitable transition prob-
abilities, which approximate stable Lévy motions. Note that the extension
of results from the one-dimensional case to the multi-dimensional case is
not trivial and requires to use methods distinct from those, which were
used in the one-dimensional case. In particular, the method used in [6], [7]
involves summing of a formal Laurent series of a complex variable z and is
no longer feasible in the multi-dimensional case. Instead we essentially use
the symbolic calculus and properties of cubature formulas.

In the recent book [14] by M. Meerschaert and Scheffler the wide range
of problems in multi-dimensional stochastic processes is highlighted, with
emphasis on operator stable probability distributions, and there are also
given comments on the historical development and indications of their dif-
ferent applications. Note that the necessary and sufficient conditions for
a random vector to belong to the domain of attraction of nondegenerate
nonnormal stable laws were found in [17] (see also [14]). Multi-dimensional
random walk is often used in modeling various processes in different areas
[12], [14]. See, for instance, [1] for applications to economics and [11] to
finance, [2] for modeling of river flows and [19] for modeling of copepod
behaviour of animals in zoology.

Our paper is organized as follows. In Section 2 we give auxiliary mate-
rials and introduce terminology that will be used in the paper. In Section
3 we mainly recall some properties of pseudo-differential operators consid-
ered in our previous paper [8] referring to it for details and lay out some
elementary properties of symbols. These properties will be essentially used
later in the study of the diffusion limits of random walks. In Section 4 we
formulate the problem we are going to study in terms of random walk. In
Section 5 we formulate the main result obtained in this paper.
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2. Preliminaries

Let RN and ZN be the N-dimensional Euclidean space with coordinates
x = (z1,...,zn) and the N-dimensional integer-valued lattice with nodes
j = (j1, .-, jn), respectively. Denote by z; = (hj1,...,hjn),j € ZV, the
nodes of the uniform lattice ZY defined as (hZ)" with a positive number
h, the mesh width.

Suppose that a particle is located at the origin 29 = 0 = (0, ..., 0) at the
initial time ¢ = 0 and at time instances t; = 7,13 = 27,...,t,, = n7,... jJumps
moving through nodes of the lattice Z{lv . Let p; be a probability of jumping
from a point xj € Zflv to a point x;yp € ZhN, where j and k are in ZV.
By this we automatically assume that the particle jumps are isotropic for
all directions. The numbers p;,j € ZV, are called transition probabilities.
They satisfy the following conditions of non-negativity and normalization:

(a) pj > 0,5 €ZY; (b)) Yjeqnpj=1.

We denote by p; the value of a discrete function p : ZN — R! at a point
j € ZN (transition probabilities are also form a discrete function). For given
two discrete functions, p and ¢ we define a convolution p * ¢ by the rule

(p*q)j= Y Pedj—kJ € Z".
kezN

Also for a given discrete function p we define its Fourier transform
(Fourier series) p(&) = F[p](£),¢ € RN, by the formula

= Z pre” ™,

keZN

and we call p(—¢) the characteristic function for p.

We will consider the solution u(t, z) of a fractional diffusion equation (see
section 4) as a probability density (with respect to ), namely for given time
t > 0 as the probability of sojourn of a diffusing particle at € RV. For the
discrete random walk introduced above we use the notation y;(t,) for the
(discrete) probability of sojourn (in the instant ¢,) of the wandering particle
at the point x;j. Heuristically we consider y;(t,) as an approximation of
RN u(t, )~ [ u ¢ u(ty, z)dzx, the total probability of sojourn inside a cubical
cell C; with the center x; and side length h.

LEMMA 1. For the probabilities y;(t,) the following statements hold
true:
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(i) yj(tn+1) = ZkezN pkyj—k(tn)7j S ZN;
(ii) y;(tn) = (p ... x p);.

ntimes

In our further considerations we will need some properties of cubature
formulas. Let f be a continuous function integrable over RY. Then the
following rectangular cubature formula

(@)de = BN Y f(x;) +o(1) (1)
R jeZN

is valid [20].

3. Pseudo-differential operators and symbols

For our fractional diffusion processes we make essential use of the theory
of pseudo-differential operators. For general orientation we recommend [5]
and [9], furthemore the modern presentation in [10] by N. Jacob who pays
special attention to Markov processes.

In this section we consider some properties of pseudo-differential oper-
ators A(D),D = (D, ..,Dn),D; = %,j =1,..N, with a symbol A(£) not
depending on x defined in RY. For a test function op(x) taken from the
classical space S(R"), the Fourier transform

P = FlA©O) = [ pla)e o

is well defined and belongs again to S(RY). Let S’(R"™) be the space of
tempered distributions, i.e. the dual space to S (RN ). The Fourier trans-
form for distributions f € S’(R") is usually defined by the extension for-
mula (£(€),0(€)) = (f(x), (x)), with the duality pair (.,.) of S’(RY) and
S(RN).

Assume G to be an open domain in RY. Let a function f be continuous
and bounded on R" and have a Fourier transform (taken in the sense of
distributions) f(¢) with compact support in G. The set of all such functions
endowed with the convergence in the following sense is denoted by Ui (RM):
a sequence of functions f,,, € ¥ (RY) is said to converge to an element fy €
Ug(RN) iff: (i) there exists a compact set K C G such that supp fr, C K

for all m =1,2,...; (ii) || fm — foll = sup|fm — fo| — 0 for m — oo. In the
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case G = RY we write simply ¥(R") omitting R" in the index of ¥¢(RY).
Note that according to the Paley-Wiener theorem functions in ¥g(RY) are
entire functions of finite exponential type (see [15], [5]).

Let H*(RM),s € (—o0,+00) be the Sobolev space of elements f €
S"(RN) for which (1 + |€[2)%/2]f(€)| € Lo(RN). Tt is known [9] that if f €
L,(RYN) with p > 2, then its Fourier transform f belongs to H™5(RY), s >
N(3 - %) Letting p — oo we get f € H5(RN), s > & for f € Loo(RY).
Taking into account this fact and the Paley-Wiener theorem we have that

the Fourier transform of f € Ug(R™) belongs to the space

() Henp(G),

s>%
where H_,;,,(G) is a negative order Sobolev space of functionals with com-
pact support on G. Hence f is a distribution, which is well defined on
continuous functions.

Denote by \IJI_G(RN ) the space of all linear bounded functionals de-
fined on the space ¥g(RY) endowed with the weak (dual with respect
to ¥g(RY)) topology. Namely, we say that a sequence of functionals
gm € \IILG(RN ) converges to an element go € \I/LG(RN ) in the weak sense
if for all f € Ug(RYN) the sequence of numbers < g, f > converges to
< go, [ > as m — o0o. By < g, f > we mean the value of g € \I/LG(RN) on
an element f € Ug(RY).

Let A(£) be a continuous function defined in G ¢ RY. A pseudo-
differential operator A(D) with the symbol A(§) is defined by the formula

A(D)p() = (2;)N<¢, A(€)e i) (2)

which is well defined on Ug(RYN). If ¢ is an integrable function with
supp ¢ C G, then (2) becomes the usual form of pseudo-differential operator

A(D)pl) = (2;)N / A(E)p(E)e e,

with the integral taken over G. Note that in general this may not have sense
even for infinitely differentiable functions with finite support (see [8]).

We define the operator A(—D) acting in the space ¥’ ,(RN) by the
extension formula

<A(=D)f,p > =< f,AD)p >, f €V _4RY), pc TaRY). (3)
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We recall (see [8]) that the pseudo-differential operators A(D) and A(—D)
with a continuous symbol A(&) act as

A(D) : Uo(RY) — Uo(RN), A(-D) : V_o(RY) — ¥_,(RY)
and are continuous.
LEMMA 2. Let A(€) be a function continuous on R™. Then for ¢ € RN

A(D)fe ") = A()e .

P r oo f For any fixed ¢ € RV the function e~™¢ is in W(RM). We

have
1

@V o A(n)edpe(n),

where dug() = Fyle=*dn = (2r)¥6(n — €)dn. Hence A(D){e~"¢} =
A(&)e™E, -

A(D) e} =

COROLLARY 1.

i) A(€) = (A(D)e™ "),

i) A(€) = (A(D)e™%)j=0;

iii) A(¢) =< A(—D)d(x),e ™ >, where § is the Dirac distribution.

REMARK 1. Since the function e~™¢ does not belong to S(R") and
D(RY), the representations for the symbol obtained in Lemma 2 and Corol-
lary 1 are not applicable in these spaces.

In our further random walk constructions G = R¥, so that symbols of
pseudo-differential operators are continuous functions in the whole space.
The symbol of the Laplace operator A(D) = A as easily seen is —|¢|2. The
relations in corollary for symbols can be easily verified for this symbol.

The pseudo-differential operator A(D) = D§ with the symbol —|£|* can
be represented with the help of a hypersingular integral (see, e.g. [18])

o 1 AL f(x)
DEI@) =~y o T ()

where 0 < o < [, [ is a positive integer, Aé is the finite difference of the
order [ in the y direction, either centered or non-centered, and d(«,l) is a
constant defined in dependence on what type of difference, centered or non-
centered, is taken (see for details [18]). Note that in this paper we consider
only the centered case of the finite difference Afy in the definition of D .
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Let [ be a given positive integer. Denote by 7, a shift operator with
spatial vector-step y

(ryf)(@) = f(z —y),z,y € RY.

Using this operator we determine the symmetric difference operator of order
l

(SIS

l
(@470 = (g =)' = S0 () St = )

k=0
Let a constant d(a,[) be defined as (see [18])

7T1+N/2Al(04)

d(a,l) = 20T(1 4+ 2)T(Y¥F) sin(ar/2)’

with A;(«) determined by the formula

(1/2]
M) =20 () (-0 ©)

k=0

Moreover d(a,l) # 0 for all @ > 0 and for even [, but d(«,!) is identically
zero for odd orders [. We accept that the hypersingular operator D§ in (4)
is defined with the so introduced Aé and d(a,1).

In the construction of random walk models leading to the diffusion equa-
tions governed by pseudo-differential operators in space the sign of the nor-
malizing constant d(c«, 1) is important. Let [ = 2. Then after slightly rear-
ranging we have

(z—y) —2f(2) + fz+y)

D§ =b d
@) =) [ | Er NG
where af(%)lﬂ(%) sin &F
b(a) = 92—a 1+N/2 : (8)

It is seen from (8) that the value a = 2 is singular.
We note also that D§ can be considered as a fractional power of the
Laplace operator, namely D = —(—A)®/2. From Lemma 2 it follows that

. A2eiTe
D§e'™|,—o = b(a) /RN |y‘yN+ady\x:0 = —)¢]*,0 < a <2
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Taking into account the cubature formula (1) for the integral in the right
hand side of (4) we have (with f; = f(hj) and |k| as Euclidean norm of
k= (ki,....ky) € ZV)

2 . )
/ ) gy e 3o Do)

‘k‘N—I—a

4. Fractional differential equations and random walk

Consider the fractional order diffusion equation

%u(t,x) = Dgu(t,x),t >0,z € RV, (9)
where D, 0 < o < 2, is the pseudo-differential operator, defined in the pre-
vious section, which has the symbol —|¢|. In accordance with lim,_.9 |{|¢ =
|€? we will accept D3 = A, where A is the Laplace operator. In the gen-
eral case we have formally D§ = —(—A)*/2. A weak solution, namely a
distribution G(t, z), which satisfies (9) and the condition

Go(0,2) = 6(z), 2z € RV, (10)

with the Dirac function d(x), in the sense of distributions, is called a fun-
damental solution of the Cauchy problem (9), (10).

It is clear that in the case o = 2 we have the classical heat conduction
equation

%u(t,x) = Au(t,z),t >0,z € RV,

whose fundamental solution is the Gauss probability density evolving in
time
1 —le|?

(4rt)n/2 “r

In the case a = 1 the corresponding fundamental solution is given by the
Cauchy-Poisson probability density (see [16])

Go(t,x) =

e

Gi(t,x) = A D/2 (|22 4 2)(nF D2
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It is well known that for the Fourier transforms of the functions Gy(t, z), ¢ =
1,2, the relations [16]

ég(t,ﬁ) — et and Gl(t,é) = ¢ thel

hold.

For other values of o, 0 < a < 2, applying the Fourier transform and
its inverse the fundamental solution to the Cauchy problem (9), (10) can be
represented in the form

1 o
Go(t,z) = )N /RN e HE" ind e (11)

The question we want to explore is the existence of a random walk
which approximates the diffusion process governed by the equation (9). In
the random walk terminology this means that the fundamental solution,
considered as a probability density, is the diffusion limit of some discrete
random walk.

Bearing this in mind let us describe the discrete random walk model
approximating the fractional diffusion process governed by the equation (9)
in terms of probability theory. Let X be an N-dimensional random vector
[14] which takes values in Z"V. Let the random vectors X1, X, ... also be N-
dimensional independent identically distributed random vectors, all having
their probability distribution common with X. We introduce a spatial grid
{x; = jh,j € Z"}, with h > 0 and temporal grid {t, = n7,n =0,1,2,...}
with a step 7 > 0. Consider the sequence of random vectors

S, = hXy +hXo + ..+ hXp,n=1,2, ...

taking Sg = 0 for convenience. We interpret X, Xo, ..., as the jumps of a
particle sitting in = zg = 0 at the starting time ¢ = ) = 0 and making a
jump X, from S,,_1 to S,, at the time instance t = t,,. Then the position
S(t) of the particle at time ¢ is

> X

1<k<t/r

Recall that the probability of sojourn of the particle in z; at the time ¢,,
was denoted by y;(t,). Taking into account the recursion S,,11 = S,, +hX,
we have

Yj(tnt1) = Z PeYj—k(tn),j € ZV,n =0,1, ..
kezZN
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The convergence of the sequence S,, when n — 0o means convergence
of the discrete probability law (y;(tn));ez~ properly rescaled as explained
in the next Section, to the probability law with a density u(t,z) in the
sense of distributions (in law). This is equivalent to the locally uniform
convergence of the corresponding characteristic functions (see for details
[14]). This will be used in the next section to prove the convergence of
the constructed random walks to the fundamental solution of the governing
diffusion equation (limit process).

5. Main result

Consider the Cauchy problem

0
au(t,x) = Dgu(t,x),t >0,z € RV, (12)
with the initial condition

u(0,2) = 6(z),z € RV, (13)

where 0 < a < 2, Dg is the pseudo-differential operator defined above with
the symbol —[£|%; D3 = A.

Assume that the hypersingular integral in the right hand side of (12) is
defined by the centered finite difference of second order (I = 2), i.e by the
formula (7). Using the cubature formula for discrete approximation of the
right hand side of (12), namely

o Uk () = 2u;(8) + ;g ()
Diult,a)) ~bla) > e

kezZN

where b(«) is norming constant defined in (8), and replacing % by the first
order difference ratio

ou j(tni1) — u;(tn)

ot T
with the time step 7 = t,, 41 — t,, we have the relation

Yj(tnt1) = Z PrYi—k(tn)

kezZN

which shows that the transition probabilities have the form
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1 — (@) 3 ez qoy ImI N7, if k= 0;

Dk
pb(a) k| =N, if k # 0,

where the scaling parameter is p = }QL—Q

We will require that the transition probabilities satisfy the properties:

(i) Ypezvpe =1; (i) pp > 0,k € ZV.

Now we formulate the main result of this paper. In the formulation we
will use the notations introduced in the previous section.

THEOREM . Let the transition probabilities p, = P(X = x3),k € ZV,
of the random vector X be given as follows:
a) if 0 < o < 2, then

1= pb(e) X ez (o) s i k= 0;

Pk
pb(cr) ||~V Fe), if ki #0,
with p satisfying the condition
1
b(a) ZmEZN\{O} m|~N=e

and the space and time steps h and T being connected by the scaling relation
T =1(h) = ph®/2;
b) if « = 2, then

O0<pu<

o if k[ =1;

Pk
0, if |[k| =0,

with 7 = %

Then the sequence of random vectors S,, = hX1+...+hX,,, converges as
n — oo in the sense of distributions to the random vector whose probability
density is the fundamental solution of the Cauchy problem (12), (13), i.e.

G(t,z) defined in (11).
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P r o o f. We have to show that the sequence of random vectors S,
tends to the random vector with pdf

1 —t|&|* ix
c;a,x)::(Qﬂ)N(A;Ne Hel® it ge.

It is obvious that the Fourier transform of G(¢, x) with respect to the variable
x is the function G(t,&) = e Y1, Let p(—¢) be the characteristic function
corresponding to the discrete function py, k € ZY, that is

p(=¢) = Z pre™e.
kezZN

As a consequence of Lemma 1 and the well known fact that convolution goes
over in multiplication by the Fourier transform, the characteristic function
of y;(t,) can be represented in the form

§j(tn, =€) = p"(=¢).
Taking this into account it suffices to show that
"(=h€) — e " n — oo, (14)

The latter is equivalent to

Inp(=he)
1 _— = — Oé.
o 7(h) g
where 7(h) = L = ph®/2. But for us it is more convenient to use the

process (14). From the continuity of e® it is readily seen that if a sequence
sp, converges to s for n — oo, then

lim(1 + 22)" = . (15)
n

We have

P(—hE) = (1 _ Hb;a) Z |k’]3+a (1 _ eikfh))n _

keZN\{0}

Qeik“jh
1h(0) Lz o) frvenh™

n

n

(1+
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It follows from (1) and Lemma 2 (ii) that

tends to (Dg‘emf)|z:0 = —|¢]* as b — 0 (or, the same, n — oo ) for all
a € (0,2). Hence in accordance with (15) we have

a(tnv _5) - p\n(_hé‘) - 67t|§‘aan — O0.

The case a = 2 with the transition probabilities given in b) of Theorem
can be treated as an exercise. [

REMARK 2. The constructed random walk relates to the class of stable
laws characteristic function of which in one-dimensional case is exp(¥(&))
with

§

P(§) = iag — blg|*{1 — iﬁmw(& a)},

where a, b, o, 8 are constants, a isreal, b > 0,0 < a <2, -1 < (<1 and
tan(fa), if a#1;
w( a) =
2loglé|, fa=1.

The symmetric case corresponds to a = 0,3 = 0. As is shown in [3] the
governing equation of stable law is

au——a%+Dq 0%u +Dp0u7
o 6(1L‘)a

ot ox o(—x)
where D is some constant depending on o, p > 0, ¢ > 0 and p+ g = 1. The
multidimensional analog of this equation as proposed in [13] is

ou(t, )

T —aVu(t,z) + DV$u(t,z),x € RNt > 0,

where V¢ is the pseudo-differential operator with the symbol

/ (—i€,0)° M (do)
16]=1
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with M (df), a probability measure on the unit sphere. If a = 0 and M (df) =
const - df, then we get the symmetric case considered above. The method
demonstrated above for the symmetric case can be easily applied in the
general case as well.
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