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Abstract

We present the series expansion and the moving average represen-
tation of the isotropic Gaussian random field with homogeneous incre-
ments, making use of concepts of the theory of vibrating strings. We
illustrate our results using the example of Lévy’s fractional Brownian
motion on RV,

1 Introduction

Let X, t € RN be the zero mean, mean-square continuous Gaussian random
field with homogenous increments, starting from the origin so that X; — X



and X;_s have the same finite dimensional distributions. Moreover, we
assume that this field is isotropic, i.e. for any A from the group of orthogonal
matrices on RY it holds that random fields Xa; and X; have the same
finite dimensional distributions. According to [33], section 25, the covariance
function of this field has the following spectral representation

EX: X = o (ei<v’t> — 1) <eii<v’s> — 1> do(v) (1.1)

where (- ,-) is the usual inner product in L?(RY). The spectral measure o
satisfies the condition

/ ﬂd (v) < 0 (1.2)
wy T+ o2 | |

In this paper we obtain the series expansion of a general isotropic random
field with homogenous increments. This work is inspired by the recent paper
by Malyarenko [21] and intends to extend the results contained in two pa-
pers of Dzhaparidze and van Zanten [6], [8] where only the one-dimensional
fractional Brownian motion (Bt)e[o,1) has been treated and the following
series expansion has been obtained:

o
sin a:n — cos yn
Bi=3 — Z Y,

n=1

where X1, Xo, ... and Y7, Ys, ... are independent, zero mean Gaussian random
variables with certain variances and the numbers x,, and ¥, are positive real
zeros of two Bessel function of the first kind of certain order. The expansion
in the multivariate case is much more complicated. As is shown in [21],
instead of two sums we will encounter countable number of terms, each
having the form of series of products of certain deterministic functions and
independent Gaussian random variables (see the representation (7.16) below
and compare with that of Theorem 2 in [21]). As in [21], the series expansion
of the isotropic fractional Brownian field is derived as a special case of the
general expansion (5.3) but unlike [21], Theorem 1, we require only some
mild conditions on the spectral measure. This is achieved by evoking the
powerful spectral theory of vibrating strings. Even though Krein’s seminal
papers come from 1950’s it seems these methods never has been applied in
the present context until the recent paper of Dzhaparidze, van Zanten and
Zareba [9]. The theory is based on the one-to-one relation between spectral
measure and a differential operator associated with the vibrating string. The



latter brings about the notions gathered in section 2 that are of fundamental
importance for analyzing the random processes and, as we will see below, of
isotropic fields as well.

Another subject of this paper is a moving average representation of a
general homogenous isotropic random field. The idea behind such repre-
sentation is to express the random field that in general is of complicated
structure, in terms of certain basic processes, like in our moving average
representation (6.2) that involves a counting number of elementary integrals
with respect to mutually independent martingales. This result is obtained
by the straightforward generalization of the method used in [9]. Like in [21],
special attention is devoted to the applications to the fractional Brownian
motion.

The paper is organized as follows. In section 2 we give a short intro-
duction to the theory of vibrating strings. Section 3 explains the concepts
of spherical harmonics and spherical Bessel functions which later occur in
our series and moving average representations. Section 4 provides represen-
tation of the covariance function which is used in section 5 to obtain series
expansion and in section 6 to derive moving average representation. In sec-
tion 7 we apply the theory to particular examples of Lévy’s ordinary and
fractional Brownian motion. Section 8 comments on the present results and
discusses the possibilities for further developments.

2 Introduction to theory of strings

In this section we present a short account of the spectral theory of vibrating
strings. This theory is initiated by Krein in a series of papers from 1950’s,
however it took the present shape in the fundamental work by Dym and
McKean [5] (see also [17]; the proofs of all statements in the present section
can be found in these works). We only mention strictly necessary facts to
afford direct understanding of our arguments.

2.1 The vibrating string

A string is described by the pair lm. The number 1€ (0, o0] is called the
length of the string and the nonnegative, right-continuous, nondecreasing
function m = m(z) defined on the interval [0,1] is called the mass of the
string. Values x € [0,1] are interpreted as a locations on the string between
left endpoint = 0 and the right endpoint = 1, value of the function m(x)
is thought of as a total mass of the [0, z]-part of the string. The jump of



m at the point = is denoted by Am(z) = m(x) — m(z—). We assume that
Am(0) = m(0).

It is said that the string is long if 1+ m(1—) = co and short if 1+ m(1—) <
oo. In the case of a short string we need another constant in order to describe
the string, that is the so-called tying constant k € [0, cc]. We define also the
Hilbert space L?(m) = L?([0,1], dm).

With the general string (not necessarily smooth) we can associate the
differential operator
df+

dm’

Gf =

where f1(f7) denotes the right(left)-hand side derivative of the function f.
It can be proved (cf. [5], [9]) that in both cases of long and short string there
exists a dense subset 2(¥) of L?(m) such that every f € 2(%) has left and
right derivatives, satisfies f~(0) = 0 (and f(1) + kf* (1) = 0 in case of short
string) and the operator ¢4 : 2(¥4) — L?(m) is well defined, self-adjoint
and negative definite. Let us just remark that the domain 2(%) consists of
functions defined on the real line and satisfying f(z) = f(0) + 2 f~(0) for
<0, f(z)=fQ)+(x=1f+tQ1) for x > 1if 1 < co and

f@) =10+ [ ([ @5 dme)dy

[0.9]
for0 <z <l

We consider the differential equation YA = —\?A. Since the spectrum
of the operator ¢ is a subset of a half-line (—o0, 0] (self-adjoint and negative
definite) this equation cannot have a solution in (%) if A? is not real,
nonnegative number. However, this equation has solutions for any complex
A2. We define the function x — A(x, \) as a solution of

GA(N) = —=N2A(,N), A0,N) =1, A (0,)\) =0.

The function A can be represented (cf. [5], p. 162, 171; [17], p. 29) as
follows

o0

Az, ) =) (=1)"A\"pu(2), (2.1)

n=0

where p,,’s are defined recurrently according to p(z) = [ [y Pn—1(2)dm(z)dy
and po(x) = 1. Thus the function A(z,\) (and AT (x,))) for any fixed
x€[0,1] is an entire function of variable A taking real values for real \.



If A2 is not a positive real number we can construct a complementary
solution D(z, A) of

4D(-,\) = —-X°D(-,)), D (0,)\) =—1,

by putting Lk
1

Yet another function which will appear in the reminder of this paper is the
function

B(z,A) = —§A+(g;,x).

2.2 Spectral measure of the string
We define the so-called resolvent kernel

(2.9) A(z,\)D(y, ), ifz <y,
ra(z,y) =
MY A(y,\)D(z, \), ifz>y.

This term comes from the fact that for any A\? outside [0, 00) we can define
the resolvent Ry := (—A2I —%)~! which can be represented as the integral

Bf) = [ ) ) dmis)
Having at hand all required notions, we can now formulate the funda-

mental theorem.

Theorem 2.1. For every given string, there exists a unique symmetric mea-
sure i on R such that

mmwzléA@”M””MW> (22)

T w? — )2

holds. We call such a measure the principal spectral function. Conversely,
given a symmetric measure @ on R such that

X
/Rfi )\)2 < 0, (2.3)

there exists a unique string for which (2.2) holds true.



To make this assertion less abstract, we will now give the reader some
idea of the construction of the principal spectral measure. In case of the
short string the spectrum of the operator ¢ is {—w? : n = 1,2,...} where
wp’s are nonnegative roots of the equation

EAT(LA) + AL A) =0

(or AT(1,\) = 0 if k = 00). Since YA(-,\) = —A2A(-,\) for every ), the
corresponding eigenfunctions are A(-,w,). Now, we define the symmetric
measure p on the real line which jumps by the amount

™

2HA('7°‘)71)

22 m)

at the points tw,. It is not difficult to show that such a measure, indeed,
satisfy (2.2) (we use the fact that eigenvalues of the operator ¢4 coincide
with eigenvalues of Ry which is compact operator on L?(m), hence A(-,wy,)
form a complete system in which we can expand the resolvent kernel).

If the string is long we first cut it to make it short. Then construct the
measure for the short string according to the procedure described above and
let the cutting point tend to infinity.

2.3 The transforms

In this section we will introduce the key concept of odd and even transform.
Let 4 be the principal spectral function of the string m and let A and B be
the functions associated with m. If we denote L2, (1) and L2, (1) as the
spaces of all even, respectively, odd functions in L?(j1) we have the following

Theorem 2.2. The map A : L?*(m) — L2 (1) defined by

even

A:f— foven(A) = o Az, \) f(z) dm(z)

1s one to one and onto. Its inverse is given by
y 1
Vi — weven(x) = ; /RA(.T, A)lp()\) M(d}\)

It holds that ||fevenyy§2(u) = 71132 (om) -

Before introducing the odd analogue of the above, we need to define the
space 2, which will be the subspace of L?([0,1+ k],dz) of all functions
which are constant on a mass-free intervals. Note that & = 0 if the string is
long. If k£ = oo we require also that the functions vanish on [1, co].



Theorem 2.3. The map A: 2 — L2 (1) defined by

X 1k
A f— foaa(N) :/0 B(z,\) f(x) dx

s one to one and onto. Its inverse is given by

Vi) — oaalz) = ;/ Bl, \)b(A) u(dN).

R

It holds that || foaall3 .y = Tf 13 2) -

Define
7(a) = [ Gy

where m’ is the derivative of the absolute continuous part of m. Let z(T+)
and x(T—) denote the biggest and the smallest root = € [0,1] of

T_/OIMdy.

Now we will describe the concept of the Krein space. If x € (0,1) is a
growth point of the string m then we define the class K% of all functions
f € L?(pn) that satisfy

feven(y) = fodd(y) =0 for y>uz.

Let us introduce one more notion. The entire function f(z) is said to be
of exponential type 7 if

limsup R™* |max log|f(z)| =7

R—o0 z|=R

(cf. [2], [5]).

Denoting by I7 the set of all entire functions f € L?(u) of finite expo-
nential type less or equal T, we can formulate the following identification
theorem for this set.

Theorem 2.4. Either T < T(1) and IT coincides with the Krein space
KT or else T > T(1) and IT spans L?(p).

In other words, this theorem states that if the function is of a finite
exponential type its inverse transforms are supported on the finite interval.



2.4 The orthogonal basis

Let us deal for awhile with the short sting, assuming 1+ m(l—) < oo with
the tying constant k = 0. Consider the family of functions

r— Alz,wy), n=12,... (2.4)

where w,,’s are positive, real zeros of A(l,-) (we skip the dependence of w;,’s
on 1, but the reader should keep it in mind).
Using definition of A and integration by parts we have the following

—w /A:cAA(x w)dm(z /Ax)\dAJr(az w)

= X .’I}CL)I— X, w X xX.
— [z, A" (2,0)] ,4‘4” W) AT (2, \)d

Reversing the roles of w and A gives

1 1
e /0 A, N A(z, w)dm(z)= [A(z, w) A*(z, V)] — /0 A* (2, ) A* (2, w)d.

Taking the difference of two above equalities results in

AL w)AH (L) — A1 VAT (1, w)
wQ _ )\2

1
/O Az, N A(z, w)dm(z) = (2.5)

which is a special case of so-called Lagrange identity ([17], Lemma 1.1; see
also [5], p. 189, Exercise 3). Now we easily see that

1
/ Az, wn) Az, wp)dm(z) = [|AC,w0n) B kin=1,2, ..
0

It is also true that the family (2.4) spans the function space L?(m). To
show that, let us suppose that there exists f € L?(m) such this for all n € N
we have f1A(-,wy). It means that

feven(wn) = <f,A(',wn)>dm =0, n=12...

Recall that the principal spectral measure of the short string has atoms only
at the points f+w, so that

JAECIRIEEDS

nez
According to Theorem 2.2, || f[|,, = l/ﬂ\\fevenHLQ(u = 0. Hence, f =0 in
L?(m). So, we have proved

p({wn}) =0

~ 2
Joda(wn)




Lemma 2.5. If 1+ m(l-) < o0, £k = 0 and w,’s (n = 1,2,...) are all
positive, real zeros of A(l,-) then the family of functions

A(z,wy)

on(z) = TAC. o)l €01, n=1,2,... (2.6)

form an orthonormal basis of the function space L*(m).

It is easy to guess that we also would like to have the basis of the corre-
sponding space 4 . To achieve this goal we will use the Christoffel-Darboux
type relation (cf. [5], Section 6.3, p. 234)

1
/ A(z,w)A(z, \)dm(z / B(z,w)B(x,\)dx (2.7)
0
A(LLw)B(1,\) — B(1,w)A(
N A—w

Combined with (2.5), it yields the corresponding relation for B, i.e.

! wA(lw — w
/OB(x,)\)B(:r,w)dw: Al )B(l’)i\g_:f(l’)\)B(l’ ) (2.8)

Now, we can prove the following

Lemma 2.6. If 1+ m(l-) < oo, k = 0 and wy,’s (n = 1,2,...) are all
positive, real zeros of A(l,-), then the family of functions

B(x,wn)
HB('vwn)”dx,

form an orthonormal basis of the function space 2.

() = €01, n=1,2,... (2.9)

Proof. The orthonormality is self-evident by virtue of (2.8). The com-
pleteness is shown in the same manner as for (2.4) by using odd transform
instead of even one. [J

As we will see further on, the norms occurred in the basis functions (2.6)
and (2.9) will also occur in the series expansions. Therefore we will derive
a simpler representation of these norms.

Lemma 2.7. Ifl1+m(l-) < oo, k=0 and w; < wy < w3 < ... are positive
real zeros of A(l,-), then the norms of the functions A(-,wy) and B(-,wy) in
the spaces L*([0,1],dm) and L?([0,1],dx), respectively, simplify to

DAL w)

1
HA(‘vwn)Him = ”B(vwn)Hzr = _iB(lvwn) Ow

w=wn



Proof. We begin with showing the continuity of the function A(-,\) in
the space L2([0,1],dm) in case of short string, i.e. 1+ m(1—) < co. In other
words, we have to prove that A(-,\) — A(-,w) in L?(dm), as A — w. The
mean value theorem ensures existence of such 7y between A and w that

2

‘M (z ’Y) dm(z).

/|Am Az, ) dm(z) < |\ — w|/

=70

Using the representation (2.1) of A(x, A) we can establish the upper bound

/

In view of the property p,(z) < (n!)~2[zm(z)]" (see [5], p. 162), we can
bound the above integral using

nk k) — 1 n n

9A(z, )

2
1
9 dm(x) <4 Z nk’yg(mrk)_z/ Pn(2)pr(x)dm(x).
0

n,k>1

Y="0

nk>1 0
nk  o(ntk)—2
< D Gup T am) < oo,
nk>1 "

since Im(1) < oo by assumption. Hence, we have proved that with some
positive finite constant ¢

1
/0 |A(z,\) — Az, w)]* dm(z) < ¢\ —w|?.

The same property holds for the function B(-, A). Now, according to formu-
las (2.5) and (2.8) we can write

wA1,N)B(l,w) — AL, w)B(1,\)

2 .

||A(7w)||dm = ;EB} w2 — A2 )
WAL W)B(LA) — AN B(Lw

R e L

Since both limits are %, application of the I’Hospital’s rule (knowing from
(2.1) that involved functions are smooth enough) gives us, for w # 0,

w [A(Lw) 2 B(Lw) — BLw)LA(Lw)] + A(L,w)B(1,w)

JAC, @)l = -
wlAQ,w)2 1w B(l,w)ZA(l,w)| — A(l,w 1w
B, = SHABDBE0 - Bl EAL)] - ALB(LY

10



Recall A(l,w,) = 0 to complete the proof. (]

So, we have not only found simple expression for the norms (simple
derivative instead of an integral) but also showed that they are, in fact, the
same numbers for A and B.

3 Spherical harmonics and spherical Bessel func-
tions

This section provides the link between the spectral theory of random fields
(as developed in [19], [31], [32] and [33]) and the central topic of mathe-
matical physics (see e.g. [1], [10], [11], [16], [24], [29], [30]) treating the
propagation of sound in a homogeneous medium in RY. It is described by
the hyperbolic equation
2

gtf:Ap teR,zeRY (3.1)
where p(t, ) is the induced pressure and A = SN (9?/ 81‘?) denotes the
Laplace operator. Separate the time and space variables ¢ and x by consid-
ering p(t,z) = O(t)=(x) and using the separation constant A\2. As a result
we obtain the equation in time

Q" (t) = \?O(t),
that is easily solved, and the equations in space
AZ(z) = N22(z), (3.2)

the so-called Helmholtz equation, whose solutions are convenient to describe
in terms of the spherical coordinates (7, 61,02, ...,0n_2,¢) defined for N > 2
as

r1 = rcosb;
9 = rsinfqcosby
(3.3)
TN_1 = rsinfisinfy---sinfy_scos ¢
ry = rsinfisinfy---sinfy_osin ¢

where 7 = ||z||. In this setup the Laplace operator takes the form

0?2 N-10 1

S R

AO?

11



where Ay is the Laplace—Beltrami operator on the sphere:

N-2
1 0 - 0 1 0 /0
A= — mnN—f49->+<>,
0 Jz; q; sinV i1 0; 8‘9j< J 69]' qn_1 09 \ 0¢
=1, ¢j=(sinfsinbs,- --sinHj_l)z, j>2.

The eigenvalues of the Laplace—Beltrami operator are —I(l + N — 2), 1 =
0,1,..., and to each eigenvalue —I(l + N — 2) there corresponds the set of
eigenfunctions {S]"; m =1,...,h(l, N)} of multiplicity

20+ N —2)(l + N —3)!

AL, N) = (N —2)1l!

The whole system of these eigenfunctions presents a complete orthonormal
basis in the space of square integrable functions on the unit sphere. The
functions S;" are called spherical harmonics. Thus, being the eigenfunc-
tions of the Laplace—Beltrami operator, these spherical harmonics satisfy
the characteristic equation

ApS" = —=Il(l+ N —2)S" (3.4)
and possess the orthonormal property
(ST () P (N z2(sn-1) = 8 S - (3.5)

The explicit expressions of the spherical harmonics for arbitrary N are
rather complicated, see e.g. [11], [29], but the special cases N = 1,2,3 of
obvious physical meaning are simply described.

If N = 1, then the unit sphere degenerates to the set s = {—1,1} and
the only spherical harmonics are S} (z) = 1/v/2 and Si(z) = z/v/2.

If N =2, the angular part of the Laplace operator reduces to Ag = aan?'
Hence, as a solution of
02U
—— =-1’U
O¢?

we obtain h(l,2) = 2 real orthonormal spherical harmonics

sin(l¢)

SH6) = SH6) ==

12



If N = 3, the characteristic equation AgU = —I(I + 1)U with U(6, ¢) =
©(0)®(¢) takes the form

sinf d d?e 1 d?®
O db

ings— )sin20 = =2 .
51n0d92>+l(l+ ) sin” 0 B dg? (3.6)

We separate the variables again, with separation constant —m?. The equa-
tion for @ is then

d>® 9

— —mPd=0

d¢?

and has an orthonormal set of solutions ®,,(¢) = \/%eim‘b. The equation
for © is the so-called Legendre equation

1 d (. d*© m?
Sin&@ (Sln9W> + |:l(l + 1) — Sin29:| @ =0.

The latter equation has solutions ©(0) = P/"(cos#) (m = —I,...,l) where
P is a Legendre polynomial defined by

m 1 2\m/2 d Hm 2 l
P (z) = gy (1= 27) Ir (a” —1).

Hence, the set of the orthonormal solutions of the characteristic equation
(3.6), consists of 2] + 1 = h(l, 3) real functions given by

AgP(cosb), A P™ (cos 0) cosma, A P"(cos ) sinme,

%7”1:1,...’2[_

Let us turn back to the problem of solving the equation (3.2), and let us
separate the radial and angular coordinates r and (61,...,0n_1,¢) by sub-
stituting Z(x) = u(r)U(61,...,0n—_1,¢) and choosing particular separation
constant k? = (I + N — 2). The reason for this choice is the following. The
separation results in two equations: AgU + kU = 0 and

with the normalizing constant A,, =

r N (N2 o+ (A - k%) = 0. (3.7)
In the first one we recognize equation (3.4), the characteristic equation for

the Laplace—Beltrami operator with the eigenvalues —I(l + N — 2) and the
corresponding eigenfunctions S, m = 1,..., h(l,m) of multiplicity h(l,m).

13



Since the second equation (3.7) can be reduced to the Bessel differential
equation, the function

Jip(v—2)2(w)

. o(N=2)/2

>0 (3.8)
satisfies (3.7) with initial condition g;(0) = ). Here J, denotes the Bessel
function of the first kind of order v. Hence, according to (3.2), the eigen-

functions of the Laplace operator corresponding to eigenvalue A\? are given
by

[1]

. Tiveays Ozl
_ o(N=2)/2 I+(N=-2)/2 m( T
(o) =25 N =R e o <|x||>

for i >0, m=1,...,h(l,N).
In the forthcoming sections we will make use of the following notation

Gylr \) = 9:(0) —)\gl(m)

(3.9)
where g; is given by (3.8). We conclude this section by indicating some
useful properties of this auxiliary function (3.9).

Using the well-known property of the Bessel function

dilz [z*”Jy(z)] =—z""J1(2),

one can easily verify the following recurrence relation for all [ > 0

GZ(T, /\) 10
— —=—Gi(r,\). 3.10
)2 Gur ) (3.10)
By applying the integral representation of the Bessel function, so-called Pois-

son formula (see 8.411.8 in [14]), we arrive at the following representation

Gipa(r,A) =1

N-3

2 " u?\ Z 1—cos(ul)
Go(r,\) = ————— 1—— ———du. 3.11
O(Ta ) B(éyNgl)/O < T‘2> Y U ( )
This shows that Gg is odd as a function of A\. Furthermore, according to
the recurrence relation (3.10), G is alternately odd (I = 0,2,...) and even
(l=1,3,...) function of X\. Along with the integral representation of Gy we
also have for [ > 0

N—-1

_ ONIT(OT2(N/2) [T w?\ % _nj2 [u\
=1 p— _ /2 et iAu
G = = T /()(1 T2> M () eMdu, (3.12)

14



where C} is the Gegenbauer polynomial

Cl(x) = (—1)l(l+217—1)(l+27—2) e (127)(1—952)%_7 <d)l (1—a2)H1—3
Ny H=5)(y+=5) - (v + 3) dz
(cf. [29], Section XI.3, formula (7) or [14], formula 7.321).

Taking real and imaginary parts of the equation (3.12) we see by virtue of
the Paley—Wiener theorem (cf. [3], [5]) that all functions G;(r,-),l =1,2,...
are of exponential type at most r. The same argument holds for Gy if we
use (3.11). We will summarize the above in the following lemma.

Lemma 3.1. For each r € Ry, the function Gi(r,\) of A € R is an odd
function for 1 =0,2,... and an even function forl =1,3,... . Moreover, it
s an analytic function of finite exponential type less or equal r.

4 Representation of the covariance

As was mentioned in the introduction, the increments of our random field
are translation free in the sense that X; — X; and X;_s have the same

finite dimensional distributions, i.e. X; — X 4 X:_s. So the corresponding
variances are equal E | X; — X,|> = E|X,_,|* and therefore

1
EX,X, = ; (E X2+ E[X,?—E |Xt_5]2> .

Since, in addition, our field is isotropic, the variance E | X} ]2 is a function only
of a length of t. Denoting this function (called by Yaglom [33] the structure
function) by D we thus write D(||t||) = E|X,|?. With this notation the
covariance can be rewritten as

EX X, = % (D) + DAlsll) = DIt = sl)) - (4.1)

By putting ¢ = s in (1.1), we get the following spectral representation for
the structure function

D(ey =2 [ (1-@) oldv) =2 [ (1= cosfuth oldr) (42
RN RN
(the imaginary part vanishes, since our field X is real, cf. [33], p. 435).

It will be useful to associate with the spectral measure ¢ a bounded non-
decreasing function (cf. [19], [31], [33])

D(y) = /” @), yeRy
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In fact d®(y) = ®(y + dy) — ®(y) may be viewed as a g-measure of the
spherical shell y < ||[v|| <y + dy. Clearly,

[e.e]
| o) = o) < o
0
By rewriting the variable v = (v1,...,v,) in the polar coordinates (3.3) with
radius A = ||v||, we get
don(v)dP(N)

P TPV

where
don(v) = AV "1sinV =20, - sinfOy_odb; - - - dOn_odp

is the surface area element of the sphere sV ~1()\) in RY and

N/2
‘SN_I()\)‘ — 27 / N-1
I'(N/2)
is its surface area. Note that condition (1.2) implies
[e9) )\2
———dP(A . 4.3
| iaem <o (4.3)
Recall the well-known formula
[, o) = 0] goAle]) (14)
sN=1())

(cf. [31], Chapter I or [29], Section XI.3, formula (4)). Due to this formula,
the representation (4.2) rewritten in polar coordinates can be given the form

Dy =2 [ 71— go(r) dD ()

and the formula (4.1) for the covariance function becomes

EX X, = /OOO [1 = go(AEl]) — go(Allsl) + go(Allt — s[)] d®(N).  (4.5)

Theorem 4.1. The covariance function of the isotropic Gaussian random
field X with homogeneous increments can be represented as follows

o N/2 O h(1,N)

T(N/2) Z 2. St () s (vir)

/0 Gi(l[tl, MGillsll, M)A dD(N). (4.6)

EX; X,

16



Proof. Note that h(0, N) = 1, Si(-) is a constant function for every N
and in view of (3.5) this constant is given by S§(-) = 1/+/|sV~1(1)|. Hence,
(4.6) is equivalent to

EX¢Xs - /000(1—go(M!tH))(l—go(AHSH))d‘P(A) (4.7)

o N2 00 hLN)

= mom 2 2 5 () s () [ sebaasoy

which we are now going to prove. Recall the addition formula for Bessel
functions, as is given on p. 370 of Yaglom [33]

0o h(l,N)

go(Allt = sll) = N/2 Z > S (1) s (i27) X elDgAls -

=0
It implies that
go(Allt — s[l) — 90()\Ht||)90(>\||5||)
271_N/2

T T(N/2) i Z S (Iﬂ\)sl (||§||>gl(/\HtH)gl()\HS||)-

Taking the integral with respect to d®(\) from the both sides we see that
the expression on the right in (4.7) equals to the integral

/OOO [go(Al[t = sll) — go(All£[Dgo(Alls|)] d(A).-

But in view of (4.5) we see that also the left hand side of (4.7) equals to the
latter integral. Thus (4.7) holds true. OJ

We want now to specify the spectral measure p by

I'(N/2)
27 N/2

p(d\) = Ndd(N) (4.8)

and to apply Theorem 2.1. Its condition (2.3) is ensured due to (4.3). So we
can associate with the measure p a unique string and derive the following
corollary to Theorem 4.1.

17



Corollary 4.2. The covariance function of the isotropic Gaussian random
field X with homogeneous increments can be represented as follows

EX, X, (4.9)
AN+ h(L,N) - - Ik §
=g st (sin) () [ Cullll )GaClsl, )
1=0,2,... m=1
4 N+1 ALY - . L .
+ s () 57 (27) | GattelaxCuclsl. ajam(a),
1=1,3,... m=1
where
- 1
Gi(r,z) == ﬂ/ Gi(r, ) A(z, \)du(N), 1=1,3,... (4.10)
R
« 1
Gi(r,z) == 7T/Gl(r, AN)B(z, Ndu()), 1=0,2,... (4.11)
R

and the functions A(x, \) and B(x,\) are the eigenfunctions associated with
the mass function m whose principal spectral measure p(d\) is given by

(4.8).

Proof. Condition (2.3) ensures that the measure u satisfies assumptions
of Theorem 2.1. By virtue of this theorem there exists an unique associated
string with mass m(z) and length 1 < co. Note that the function Gy(r, )
is defined as the even or odd (for appropriate I’s) inverse transform of the
function Gj(r, A). Since transforms are isometries, we have

(Gi(r1,-), Gilra, ) 20y = 7(Gi(r1, ), Gi(ra, ) 2y, 1= 1,3,
<Gl(7‘1, '), GZ(TQ, ’)>L2(,u) = 7T<Gl(7‘1, '), GZ(TQ, ’)>L2(dx)7 l= 07 2, ce
The proof is completed by applying this to representation (4.6). [

Remark 4.3. Recall the assertion of Lemma 3.1 that function Gy(r,-) is of
finite exponential type at most r. Combined with Theorem 2.4, this implies
that such functions are supported on the finite interval [0, z(r+)] and that
the representation (4.9) is in fact of the form

EX, X, (4.12)
4N+ h(L.N) . e n(s,t) 5
-y 2 2 5 (i) st (gn) [ el wGaisl may
1=0,2,...m=1
4rN+1 h({l,N . . n(s,t) .
tom, & 2 S (i) 5 () [ e nGitislpdm



with n(s,t) := z(||t||+)Az(]|s||[+). This immediately allows us to write down
the following moving average-type representation of the random field X:

47.‘.N+1 oo h(l,N

z(lItl+) |
Y= Gy X Z () [ Gl pam) @3

where {M]"} is a set of independent Gaussian processes with independent
increments and the variances
1=0,2,.
E | Mm™ 2 _ Yy )

In section 6 we will return to this subject.

5 Series expansion

In this section we restrict our considerations to the parameter ¢ taking values
from the ball of radius T, i.e.

teBr:={ue RY : ful| < T}. (5.1)

We consider a string with the same mass function m (associated via Theorem
2.1 with p defined by (4.8)) but we cut it at the point 1 := x(7T'+) (which
we assume to be finite) with tying constant £ = 0 and m(l—) < co.

Let us concentrate for a moment on the odd I’s. Since Gj(||t]|,-) belongs
then to the space L?(m), we can expand it in basis (2.6) so that

o0

Gi(lltll,z) = Y (Gilltl, ), en)dmen ().

n=0

Having this, we can write

1
/ Gl #)Ga(|ls]], 2)dm ()

</ Gilltl, ) () dm( )(/ Gl a)on(a)dm(e) )

which is same as

J _ 5 Gilll )Gl sl )
[ Gt )t ppamia) = 5 ST

n=
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/Gl 1£l], ) en(z)dm(z) = M((Hfmn'

Exactly the same argument for even [’s results in corresponding formula

1 00
x - Gi(l[tll, wn) Gl sl wn)
Gi([Itl], z)Gi(l[ s, z)dz = -
| 2 T BCwnE,

Then, keeping in mind Lemma 2.7, we can rewrite representation (4.9) as
follows

g+ 2 MO 2 Gyt wn) G5, wn)
BN = 1o N g lzgmzlsl (1) 5 <”)nz_:0 | ”A(‘awngHZm '

(5.2)
Now we can prove the following

Theorem 5.1. Let X be a centered mean square continuous Gaussian isotropic
random field with homogenous increments on RN . If the mass function as-
sociated with p (cf. (4.8)) is such that z(T+) + m(z(T+)—) < oo for some
T > 0, then we have the following representation on the ball Br of radius T

(cf. (5.1)):

oo oo h(l,N)

= 33 s (i) Gulliellwn)érn (5.3)

n=0 [=0 m=1

where " are independent mean zero Gaussian random variables with vari-
b
ances

s —87TN+1 54
T T TN Bla(T ) o) AT 1), (54)

)|w=u.:n

and wy’s are zeros of A(x(T+),-). This series converges in mean square
sense for any fixed t from the closed ball By. Moreover, if the process
(Xt)||t\|<T is continuous, it converges with probability one in the space of
continuous functions C(Br) endowed with the supremum norm.

Proof. Consider the partial sum of the series by

X =3 2 St (i) ColliEl wn )€

n,l=0 m=1
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The covariance representation (5.2) ensures mean square convergence of XV
to the process X, for every t € By, which implies weak convergence of the
finite dimensional distributions. It is assumed that X is continuous, so
if we manage to prove the asymptotic tightness of (XM )it <7 We would
be able to use Theorem 1.5.4 of [28] which states that weak convergence
of finite dimensional distributions combined with asymptotic tightness is
sufficient for the sequence to converge weakly in C(Br). By virtue of the
It6-Nisio theorem (see for instance [28]) it is equivalent to convergence with
probability one in C'(Br). Now we will prove the asymptotic tightness of
XM in the space C(Br).

Asymptotic tightness is equivalent (see for instance Theorem 1.5.7 of
[28]) to the following two conditions

e XM is asymptotically tight in R for every fixed t € Br;

e there exists semi-metric d on Br such that (Br,d) is totally bounded
and (XtM)HtH<T is asymptotically uniformly d-equicontinuous in prob-
ability, i.e. ¥V ¢,7 >0, 3 6 > 0 such that

limsupP | sup ‘XtM —Xé\/[‘ >e | <.
M—oo d(s,t)<d

The first condition is automatically satisfied by virtue of the weak con-
vergence of the partial sums for every t. It suffices to prove the second one.
Let us first define the sequence of semi-metrics on Br

By(s,t) =E|XM - XM” <E|X; - X,|* = d*(s,1).

It can be proved that (see for instance [28], p.446) for any M, any Borel
probability measure v on (Br,dys) and every §,n > 0 it holds that

i 1
E sup [XM - XxM Ssup/ log ——————de+ 6/ N(n,Br,dn),
d]\x{(87t)<5‘ ! | © Jo v (Be(t, dnr)) ( )

(5.5)

where B.(t,d) denotes the ball of radius ¢ around point ¢ in metric d and
N(n,Y,d) is so-called n-covering number, i.e. the minimal number of balls
of radius 7 needed to cover Y. Since dps(s,t) < d(s,t) we have

Esup [XM-XM|<E sup |XM-XM]. (5.6)
d(s,t)<é dar(s,t)<8
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Proposition A.2.17 of [28] applied to the process X itself (uniform conti-
nuity and boundness with respect to standard deviation semi-metric d(s, t)
is equivalent to the continuity of almost all sample paths with respect to
Euclidean distance and continuity of the map ¢t — E |X;|? (cf. [28], Lemma
1.5.9), the latter being satisfied by virtue of the mean square continuity)
yields that there exists some Borel probability measure v* on (Br,d) such

that
K 1 n\0
sup/ log ————~—de — 0. 5.7
A \/ v (Bo(t, ) >0

From relation dj; < d we can easily see that dj;-open sets are also d-open
sets. It implies that o-algebras of Borel sets satisfy B(Br,dy) C B(Br,d).
Hence, the measure v* is also a Borel measure on (Bp,dys). Choosing the
measure v* in (5.5) and combining it with (5.6) gives

E sup |xM - xM|
d(s,t)<d

< sup/ \/Ig td de + 6/ N(n, Br,dxr)
teBr M)

< sup/ \/log B.(t.d)) —————de+ 6/ N(n,Br,d)

teB

the last inequality being justified by the fact that if greater the metric,
smaller the balls. The first term on the right hand side can be made arbi-
trarily small by (5.7). It is not difficult to see that condition (5.7) is sufficient
for the space (Br,d) to be totally bounded (see for instance [28], p. 446).
Hence, the number N (n, Br, d) is finite and also the second term on the right
hand side can be arbitrarily small. This proves the desired equicontinuity
of (XM jej<r- O

Remark 5.2. Notice that our expansion (5.3) is of different form than the
one derived in Malyarenko [21], Theorem 1. Conditions of this theorem are
difficult to verify, except perhaps in the case of Lévy’s fractional Brownian
motion. Moreover, the series (5.3) converges with probability one in the
space of continuous functions on the unit RV-ball while the series in Theorem
1 of [21] is proved to converge only in the mean square sense for any fixed
point of the ball.
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6 Moving average for smooth strings

In this section we will show how the representation (4.13) does simplify when
the random field has a smooth mass function of the associated string, and
we will obtain the integral representation in the time domain, which can be
viewed as a multivariate moving average representation

To this end, we have to invert function ¢(x fo vm'(y)dy defined
in section 2. Therefore we need require the mass function that is contin-
uously differentiable with a positive derivative. This admits the following
representation of the covariance function in the time domain.

Theorem 6.1. If the mass function m of a Gaussian isotropic random field
X with homogeneous increments is continuously differentiable and m’ >0,
then for every s,t € RN we have

gpN+2 oo MLN) .
BXXs = v & Z s (vin) st (i)
lIsliAllel
x / k(I w)ki(llsll, w)dV (2u) (6.1)
0

where V (2u) := 7~ 'm(x(u)) and for u < ||t|| the kernels are given by

killtlhw) = Gullltll, 2(w))a’ (), 1=0,2,..., (6.2)
kit w) = Gillltll z(w)), [=1,3,.... (6.3)

Proof. Let us first derive some useful relations between functions m, =
and V. Differentiating ¢ = foz(t) vm/(y)dy we obtain

"(t) = 1/y/m/(z(t)). (6.4)
Since m'(z(t)) = 27 V'(2t)/2/(t), from (6.4) we get
2 V' (2t) 2/ (t) = 1. (6.5)

To prove the representation (6.1) we apply the change of variable y =
z(u) to both terms on the right side of (4.12). Due to (6.5), the measure dy
in the integral of the first term becomes

o' (u)du = 2rz’ (u)?dV (2u).
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Hence,

n(s,t) _ .
/0 Giltl )Gl v)dy (6.6)
IslIAlEl .
_ on / Gr(lIt], () (w)Ga(||s), 2(u))a’ (u)dV (2u)
0

The same change of variable allows us to write in the following manner the
measure dm(y) = m’(y)dy in the integral of the second term in (4.12):

m’(z(u))2' (u)du = 27V’ (2u) /2" (u)x' (u)du = 27dV (2u).

Thus
n(s,t) _ .
/0 (It 9)Ga(lls] ) dm(y) (6.7)
IslIAlEl .
_ on / Gi(lIt], () GaIsl], 2(w))dV (2u) .
0

Due to (6.6) and (6.7) the representation (4.12) turns into (6.1). O

Corollary 6.2. Under assumptions of Theorem 6.1 for every s,t € RN we
have

5 N/2+1 2 hLN) 1l
x= 22 Y s () [ A wanre) (6s)
=0 m=1 0

where {M["(u)} denotes a family of independent Gaussian martingales, each
with zero mean and variance function

EM[" (u)* =V (2u).

Remark 6.3. The representation (6.1) may be compared with similar result
by A. Malyarenko [21], that is derived under a number of conditions on the
spectral measure, listed in his Theorem 1.

7 Examples

This section is devoted to applications of our general results first to Lévy’s
Brownian motion and then to Lévy’s fractional Brownian motion of arbitrary
Hurst index.
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7.1 Lévy’s Brownian motion

Paul Lévy [20] defined the Brownian motion on RY as a centered Gaussian
random field with a covariance structure

1
EXeXs =5 (1t + NIl =it = s]).-

Properties of this field were investigated by several authors, see for instance
Chentsov [4], McKean [22], Molchan [23] or Samorodnitsky and Taqqu [27].
In this case we have (cf. [23], [32])

21N/2 d\

X T((N +1)/2)
T(N/2) 22 '

_ 2
d®(\) = & T

& =
Hence p(d\) = c%,d\. It is well known (cf. [5], [9]) that the mass function
of the string associated with the Lebesgue measure is the identity. Further-
more, according to "rule 1”7 of [5], p. 265, the measure multiplied by constant
¢ corresponds to the mass function ¢~ 'm(c™'2) and functions A(c 1z, \),
¢ 'B(c 'z, \). Hence the mass function associated with Lévy’s Brownian
motion is

m(z) = cy'r

and the solutions of the eigenvalue problem are
Az, ) = cos(cy?Az), Bz, ) = ey’ sin(cy Az).
Since x(t) = c4t, in this case we have

A(z(t),\) = cos(At), B(x(t), \)a'(t) = sin(\t). (7.1)

7.1.1 Moving average representation

In order to obtain the moving average representation for this particular
field we will use Theorem 6.1, according to which we need compute inverse
transform of the function G; with respect to the measure p(d\) = c3.d\. In
view of (4.11), (6.2) and (7.1), the kernel k; for | = 2,4, 6, ... is given by the
sine transform of 2c3.Gy(r, \), i.e.

0 = A2 [y o
2 0

wr
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By virtue of formula 2.12(10) of [12] the integral can be taken and we get

_1)l/29N—1(]_1)I['2
() = 2 Y ir(]\;lﬂl_)g (N/2) ( _7) SN2 (2) 1, (). (7.2)

For odd [’s we need compute the cosine transform with the help of formula
1.12(10) of [12]. We obtain

) = & (-1)F 2V -1 (v/2) (1_uz)

=CN 7TF(N+Z—1) 2 C(ljz/l2 ( ) 1(0 7”)( ) (73)

r2
(note that formula (3.12) provides for inverses of these sine and cosine trans-
forms).

To compute ko integrate (3.11) with respect to m~!sin(Au)d\ over R.
Since

o)
/ (1 — cos(hw)) sin(wu) 2 = 2ty (w) (7.4)
0 A 20
(see [14], formulas 3.721.1 and 3.741.2) we obtain
22 1 N-3
ko(r,u) = N/ 1—%) 7 dy. (7.5)
B0 Y

Alternative representations for the kernels are obtained via formulas
8.932.2-3 of [14] that express Gegenbauer’s polynomials in (7.2) and (7.3) in
terms of the hypergeometric function

1+Z aartl): (@+Hn-D)SED) - (-1,

F(a, B;7; 2) ny(y+1) - (y+(n—1))

Applying, in addition, formula 9.131.1 of [14], we arrive at the expressions
(7.6) and (7.7) below. Corollary 6.2 yields the following

Theorem 7.1. Let X be Lévy’s Brownian motion on RN . It can be repre-
sented as

5 N/2+1 2 hLN) 1l
x= 22 S S s () [ i wa )

=0 m=1
where ko is given by (7.5),

2% T(N/2)L(1+1)/2)u _ (1+1 3—1—N 3 u?
- WN r(EN=1) rF( 2 2 ’2’r2) (7.6)

ky(ryu) =
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forl=2,4,... and

ky(ryu) = —

c%VF(N/2)F(1/2)F(z 2—l—N‘1.u2) (77

T (&N 2’ 2 22
forl=1,3,5,... Here {M"} is a family of independent Gaussian martin-
gales, each with mean zero and the variance function

4V

E|M™(u)|* = mu

7.1.2 Series expansion
In the case of Lévy’s Brownian motion Theorem 5.1 implies

Theorem 7.2. If X is the Lévy’s Brownian motion on RN then it can be
represented on the ball By of radius T (cf. (5.1)) as follows

oo oo h(l,N)

=2 > s (Ht”)Gl 11l wn) &l (7.8)

n=0 =0 m=1

where

2n+ )7

Wy = ————

" 2T
and &, are independent mean zero Gaussian random variables with vari-
ances
2 4r(NFD2D(N +1)/2)
" TT2(N/2)

This series converges in mean square for any fized t from the closed ball By
and with probability one in the space of continuous functions C(Br) endowed
with the supremum norm.

Remark 7.3. Note that if N = 1 we obtain a series representation of standard
Brownian motion on [0, 1]

fZ )7%3_\/5%@&

) = n 4 5)mw

where {0} and {¢l} are independent sequences of standard Gaussian in-
dependent random variables, so that (7.8) can be viewed as a multivariate
version of the classical Paley—Wiener expansion.
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7.2 The Lévy’s fractional Brownian motion

Lévy’s fractional Brownian motion is defined on RY as a centered Gaussian
random field with covariance function

1
EX, X = 5 (I + Isl* — 1t = s][*)

where H € (0,1) is called the Hurst index. Observe that for H = 1/2 it
reduces to Lévy’s Brownian motion considered in the preceding section. Let

us recall few well known facts about this process. In this case we have (cf.
[21], [32])

N/2
dd(\) = C%ngg\f/z)»dfw
and
p(d\) = A2 AN (7.9)
where

Ay =7 WHD22HD (4 N/2)T(H + 1) sin(nH).

We have to associate with this measure p the mass function and the eigen-
functions A and B. But we already know from [9] that the mass function of
the string associated with the measure pg(d\) = ¢4, A2 d) is of the form

H%H 1-H 273/2
= —— H —
o) =ga—m® " T A mraas A

The corresponding eigenfunctions are

Ag(z,A) =T(1 - H)(%>H\//'WT$J—H (A(KHl’)ﬁ>

and

k(1 — H) ()\ 1H 1

2H §>H(KHJ:)ﬁJ17H (A(on)ﬁ)

So, evoking "rule 1” of [5], p. 265, we easily write down the mass function
m and eigenfunctions A and B associated with the present p:

Bo(SE, )\) =

1/H

m(z) = ﬁm%a
A(z,)) = T(1- H)(%)HWJ_H()\(;{HN@&)
Bz, A) = KH]\[FQ(;_H)(;)H(RHNJT)%IJl—HO\(KHNx)Q}{)
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where
o (N+2)/2

I'(H+N/2)(1-H)

In this case x(t) = t> /k N, hence

KHN =

A(z(t), ) = r(1—H)(§)HJ_H(At), (7.10)
, M
Bz(t), N2 (t) = r(1—H)(5) T (D). (7.11)

7.2.1 Moving average representation

In this section we extend the results of section 7.1.1 to the case of arbitrary
Hurst index. We need the inverse transforms of function G; with respect to
the measure (7.9) obtained by using the eigenfunctions (7.10) and (7.11).
First fix an odd positive {. Then the kernel k; is given by

) N/2 H
_ _CHN 2 2
ki(ryu) = == SDIN/T( — H) 57 (5)

e dA
X /o Jl+(N—2)/2("”)\)J—H(U)\)W-

2

The integral is taken by the help of formula 6.574.1 of [14] which yields

2 r N T 1-2H+I 2H—1
W(ru) = _ CuN (22)1{—(1 l2N ) (f) (7.12)
T A2
_ _ 7 2
- 1 2H—|—l’3 2H —1 N;l—H;u— .
2 2 72
For even [ > 0, the same formula yields
ki(ryu) = —HN (2) (2H_22 Z)N (f> (7.13)
T (1— H)D (2H=2HER) \2
— — —l—-N 2
. Up 2 2H—|—l’4 2H ;2_H;u7 '
r 2 2 r2
Finally, we will show that
22 T(AOP(1 — H) fuy\2H-1
ko(r,u) = HN 2 2 (—) 7.14
0( ) WF(H—}- ¥) 9 ( )

! 1-2H NNH—1+8=2
X y (1 -y7) 2 dy.
u/r
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Indeed, this kernel kg is computed as the sum of (7.13) with [ = 0 and
H 2 dA
(- H) (4 / T () -
The latter integral is taken by means of formulas 6.561.14 and 8.391 of [14]
and we get
By2j2(1— H, H + ¥52)

Folr,u) = B(I-H, H+ 52)

C%{NIQ(l _ H) <E)2H_l 1
T 2

where
Bu(a, ) = /0 (1 — )Py

is the incomplete beta function. Thus (7.14) is confirmed.
We have proved the following result

Theorem 7.4. Let X be Lévy’s fractional Brownian motion on RN with
Hurst index H € (0,1). Then it is represented as follows

92 N/2+1 2 h(LN)

(1]
X, = N/Qg > st (i) | mtlware  (@s)

where ky is given by (7.12)-(7.14) and {M"} is the family of independent
Gaussian martingales, each with mean zero and the variance function
N/2

EIM™ (w2 = 4 2-2H
M = SEre —mra + N "

Remark 7.5. Note that in the scalar case N = 1 the representation (7.15)
takes the form

Xy =2mdy Yy /kltu VI agwy(u),  d2 =
le{0,1}

oN2(1—H)
HU(2—-H)T(H+Y)’

where Wy and W are independent standard Brownian motions. It is not
hard to verify that the latter representation does coincide with that of Dzha-
paridze and van Zanten [6]:

Xi = V2em /0 t k¢ (u)dWo(u) — V2¢m /O t k2 (w)d W (u)
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where

o  sin At r—

1 —cos\t

7.2.2 Series expansion

Theorem 7.6. Let wy < w1 < wo < --- be the non-negative real-valued
zeros of the Bessel function J_g. Then Lévy’s fractional Brownian motion
X with Hurst index H restricted to the ball Br of radius T (cf. (5.1)) can
be represented as follows

Xt:Z

=0 m=

h(I,N) oo
s () & (1) & (719

—_

n

where & are independent mean zero Gaussian random variables with vari-
ances

22H+3H N/QF H + N/2
"= Tt ) a2 % )

T2-2H(1 — H)T'2(N/2)

a,

This series converges with probability 1 in the space of continuous functions
on Br.

Proof. By (7.10) we have A(z(¢),\) =0 if and only if A = w,, /T and

0 wp\ H
pAEDw)| _=-TO-HT ()" s (n).
By (7.11)

H
D(1—H) ()" Ji—u(wn)kuN
QHT2H-1 ’
The required expression for o2 is now verified via (5.4) and the assertion of
the present theorem follows from Theorem 5.1. [

B(x(T),wn) =
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8 Concluding remarks

The examples of the preceding section were meant, at first instance, to
illustrate our general statements in the sections 4-6. But they also bring
about some ideas for further development that we want to discuss.

The method of vibrating strings have determined the form of the moving
average representations (4.13) and (6.8), as well as of the series expansion
(5.3). For, the kernels in (4.13) and (6.8) are obtained by means of the
even and odd transforms with respect to the eigenfunctions A and B of the
related string, and (5.3) does involve the zero’s of A. However, on studding
Lévy’s Brownian motion, H. McKean [22] has pointed out that our kernels
(7.2)—(7.3) are in fact singular in the sense that nontrivial square integrable
function can be found that are orthogonal to k; when [ > 2. For instance

N—1

T 2 2
pN/2 (U _w _
/0 uPC, <r> (1 7'2) du =20

ifl >2and 0 < p < [. Therefore, McKean proposed to work with the
different kernels k;(r,u) = d;(u/r) where

dy(x) BAFL DM -2 dz =0,
\r) = N-1
SB(AA Dl (1227 >0,

that are more appropriate for most purposes, being nonsingular. To see this,
represent the function Gy, [ > 0 given by (3.9) in an alternative way, not as
the Fourier transform (3.12) but as the Hankel transform

Gi(r,A) = \ﬁf‘((i') /Or(i)ll(ljﬂi) T_(]l_;;/g(Au)\/Edu

(see formula (33) on p. 26 of [13], that is invertible due to formula (7)
on p. 48 of [13]), which can actually be written as a fractional integral of
Erdélyi—-Kober type, namely up to a constant c

N\Z

N+1

N
_ 2
GZ(T, >‘) Clo+72’l 2

(Jisp (VA @) (8.1)

(see Samko at al. [26], p. 322). Hence the operators with McKean’s new
kernels transforming J;_3 /Q(A-)ﬁ into Gy(+, A), are non-singular for every
[ > 0. Note that in the case of odd dimensions, say N = 2n + 1, we have
just n—fold repeated integrals and the inversion is carried out by the n—fold
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differentiation. By the way, due to this fact McKean [22] confirmed Lévy’s
conjecture that the Brownian motion possesses Markov property in odd di-
mensional spaces, but not in even dimensional spaces since the corresponding
inverse differential operators are fractional.

Nonsingular kernels in the case of Lévy’s fractional Brownian motion can
be found in Malyarenko [21]. They are of the form rz—H ky(r,u) = di(u/r)
with

Hfl fl 1- 2H )H 1482 dZ 1=0
di(x) = r ’

where ¢; are some constants. Note that in this case we have the similar to
N

(8.1) relation but with the fractional integral I o l .

Being aware of the advantages caused by the non singularity of these
new kernels, we intend in our forthcoming work to extend our methods of
vibrating strings so as to obtain non-singular modifications to the general
results of the sections 4-6, and to provide aforementioned applications to

the ordinary and fractional Brownian motions as special cases.
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