OPERATOR SCALING STABLE RANDOM FIELDS
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ABSTRACT. A scalar valued random field {X (x)},cra is called operator-scaling if
for some d x d matrix E with positive real parts of the eigenvalues and some H > 0
we have

{X(cPx)}pepa 14 {c" X (x)}yega for all ¢ >0,

d. . . . . . o
where ' denotes equality of all finite-dimensional marginal distributions. We

present a moving average and a harmonizable representation of stable operator

scaling random fields by utilizing so called E-homogeneous functions ¢, satisfying

o(cPx) = cp(x). These fields also have stationary increments and are stochasti-

cally continuous. In the Gaussian case critical Holder-exponents and the Hausdorff-
dimension of the sample paths are also obtained.

1. INTRODUCTION

A scalar valued random field { X (x)}, cga is called operator-scaling if for some d x d

matrix F with positive real parts of the eigenvalues and some H > 0 we have

(1.1) {X(cP2)},epa Ld {c" X (2)}yere for all ¢ >0,

where 24 denotes equality of all finite-dimensional marginal distributions. As usual

c? = exp(Elogc) where exp(4) = > 1, Ak—f is the matrix exponential. Note that if

E = I, the identity matrix, then (1.1) is just the well-known self-similarity property
{X(cx)}pera L.d {c X (2)},cre where one usually calls H the Hurst-index. See [11]
for an overview of self-similar processes in the one-dimensional case d = 1. Self-
similar processes are used in various fields of applications such as internet traffic
modelling [23], ground water modelling and mathematical finance, just to mention a

few. Various examples can be found for instance in the books [18] and [1]. A very
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important class of such fields or processes are the fractional stable fields and especially
the Lévy fractional Brownian field.

These fields have different definitions which are usually not equivalent. More pre-
cisely, for 0 < a < 2 let Z,(dy) be an independently scattered symmetric a-stable
(Sa.S) random measure on R¢ with Lebesgue control measure A\ (see [21] p. 121).

For 0 < H < 1 one defines the moving average representation by

(12) Xnte) = [ (e =gl = 1)1 Zu(ay),

For W, (d¢) a complex isotropic Sa.S random measure with Lebesgue control measure

the harmonizable representation is given by

(1.3 Kunle) = Re [ (9 = 1)l W),

See [21] for a comprehensive introduction to random integrals with respect to stable
measures. It follows from basic properties that { Xy (cx)}, cpa fa {1 X (7))} pepra as
well as {Xp(cx)},epa Ld {c" X ()} yera. Moreover, both processes have stationary
increments, that is for any h € R? we have { Xy (z+h)— Xg(h)},era e {Xy(x)}era
and similarly for {Xp(2)}sere. Furthermore both fields are isotropic, that is
{Xu(Az)} epa L.d {X(z)},era for any orthogonal matrix A. It is worth mention-
ing that if v < 2 the fields {Xp (2)}yere and { Xy () }oepa defined in (1.2) and (1.3),
respectively, are usually different. See [21]|, Theorem 7.7.4 for the one-dimensional
case. However, in the Gaussian case a = 2, by computing the covariance function of
the fields, it follows that {Xz (%)},cga and {Xp(2)},cgs have the same law up to a
multiplicative constant and known as the Lévy fractional Brownian field.

Certain applications (see, e.g., [7, 8, 20] and references therein) require that the
random field is anisotropic and satisfies a scaling relation. This scaling relation should
have different Hurst indices in different directions and these directions should not
necessarily be orthogonal. In the Gaussian case a prominent example of an anisotropic
random field is the fractional Brownian sheet {By(z)},cre defined as follows: Let
O0<Hj<lforj=1,...,dandset H=(H,...,Hy). Define

d
Bue) = [ TTlhey =l = agl"77] Za(c)
j=1
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See [5, 14, 24| and the literature cited there for more information on these fields.
Then, if we set £ = diag(H; ", ... ,Hd_l), it follows by a simple computation that
{By(c¥1)}pepa fa {c? By ()} pera 80 {Br ()} gere is operator scaling in the sense of
(1.1). However, { By (x)},cre does not have stationary increments.

The purpose of this paper is to define two different classes of operator scaling stable
random fields (OSSRF) and analyze their basic properties. We present a moving
average representation as well as a harmonizable representation. Our constructions
are based on a class of E-homogeneous functions ¢ : R? — [0, c0) where ¢ is positive
on R?\ {0} and ¢(cPx) = cp(x) for all z € R? and ¢ > 0. Such functions were studied
in detail in [19], Chapter 5. It will turn out that the harmonizable representation
allows more flexibility in the class of possible functions ¢ in contrast to the moving
average representation which is more restrictive. However, in both cases the OSSRFs
satisfy (1.1), have stationary increments and are continuous in probability. In the
Gaussian case o = 2 we show that there exists modifications of these fields which are
almost surely Holder-continuous of certain indices and we compute the Hausdorff-
dimension of the graph.

This paper is organized as follows: In section 2 we introduce the class of FE-
homogeneous functions, derive some basic properties and provide important examples.
In section 3 we define and analyze a moving average representation of OSSRFs. Sec-
tion 4 is devoted to the harmonizable representation and its properties. Finally, in
the Gaussian case o = 2, we analyze the sample path properties of both the moving

average and the harmonizable representation of OSSRFs.

2. F-HOMOGENEOUS FUNCTIONS

Let E be a real d x d matrix with positive real parts of the eigenvalues 0 < a; <
as... < ap, for p < d. Let us denote I' = R?\ {0}. It follows from Lemma 6.1.5 of
[19] that there exists a norm || - [|o on R? such that for the unit sphere Sy = {x € R? :
|lzllo = 1} the mapping ¥ : (0,00) x Sy — T, ¥(r,0) = 7 is a homeomorphism.
Moreover for any = € I' the function ¢ — |[[tfxz|o is strictly increasing. Hence we
can write any x € I' uniquely as z = 7(z)®l(x) for some radial part (z) > 0 and
some direction [(x) € Sy such that z — 7(z) and x — [(z) are continuous. Observe

that Sy = {x € R? : 7(z) = 1} is compact. Moreover we know that 7(z) — oo as
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x — oo and 7(z) — 0 as x — 0. Hence we can extend 7(-) continuously by setting
7(0) = 0. Note that further 7(—z) = 7(x) and I(—z) = —I(x). The following result
gives bounds on the growth rate of 7(x) in terms of the real parts of the eigenvalues
of .

Lemma 2.1. For any (small) 6 > 0 there exist constants Cy,...,Cy > 0 such that
for all ||z|lo <1 or all 7(x) <1,

Cilllg" ™ < () < Gl
and, for all ||z|lo > 1 or all T(x) > 1,

Cyllzlg/“ " < 7(x) < Cullflg ™.

Proof. We will only prove the first two inequalities. It follows from Theorem 2.2.4 of
[19] that for any &' > 0 we have t%~|[t=#6||q — 0 as t — oo uniformly in [|0]|o = 1.
Hence ||t ||o := suppeg, [[t7E0]|o < Ct~4+ for all t > 1 and some constant C' > 0.
Equivalently ||s¥|jo < Cs®~% for all s < 1. Since ||z||o = HT(x)El(x)HO < |7 (x)"]lo <
Cr(x)m™ we get 7(z) > C'1||x|\(1]/a1+6, for 6 = 2~ — L if ||lz|o < 1 which is

a1—01 ay’

equivalent to 7(z) < 1.

Similarly we know that, for any ¢’ > 0, t=%~9|[t¥f|l, — 0 as t — oo uniformly in
10]lo = 1. Therefore ||t¥||q < Ct®*? for all t > 1 or equivalently ||s=F||o < Cs~%~?
for all s < 1. But = 7(x)”I(z) and I(z) = 7(x)~Fx. Thus, 1 < ||r(z)~F|,||z||, and
Hx”o > O~ 'r(z)%+ for all ||z]lp < 1. Hence 7(z) < CQHxH(I)/ap_é for § = i - apiaf
and ||x|lo < 1. The proof is complete. O

The following results generalize some of the results in [13|, Chapter 1.A to our more

general case of exponents F.

Lemma 2.2. There exists a constant K > 1 such that for all x,y € R? we have
T(z+y) < K(r(x) +7(y)).

Proof. Observe that the set G = {(z,y) € R x R? : 7(x) + 7(y) = 1} is bounded
by Lemma 2.1 and closed by continuity of 7. Hence GG is a compact set. Thus the
continuous function (z,y) — 7(x + y) assumes a finite maximum K on G. Since
Sp x {0} C G, we have K > 1. Given any z,y € R? both not equal to zero we set
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s = (r(x) + 7(y))”". Then, with 7(cFx) = er(x) it follows that
T +y) =s"7(s"(x+ y)) = s '7((s"2) + (s"y)).
But (s¥z,s"y) € G since 7 (s%z) + 7 (s¥y) = s (7(z) + 7(y)) = 1. Therefore,
T(r+y) < Ks'=K(r(z) + 7(y))
and the proof is complete. O

Now let ¢ = trace(E) and observe that by multivariable change of variables we
have A4(c?(B)) = c¢?\%(B) for all Borel sets B C R%, ¢ > 0, which can be written as
d(cPx) = c?dz. Let B(r,x) = {y € R?: 7(y — x) < r} denote the ball of radius r > 0
around z € R%. Then it is easy to see that B(r,z) = z + B(r,0) = z +r¥B(1,0) and
hence \(B(r,z)) = r‘A%(B(1,0)). The following proposition provides an integration

in polar coordinates formula.

Proposition 2.3. There exists a unique finite Radon measure o on Sy such that for

all f € LYRY, dx) we have
f(z) do = / F(rE0) o (d6) v~ dr.
Rd 0 So
The proof of Proposition 2.3 is based on the following.

Lemma 2.4. If f : T' — C is continuous and f(rfx) = r=2f(z) for all v > 0 and
x € ', then there exists a constant g such that for all g € L ((O, 00), r_ldr) we have
o dr

f@g(r(@)de=ps [ 90

R4 0

r

Proof. Let Ly : (0,00) — C be defined as

_fIST(;E)Sr*1 flx)de ifr<1.
Since f is continuous on I', from dominated convergence, Ly is continuous on (0,1) U
(1,400). But A¥(B(r,0)) = r?A%(B(1,0)) implies that X?({z € R?: 7(z) = r}) =0,
and it follows that L; is also continuous at point 1 and thus on (0, +00). Moreover,
for any r > 0 we have L¢(r~') = —L;(r). When rs > 1 with r,s > 0 a change of

variables yields

L= [ gwde= [ peEstay= [ f)ay
1<7(z)<rs 1<7(sEy)<rs s~I<r(y)<r
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Let us assume for instance that 1 < s=! < r. Then, by continuity of L £

/51§r<y>§r flody = /1§T(y)§r Jwydy= /19(@;)351 Jy)dy = Ly(r) = Lyls™).

It follows using L(s™') = —L¢(s) that

(2.1) Ly(rs) = Ls(r)+ Ly(s).

Similarly we show that (2.1) holds for s! <1 <r and s™! <r <1 and thus for all
rs > 1. Using again the fact that L;(r~) = —L;(r), for all r > 0, (2.1) is valid for all

r,s > 0. By continuity of L; it follows that Ls(r) = Ls(e)logr. We set s = Ly(e).
If g(r) = Ljap)(r) for some 0 < a < b we get

[ = [ @ar= 10 - L

o dr
= ,uf(logb — loga) = ,uf/ g(r) —
0
The general result follows by taking linear combinations and limits of these functions

in the standard way. 0

Proof of Proposition 2.3. When f € C(S;) define fonT by f( ) = ( )
The function f satisfies the hypothesis of Lemma 2.4. If f > 0 then Mf = Lj(e) =

flST(z)Se 7(z)79f(I(z)) dz > 0. Moreover Haf = Qlf, [1F, 5 = Hj+pg and the mapping
f — pj is continuous. Hence this mapping is a positive linear functional on C (So)-

Therefore there exists a Radon measure o on Sy such that pz = |, s, /(0) o(do).
If g1 € C.((0,00)) we get from applying Lemma 2.4 with f and g(r) = r9g,(r) that

[ 1)) de = [ Farara @)

s [ty
/ . f(0) o(do) gy (r)ri=tdr.

Since linear combinations of functions of the form f(I(z))gi(7(x)) are dense in
LY(R? dx) the result follows. O

Corollary 2.5. Let 3 € R and suppose f : R? — C is measurable such that |f(x)| =
O(7(z)?). If B > —q then f is integrable near 0, and if 3 < —q then f is integrable

near infinity.
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We are now in position to define the class of E-homogeneous functions and a
important subclass needed in the moving average representation of OSSRFs. Let E
be a d x d matrix as above such that 0 < a; < - < a, and for z € I' let (7(z),l(z))

be the polar coordinates associated to E, that is z = 7(2)%1(z).

Definition 2.6. Let ¢ : R? — C be any function. We say that ¢ is E-homogeneous
if o(cPx) = cp(x) for all ¢ > 0 and x € T.

It follows that an E-homogeneous function ¢ is completely determined by its values
on Sy, since p(x) = p(7(x)Fl(x)) = 7(x)p(l(x)). Observe that if ¢ is F-homogeneous
and continuous with positive values on I', then

(2.2) M, = %ré%iup(e) > 0 and m, = min ©(0) > 0.

Moreover by continuity we necessarily have ¢(0) = 0.

Definition 2.7. Let 3 > 0. A continuous function ¢ : R? — [0, 00) is called (3, E)-
admissible, if p(x) > 0 for all z # 0 and for any 0 < A < B there exists a positive
constant C' > 0 such that, for A < ||y|| < B,

T(z) < 1= |p(x+y) —o(y)| < Cr(2)’.

Remark 2.8. If a continuous function ¢ : RY — [0, 00) is positive and Lipschitz on
[, that is |p(x) — ¢(y)| < C|lz — yllo for x,y € T, then ¢ is (4, F)-admissible for all
8 < a; by Lemma 2.1.

Remark 2.9. If ¢ is (3, E)-admissible then 3 < a;. In fact, if R =V, & --- @V, is
the spectral decomposition of R? with respect to E (see [19], Chapter 2 for details),
by restricting the argument of the proof of Lemma 2.1 to the space Vi on can show
that for any 6 > 0 there exists a constant C' > 0 such that 7(z) < CHxH(l)/ara for
all z € V} with ||z||p < 1. Then, if for some fixed nonzero v € V; we consider the
function t +— @(tu) we get for &; = 36 that |p(tu + su) — p(su)| < C[¢[%/=% for all
small ¢ and s bounded away from zero and infinity. If one would have 5 > a;, one
could chose § > 0 such that 5/a; — d; > 1 and hence there would exist a constant
K > 0 such that p(tu) = K for all t # 0. But since ¢ is continuous and ¢(0) = 0

this is impossible.
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Remark 2.10. In general the exponent E of a homogeneous function ¢ is not unique.
It is easy to check that ¢(x) — oo as ||z| — oo, and then Theorem 5.2.13 in [19]
implies that the set of possible exponents is E + T'S(p) where E is any exponent,
S(p) is the set of symmetries of ¢, and T'S(y) is the tangent space at the identity.
Here we say that A is a symmetry of ¢ if p(Az) = p(x) for all x € R4 The
symmetries S(¢) form a Lie group, and the tangent space consists of all derivatives
2'(0) of smooth curves z(t) on S(p) for which x(0) = I the identity. For example, if
¢ is rotationally invariant then S(¢) is the orthogonal group and T'S(y) is the linear
space of skew-symmetric matrices. Although exponents are not unique, Theorem
5.2.14 in [19] shows that every exponent E of a homogeneous function ¢ has the
same real spectrum 0 < a; < --- < a, and induces the same spectral decomposition
RY=V,®...®V,, since these structural components describe the growth properties
of the homogeneous function. In particular, the function r +— o(rz) grows like /%

for any nonzero = € V;, see Section 5.3 in [19] for more details.

We conclude this section by examples of (3, E)-admissible, E-homogeneous func-
tions ¢ : R? — [0, 00) used in Theorem 3.1 below to define a moving average repre-
sentation of OSSRFEs { X, (x)},cre. Let us denote < .,. > the standard inner product
on R? and E! the transpose of any d x d-matrix £ with respect to this inner product.
The following class of examples is inspired by the log-characteristic function of a full

operator stable law on R?. See [19] for details.

Theorem 2.11. Assume E is a real d X d-matriz such that the real parts of the
eigenvalues satisfy 1/2 < a1 < ay... < a, for p < d. Assume M(d) is a finite

measure on the unit sphere Sy corresponding to E such that
span{rEtO :r>0,0€ supp(M)} =R%
Then
o ¢ d
o(z) = / / (1 = cos({(z, 77 0))) —ZM(dH)

So JO r
is a continuous, E-homogeneous function such that o(x) > 0 for all x € I'. Moreover
v is (0, E)-admissible for f < min (al, Z—;) ifay <1land B=1ifa; > 1.
Proof. Let a; > 1/2 denote the smallest real part of the eigenvalues of E. Since

E and E' have the same eigenvalues, it follows from Theorem 2.2.4 of [19] that
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for any 0 > 0 there exists a constant C' > 0 such that ||r#'0||, < Cr®=? for all
0 <r <1andé6, €Sy Therefore, from dominated convergence, ¢ is well-defined
and continuous on R Moreover we have o(x) > 0 and ¢(z) = 0 implies z = 0.
A simple change of variable shows that p(c¥x) = cp(z) for all ¢ > 0 and = € R<.
It remains to show that ¢ is (, F)-admissible. Using the trigonometric identity
cos(a) — cos(b) = —2sin((a + b)/2) sin((a — b)/2) we have for any z,y € R? that

(2.3) |p(x+y) — |<2/SO/ sm 3:~|—2y,7“ 9>) in<<x’2Et9>> dr M (do).

2
First, let us assume that a; > 1, then an upper bound of (2.3) is given by

/SO/ sm (z,rE 9>> dr M(do),

which is finite because a; > 1, using ||r'6j¢ < Cr® = for all 0 < 7 < 1 and 6, € Sp,

and elementary estimates. Moreover writing x = 7(x)¥I(z) a change of variables
yields to

/S/ (L2720 9 arag) = 2r(a /S/

which proves that ¢ is 1-admissible.

sm 9>> dr M(d6),

7”2

Let us now consider the case where a; < 1. Choose § > 0 small enough. On one
hand, for » < 1, one can find C' > 0 such that
e+ 2y, rE 0N L (e Bl o
sin (22070 G (22O < 0l + o) or ™
On the other hand, it follows from Theorem 2.2.4 of [19]| that one can find C' > 0
such that ||[7F'6|ly < Cro*® for all » > 1 and #y € Sy. Thus, for v < min (1, i),
using | sin(u)| < |u|?, one can find C' > 0 such that
2y,rF'0 g
‘Sln(<x+ y,r >> Sin<<x’r >>‘ S C||513||g7“7ap+76'

2 2

Therefore, by substituting these upper bounds into the right-hand side of (2.3) and

integrating, for some constant C' > 0 we have shown that |¢(z +vy) — ¢(y)| < C||z|]
for all [|z]|p < 1 and A < ||y|lo < B.
Since by Lemma 2.1 ||z|lp < C1(x)®~° for 7(x) < 1, the assertion follows with

B =n~(a —9). O
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The following result gives a constructive description of a large class of continuous,

admissible F-homogeneous functions.

Corollary 2.12. Let 61,...,0; be any basis of RY, let 0 < A\ < --- < A\g and
Ch,...,Cq > 0. Choose a d x d matriz E such that E*0; = \;0; for j = 1,....,d.
Then for any p > 0, if p < 21 the function

d

olr) = (Do il o)

J=1

is a continuous E-homogeneous and (3, E')-admissible function for 3 < min ()\1, pi—;)
if M < pand B=pif A >p.

Proof. First observe that since 770, = r%i6; it follows that (c”z) = cp(x). Moreover
@ is continuous. Let B > A > 0, since y — Z?Zl C;il{y,0,)|P/% is continuous and
positive on T', by the mean value theorem, for A < ||y|| < B and ||z|| < A/2, one can
find C' > 0 such that

d d
(24) ez +y) —ey)l < C‘Z Cyl(x +y,0,)17 =~ Cily, ;)17 |.
Jj=1 j=1

Hence it remains to show that the right hand side of (2.4) is (3, F)-admissible. Let
M = Z?Zl 7vj€p; for suitable ; > 0, where gy denotes the dirac mass in ¢. Let us
define for x € R?,

(1) = /s /000(1 — cos((z, r1/PF9))) %M(d@),

which is well defined since p < 2X\;. Moreover, by Theorem 2.11, ¢ is (3, (1/p)E)-

admissible for § < min <%, i—;) if \y < pand § =11if \y > p. Let 7,(x) denote

the radial part with respect to (1/p)E. Then uniqueness implies that the radial part
7(x) with respect to E is given by 7(x) = 7,(2)'/?. Hence ¢ is (3, E)-admissible for
5<min(A1,p§—;> if A\ < pand B=pif Ay > p.
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. t .
Moreover, since r(1/PE 0, = rXi/rg; we get

d 0o
vw) =30 [ (1= cos(r . 0))

dr

72

d 00
— Z % </O (1- Cos(s))s_(p/’\j)_1 ds) [, 0,17

J=1

d
= Cjl(x,0,)7.
j=1

This completes the proof. 0

3. MOVING AVERAGE REPRESENTATION

In this section we consider a moving average representation of OSSRFs and derive
its basic properties. We first give sufficient conditions such that the integral repre-
sentation exists. More precisely, for 0 < ov < 2 we consider Z,(dy) an independently
scattered Sa.S random measure on R? with Lebesgue control measure A?. Then we
define a moving average representation of OSSRFs using the basic fact that a random
integral [o. f(y) Za(dy) exists if and only if [o, |f(y)|* dy < co.

Throughout this section we fix a real d x d matrix £ with 0 < a1 < -+ < q,
denoting the real parts of the eigenvalues of E. As before, let ¢ = trace(F).

Theorem 3.1. Let 3 > 0. Let ¢ : R? — [0,00) be an E-homogencous, (3, E)-
admissible function. Then for any 0 < o < 2 and any 0 < H < [ the random
field

B X = [ (=g = o)) Zy(dy) o € RS

exists and is stochastz'c]illy continuous.

Proof. Let us recall that X, (z) exists if and only if
r3(e) = | [ele =)0 = o=yt

Let us assume that H € (0,3). Observe that by (2.2) and the fact that ¢ is E-
homogeneous, ¢(z) < M,7(z) and ¢(z) > m,7(z) for all z # 0. Fix any = € I.
Then,

dy < 0.

oz —y) e — p(—y)H-/e

<Ol -y r(y) ).
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But for any R > 0 it follows from Corollary 2.5 that fT(y)<RT(y)°‘H_q dy < oo if
H > 0. Moreover, by Lemma 2.2 {y : 7(x —y) < R} C{y: 7(y) < K(R+7(z))} and
hence, by a change of variable we obtain using Corollary 2.5 again that, if H > 0

/ T(z —y)*"dy = / T(y)* 1 dy < / T(y)*" 1 dy < oo.
T(y)<R T(z—y)<R 7(y) <K (R+7(x))

It remains to show that for some R = R(x) > 0 we have
(3.2 [ Jetagyum = oy
7(y)>R

Observe that for 7(y) > R, ¢(y) > 0, so we can write

dy < oo.

plx+y) =9 (W) (o) "z + o) "y))) = eW)e () "z + e(y)"y),

since ¢ is E-homogeneous. Moreover ¢ (¢(y)Fy) = 1 and since ¢ is (8, E) admissi-
ble, one can find C' > 0 such that

o (0(y) "z + o(y) Fy) — 1| < C7 (ply) Fa)’ = Cooly) 7 ().

Hence by the mean value theorem applied to the function t7~%* near t = 1, one can
find C > 0 such that

’sO(ﬂﬂ +y) U — p(y) /e

= o(y) p(p(y) Px + p(y) Fy) T — 1

< Crp(y) 7o (1),

for all 7(y) > R, where R > 0 is chosen sufficiently large so that Cp(y) %7 (2)” < 1/2
for all 7(y) > R. But o(y)?=8-4* < Cyr(y)¥~#~9/> and by Corollary 2.5 we know
that fT(y)ZRT(y)QH*q*“ﬁ dy < oo if H < (. This allows to conclude that I'}(z) is
finite for all z € R% Let us now show that X, is stochastically continuous. Since
X, is a SaS field, it follows from Proposition 3.5.1 in [21] that X, is stochastically

continuous if and only if, for all z, € RY,

J.

By a change a variables, this holds if and only if

H—q/a H—q/a

Cydy—>0 as ¢ — 0.

o(ro + 2 —y) o(To —y)

(3.3) [%(z) =0 asz—0.

But ¢ is continuous on R? so

oz —y) v — p(—y)9/* -0 asz—0
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for almost every y € RY. Moreover, arguing as above, as soon as 7(z) < 1, for suitable
R > 0, one can find C' > 0 such that

H—q/a H—q/a @

—o(~y)
<C (T(y)aHiqlT(y)gk(R-‘rl)(y) + T(y)a(Hfﬁ)fqlT(y)zR(y)) ;

o(r —y)

where 15(y) denotes the indicator function of a set B. Then (3.3) holds using domi-
nated convergence.

This concludes the proof. 0

Corollary 3.2. Under the conditions of Theorem 3.1, the random field { X, ()} cra
has the following properties:

(a) operator scaling, that is, for any ¢ > 0,
(3.4) {Xo (") }aema = {¢" X (@)} e
(b) stationary increments, that is, for any h € R%,
(3.5) {Xo(@+h) = Xp(h) }oers = {Xp(2) oo

Proof. We will only prove part (a). The proof of part (b) is left to the reader. Fix
any i, ...,%T, € RY Then (3.4) follows if we can show that for any t;,...,t,, € R

we have
m d m
Z t;Xp(c¥xy) = Z ti X ().
j=1 j=1

By a change of variable together with p(cPx) = cp(z) and the fact that Z,(cPdz) L
17 (dz) we get

< ol /Rd itj (SO(CE(%’ - Z))qu/a - 90(—cEz)H_q/“) Zo(dz)

=c! Z t;Xp(x;)
j=1

and the proof is complete. O



14 HERMINE BIERME, MARK M. MEERSCHAERT, AND HANS-PETER SCHEFFLER

Remark 3.3. Theorem 3.1 and Corollary 3.2 include the following classical isotropic
random fields as special cases. Assume ¢(x) = ||z|| and E = I, the identity matrix.

Observe that ¢ is an E-homogeneous, (1, F)-admissible function. Then

Xola) = [ (e =gl = [yl ~) Zu ()

Especially, if a = 2, then { X, ()} cra is known as the Lévy fractional Brownian field.
Note that in this case, for any 0 < o < 2 equation (3.4) reduces to the well-known
self-similarity property {X,(cz)},crd L.d {c" X ,(x)},ere. Moreover our results also
include the well known one-dimensional case d = 1 of linear fractional stable motions

and especially the fractional Brownian motion when a = 2.

4. HARMONIZABLE REPRESENTATION

In this section we consider an harmonizable representation of OSSRFs and derive
its basic properties. We first give necessary and sufficient conditions such that the
integral representation exists and yields a stochastically continuous field. For 0 <
a < 2, let W, (d€) be a complex isotropic Sa.S random measure with Lebesgue control
measure (see [21]| p. 281).

Throughout this section we fix a real d x d matrix £ with 0 < a1 < -+ < q,
denoting the real parts of the eigenvalues of E. As before, let ¢ = trace(F).

Theorem 4.1. Let ¢ : RY — [0,00) be a continuous, E'-homogeneous function such
that ¥(x) # 0 for x # 0. Then for any 0 < a < 2 the random field
(4.1) Xy(z) = Re/

<ei<x,§> o 1),¢(£)—H—q/a Wa(dﬁ) LT c Rd
R4

exists and is stochastically continuous if and only if H € (0,a1).
Proof. Let us recall that X, (z) exists if and only if
INERE 5 |74 — 1] (&)1 d¢ < +o0.

Let us assume that H € (0,a;). By integration in polar coordinates for E' given by

Proposition 2.3,

%m:%f@

gi<erfo> _ 1“‘ rm = (0) =9 5 (dB) dr.
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For § € (0, H — ay), by considering the cases » > 1 and 0 < r < 1 separately and
using the same spectral bounds on the growth of ||| as in the proof of Lemma 2.1,
one can find C' > 0 such that

ei<:v,TE 0> 1) S 0(1 4 HxHa) min (Ta(a1—5)7 1).

Moreover, since 1 is continuous with positive values on the sphere Sy, and hence
bounded away from zero,
Y(0) 1 0(dh) < oo.
So
This allows us to conclude that I'}(z) is finite for all x € R?. Let us show now that X,
is stochastically continuous. Since X is a SaS field, it is stochastically continuous
if and only if, for all z; € R,

I

that is, equivalently,

(et 1) = (50 = 1)) (€)™ — 0 as =0

(4.2) [j(z) =0 asx—0.
It is straightforward to see that (4.2) holds for H € (0, a;), using dominated conver-
gence and the upper bound computed above.
Conversely, let us assume that X, exists and that it is stochastically continuous. Let
us remark that in this case I'}(z) exists for all z € R? and satisfies, for all A > 0

Lo (APz) = AT ().
Let us fix any € R%, with 2 # 0 and let us notice that ['5(z) # 0. Since Xy is
stochastically continuous, by (4.2)

AQHFi(x) —0 as A —0,

which implies that H > 0.
Let us now prove that H < a;.

First case: Assume that a; is an eigenvalue of E. Then there exist §; € R? such that
|01|| = 1 and Ef; = a,6,. Therefore

o=,

|< 01,770 > =1 < 6,,0 > | < Cr.

€i<91,7~Et0> o 1’04 r—aH—lw(e)—aH—qo,(de) dT‘,

with
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Then, for r < (%)1/@’

<0t _q| _olgin (< 01,70 >)’ o gpar] <010 > |
2 - T !

and hence
s 1/0‘1
e}

1
I'5(01) > — / |< 0,60 >|* rmeH=a)=Ly,(g)y=2H=4 5(4) dr.
™ Jo So

Since ) is positive on the sphere Sy,

1< 61,0 >|*w(0)" "5 (df) > 0,
So

and then I'(01) < +oo implies that H < a;.
Second case: Assume that a; is not an eigenvalue of . Then there exists b; € R such
that A\; = a; + ib; and \; are complex eigenvalues of E. One can find 0,71 € R,
with [|61]] = |[[31]| = 1 such that

r¥0, = 1 (cos (bylogr)f; + sin (by logr) 1)

rPy = 1" (—sin (b logr) @) + cos (b log7)71) .
Then it can be shown using the inequality |[¢* — 1] > |w|/7 for |w| < 7 that a lower

bound of I'}(61) + I'j}(71) is given by

(L)l/al «a @
% “ / (’< r0,,6 >| + ’< rE., 0 >‘ ) T_O‘H_lw(H)_aH_qa(dH) dr.
0 So
Observe that for a,b > 0 we have a® + b* > (a? + b*)®/2. Therefore
« a a/2
< 7201,0 >[" + |<rPp,0 > = (|<r%0,0 > +|< 53,0 >[*)

> 72 (|< 01,0 >)* + <, 0 >|2)a/2.

Then we conclude as in the first case that H < a;. The proof is complete. ([l

Corollary 4.2. Under the conditions of Theorem 4.1, the random field { Xy ()} cra

has the following properties:

(a) operator scaling, that is, for any ¢ > 0,
)

(X () Y pera = { Xy (2) Yaema-

(b) stationary increments, that is, for any h € R%,

(4.4) {(Xy (@ + h) = Xp(h)}aera = { X (@) }aeme

(4.3
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Proof. Let us recall that by corollary 6.3.2 of [21], for f € L%(R?), the characteristic
function of the random variable Y = Re [g. f(y)Wa(dy) is given by

(4.5) E (e") = exp(—co|t|“/ |f(y)|ady> where c¢q = —/ (cos6)*db.
R4 2'/T 0

Hence, for any zi,...,2, € RY the finite dimensional characteristic function of
(Xy(x1), ..., Xp(xm)) is given by

]E(exp(iitjxw(ij) - exp(—Co /Rd

for any ty,...,t, € R. Thus, for any ¢ > 0, by a change of variable v = ¢£'¢ in the

S 4 (e — 1) (e g,
j=1

integral of the right side, since v is an E' homogeneous function, we get
E(exp (z Z thw(cExj)» = E(exp (z Z tchXw(xj)> > ,
j=1 j=1
which proves (a). Furthermore, for any A € R? and x € R?, we have that

Xolir 1) = Xy(o) = Re [ e (8 1)) 10 W, (d6)

Hence N
E(exp (Z Z ti (Xy(x;+h)— Xw(%))))
j=1
_ exp(—co /Rd gtjeKh,& (ei<xj,£> _ 1) ‘aw(g)faqu(%)
= E(GXP(Z’ithw(%))),
j=1
proving (b). O

Remark 4.3. In the Gaussian case, the covariance function of the random field X, (x)
defined by the moving average representation (3.1) can be computed by an argument
similar to Proposition 8.1.4 of [21]. Let oj = E[(X,(0))?] for any unit vector 0,
and define 7(x) and ((z) as before so that * = 7(x)®¢(z). Using Corollary 3.2
(a) it follows that E[(X,(2))’] = 7(2)*"07,,, and then we can use the fact that
2X,(2) Xy (y) = Xp(2)? + Xu(y)? — (Xp(x) — X,(y))? to conclude that

(4.6) E [X,(2)Xo(y)] = % [T(x)QHUz%(x) + T(y)w‘fz?(y) —7(z - y)zHO—l?(x—y)} .



18 HERMINE BIERME, MARK M. MEERSCHAERT, AND HANS-PETER SCHEFFLER

In the isotropic case discussed in Remark 3.3 we have 7(z) = ||z|| and ¢(x) = z/||z||,
and a change of variables in (3.1) shows that 02 = o2 is the same for any unit vector,
using the fact that ¢p(Rz) = ¢(x) for any orthogonal linear transformation R in
this case. Then (4.6) reduces to the familiar autocovariance function for a fractional
Gaussian random field. A similar argument shows that the autocovariance function

of the random field defined by the harmonizable representation (4.1) is given by

(4.7) E[Xy(2)Xp(y)] = 5 [7(2)" wite) + 7)) wiy) — 7(@ = y)* iy

where wi = E[(X,(0))?]. For the isotropic case, where (4.1) reduces to the harmo-
nizable representation (1.3) for a fractional Gaussian field, we again note that w3 is
constant over the unit sphere. Since a mean zero Gaussian random field is determined
by its autocovariance function, we recover the well-known fact that the moving aver-
age and harmonizable representations of the fractional Gaussian random field differ
by at most a constant factor. It does not seem possible to extend this argument to
the general case of operator scaling Gaussian random fields, since it would be difficult
to compare 03 to wg in this case. Hence there remains an interesting open question
under which relationship between the functions ¢ and 1 in the Gaussian case the
moving average representation of Theorem 3.1 and the harmonizable representation

of Theorem 4.1 are equivalent.

Remark 4.4. Many random fields occurring in applications have Hurst indices that
vary with coordinate |7, 8]. Consider a random field satisfying (1.1), and suppose
that the matrix F has an eigenvector e with associated real eigenvalue A. Then it

follows from (1.1) that the stochastic process r — X(re) is self-similar with
{X(c*re)}rer L.d {c"X(re)}er forall ¢ >0,

so that the Hurst index of this process is H/A. If E has a basis of eigenvectors with
distinct real eigenvalues, then the projections of this random field onto the eigenvector
directions yield processes with different Hurst indices in each coordinate. This also
shows that the usual methods for estimating the Hurst index, such as rescaled range
analysis [15] and dispersional analysis 9], can also be applied to estimate the scaling
indices of the operator scaling random field from data, once the proper coordinates
are established. Estimating these coordinate directions from data is an interesting

open question. In some practical applications, these coordinates are known from



OPERATOR SCALING STABLE FIELDS 19

the problem setup. For example, in a groundwater aquifer the coordinates of the
hydraulic conductivity field are thought to correspond to the vertical, the direction
of horizontal mean flow, and the horizontal direction perpendicular to the mean flow
[7]. In fractured rock, the scaling coordinates of the transmissivity field correspond
to the main fracture orientations, and are usually not mutually perpendicular [22].
Similarly, in material science, the crack fronts determine the natural coordinates [20].
We caution, however, that estimating the Hurst index in the wrong (non-eigenvalue)
coordinates is likely to be misleading, because in those directions the field is not
self-similar. Finally, we note that the parameters E, H in (1.1) are not unique. If
(1.1) holds, then we also have {X(c"'z)} Ld: {cX(z)} where E' = (1/H)E, so that
the Hurst indices of the random field are the ratio of H and the eigenvalues of F, as
already noted. Furthermore, the exponents of an admissible function are not unique,
because of possible symmetries, as discussed previously in Remark 2.10. Hence the
Hurst index of each component is really an estimate of H/a; where 0 < a; < --- < a,
is the real spectrum of F, and these indices, as well as the coordinate system in which

they pertain, are the same for any choice of H and FE.

We have already seen that the OSSRFs, defined by a moving average or a harmo-
nizable representation were stochastically continuous. In the next section we show

that in the Gaussian case a = 2 one can get Holder regularity for the sample paths.

5. GAUSSIAN OSSRF's

In this section, we are interested in the smoothness of the sample paths of Gaussian
OSSRFs given by Theorem 3.1 or Theorem 4.1, respectively. Moreover we compute the
box- and the Hausdorff-dimension of the graph of OSSRFs in these cases. We follow
the terminology used in [8]. Using their definition of the Holder critical exponent of

a random process (Definition 5) we state the following definition.

Definition 5.1. Let v € (0,1). A random field {X(x)},cra is said to have Holder

critical exponent v whenever it satisfies the following two properties:

(a) for any s € (0,7), the sample paths of X satisfy almost surely a uniform

Holder condition of order s on any compact set, that is for any compact set
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K C R?, there exists a positive random variable A such that
|1 X(z) — X(y)| < Allz —y||® forall z,y € K.

(b) for any s € (v, 1), almost surely the sample paths of X fail to satisfy any

uniform Holder condition of order s.

For a Gaussian random field X a well known result links the Holder regularity of
the sample paths x — X (x,w) to those of the quadratic mean. Let us recall this
property when the field also has stationary increments. We refer to [2] Theorem 8.3.2
and Theorem 3.3.2 for a detailed proof.

Proposition 5.2. Let {X (2)},cra be a Gaussian random field with stationary incre-

ments. Let v € (0,1) and assume that
")/ = sup {8 > O7E ((X(.CE) — X(O))2) = 0||93HH0 (H.THQS)} .
Then, for any s € (0,7), any continuous version of X satisfies almost surely a uniform

Hélder condition of order s on any compact set.

If moreover
v =inf {s > 0; ||z[|* = oz)—0 (E (X (z) — X(O))Q))} ,

then any continuous version of X admits v as the Hélder critical exponent.

The previous definition and proposition are given in [8| for random processes (d = 1)
in order to study regularity properties of a field along straight lines. More precisely,
when { X (z)},cgra is a random field, it is also interesting to study the Holder regularity
of the process { X (x¢ + tu) }ier, for 2o € R? and u a unit vector. This will provide
some additional directional regularity information. For {X(z)},cre with stationary
increments, one only has to consider {X (tu)},cgr for all directions u. Let us recall
Definition 6 of [8].

Definition 5.3. Let { X (z)},cgae with stationary increments and let u be any direction
of the unit sphere. If the process {X(tu)},cr has Holder critical exponent v(u) we

say that X admits v(u) as directional regularity in direction w.

Let us investigate these properties for the Gaussian OSSRFs given by Theorem 3.1
or Theorem 4.1, respectively. Throughout this section we fix a real d x d matrix F

with 0 < a; < --- < a, denoting the real parts of the eigenvalues of E. Following
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[19], Section 2.1, let Vi, ..., V, be the spectral decomposition of R? with respect to
E. Fori=1,...,p, let us denote

and Wy = {0}. Observe that E|w, has a; < --- < a; as real parts of the eigenvalues.
As before let ¢ = trace(E).

Theorem 5.4. Let o : RY — [0,00) be an E-homogeneous, (3, E)-admissible func-
tion. For 0 < H < 3 let X, be the moving average Gaussian OSSRF given by The-
orem 3.1. Moreover let 1 : R? — [0,00) be a continuous E-homogeneous function
with Y(x) > 0 for all x # 0. For 0 < H < a; let Xy be the harmonizable Gaussian
OSSRF given by Theorem 4.1. Then any continuous version of X, and Xy, respec-
tiwely, admits H/a, as Holder critical exponent. Moreover, for any i = 1,...,p, for
any direction w € W;\W,_1, the fields X, and X, admit H/a; as directional reqularity

i direction u.

Proof. Let x € RY. With a little abuse of notation we write X, to indicate that
we either consider X, or X,. Observe that X,,,(0) = 0 and in order to apply

Proposition 5.2 we define
—y)H-/2 _ (- )H—q/2|2dy
FQ )=E(X T 2\ _ fRd‘gp('x y) ¥ Yy
<p/w( ) ( @/w( ) ) {4 fRd sin? (<z2,£>) w(f)’Qqudf

Using polar coordinates with respect to F, it is straightforward to see that
(5.1) [2(2) = 7@ Ty (1)),

where for all § € S,

(5.2) 0<m<TI?,(0)<M,

since F?P i is continuous and positive on the compact set Sy.

For any ¢ = 1,...,p let us fix u € W; \ W,_;. Since the spaces Vj,..., V], are
E-invariant and the real parts of the eigenvalues of E|y, are a; < --- < a; it follows
as in the proof of Lemma 2.1 by considering the space W; instead of R?, that for any
small § > 0 there exists a constant Cy = Cy(u) > 0 such that 7(tu) < Cy|t|V/%~ for
any [t| < 1. Furthermore, observe that if we write u = u; + 4,1 with u; € V; and
;1 € Wiy we have u; # 0. Writing tu = 7(tu)Pl(tu) and I(tu) = [;(tu) + ;1 (tu)
with [;(tu) € V; and [;_1(tu) € W;_y, it follows from the E-invariance of the spectral
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decomposition that tu; = 7(tu)®l;(tu) with [;(tu) # 0. Since we have £ = E\®---®E,

where every real part of the eigenvalues of E; equals a; we conclude

[l = 7 (tu) "L (ta) || = (|7 (ta) " li(tu)]| < [lr ()= (11| < O (tu)®=°

for any [t| < 1 using the fact that [|/;(tu)|] < Cj for any [t| < 1 and some C3 > 0.
Hence there exists a constant C; = C(u) > 0 such that 7(tu) > Cy|t|'/%*9 for any
[t| < 1. Therefore we have shown that for all directions u € W; \ W;_; and any small
0 > 0 there exist constants C, Cy > 0, such that

(5.3) Cy[t)V 4t < 7(tu) < Cyt|Y4 =% for all |t] < 1.

In view of (5.1), (5.2) and (5.3) we therefore get that for any direction u € W; \ W;_;
and any § > 0 there exist constants Cy,Cy > 0 such that Cy[t[*#/*+0 < T2 (tu) <
Cy|t|?H/%=9 for |¢| < 1, which by Proposition 5.2 shows that X, admits H/a; as
directional regularity in direction wu.

It follows from this that for any s € (H/a,,1) almost surely the sample paths of
X,/ fail to satisfy any uniform Holder condition of order s, since H/a, is the Hélder
critical exponent of X,/ in any direction of W, \ W,_;. Finally, in view of (5.1),
(5.2) and Lemma 2.1 we know that for any ¢ > 0 there exists a constant C' > 0 such
that T2, (z) < O||«|[*"/*=* for ||z]| < 1 and hence by Proposition 5.2 it follows that
any continuous version of X, satisfies almost surely a uniform Hoélder condition of

order s < H/a, on any compact set. This concludes the proof. O

Having described the Holder regularity of Gaussian OSSRFSs, a natural question
that arises is to determine the box- and the Hausdorff-dimensions of their graphs on
a compact set. We refer to Falconer [12| for the definitions and properties of box-
and the Hausdorff-dimension. Let us fix a compact set X C R?. For a random field
X on R? we consider G(X)(w) = {(z, X(z)(w));z € K} the graph of a realization
of this field over the compact K. We will denote dimyG(X), resp dimpG(X), the
Hausdorff-dimension and the box-dimension of G(X), respectively.

It is a well understood fact that directional regularity implies information about
the Hausdorff-dimension of the field in that direction. See e.g. [2], Chapter 8. As an

immediate corollary to Theorem 5.4 we get:
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Corollary 5.5. Under the assumptions of Theorem 5.4 we have for alli =1,...,p
and all directions w € W; \ W;_; that

dimp{ (¢, Xpp(tu)) : t € [0,1]} =2 - H/a;, a.s.

Proof. The result is a direct consequence of Theorem 5.4 and the Corollary on page
204 of [2], using the fact that ¢ — X,/ (tu) is a 3 = H/a;-index process and that
2—p<1/Gfor0<p<1. O

Our next result investigates the global box- and Hausdorff-dimension of Gaussian

OSSREFs.

Theorem 5.6. Under the assumptions of Theorem 5.4, for any continuous version

of X, and Xy, almost surely
dimH Q(X¢/¢) = dimg Q(Xw/w) =d+1-— H/ap.

Proof. Let us choose a continuous version of X ,. From Theorem 5.4, for any s <
H/ay, the sample paths of X/, satisfy almost surely a uniform Holder condition of

order s on K. Thus by a d-dimensional version of Corollary 11.2 of [12], we have
dimyG(Xyy) < dimpG(Xyy) <d+1—s, as.
where dimg denotes the upper box-dimension. Therefore
dimyG (X, ) < dimpG(X,pp) <d+1— H/a,, as.

and it remains to show that a.s. dimyG(X,/y) > d+1— H/a,. Since the lower box
dimension satisfies dimgG(X,,y) > dimyG(X,/y) the proof is then complete.

We follow the same kind of ideas developed in [6] and [4]. Let s > 1. Following the
same argument as in Theorem 16.2 of [12], in view of the Frostman criterion (Theorem
4.13 (a) in [12]), if one proves that the integral I

h= /K F [«leﬁ(x) — Xopp())* + llz — yHQ)_S/Q] dx dy,

is finite, then almost surely dimyG(X,/p) > s.

As before, let V4, ..., V), denote the spectral decomposition of R? with respect to F
and let W; = V; +--- + V;. We will choose an inner-product (-, -) on R? which makes
these spaces mutually orthogonal and use the norm ||z|| = (z,z)'/2. Since all norms

on R are equivalent, this entails no loss of generality.
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Since by assumption s > 1, the function (£2 4+ 1)7%/2 is in L'(R) and its Fourier
transform, denoted by f;, is not only in L>(R) but also in L'(R). Then we can write,

using Fourier-inversion (fundamental lemma in [6])

1 .
2 1—8/2:—/ wf(t)dt.
N 0
It follows that

—5/2
E [ (X /(@) = X)) + llo = ylI) "]
1 _ itxw/w(z)fxw/w(y)
- " lr— s [ E To—vll
sele=ul [8 (e ) £t

22 B( Xy (@) =Xy, ()?)

1 _2
= —|lz -yl 2 R L(t)dt,
o=l [ e 1.0
since X,/ is Gaussian. Then, as f; € L®(R), one can find C' > 0 such that
—5/2
B [((Xol@) = X)) + llz = y)?) "]

Ol — = (B [(Xwle) ~ Xpru))])

Cm o —yl|' Pr(z —y) 7,

IN

IN

according to (5.1) and (5.2) and using the fact that X/, has stationary increments.
Let us choose A > 0 such that K C {x € R% ||z|| < A/2}. Then for some constant
>0

I, < C/ Hle_ST(JJ)_Hd:U,
|| <A

as long as the integral in the right hand side is bounded.
If p=1, by Lemma 2.1, for 6 > 0, one can find C' > 0 such that, for ||z] < A,

7(x) " < O] 707,

and hence I, is finite as soon as s <d+1— H/a, — §.

If p > 2 let us write z = z,+y for some z,, € Vj, and y € W,_; and write z = 7(z)"l(z)
with [(z) € Sp. Decompose [(z) = I,(z) + 6 with [,(z) € V, and § € W,_;. By the
direct sum decomposition we see that x, = 7(x)¥l,(z) and y = 7(x)¥6. Moreover,
since V,, and W,_; are orthogonal in the chosen inner product it follows that ||z|| < A
implies both ||z,|| < A and ||y|| < A in the associated norm. In view of the proof of

Lemma 2.1, restricted to the spaces V,, and W,_;, respectively, it follows that for any
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d > 0 and some constants Cy,Cy > 0, if ||z|| < A then
lzp ]l < Cir ()™ and [|y]| < Cor(a)"~".
Then one can find ¢ > 0 such that
7(2)" 2 cllay ||/ and 7(2)" = cl|y| /0
and thus
T(2) = ¢f2 (|10 |ly|| /e +0)

Hence, for any 6 > 0
1/2-s/2 a sy —1
A A A 1 e (o e P L
lzpl <A Jlyl|<A

Let £ = dim V], and observe that in the present case 1 < &k < d — 1. By using polar

coordinates for both V,, and W,_;, for some constant C' > 0 we have I, < C'J; where

A A
J, = / / (u2 i U2)1/2—5/2 (uH/ap+5 + UH/al—f—(S)_l WF 11y do.
0o Jo
The change of variables u = tv yields

A pAjv
Js — / / Ud—s—H/ap—5(t2 + 1)1/2—5/2 (tH/ap+5 + ,UH/al—H/ap)fl tk_l dt dv
0 0

A +00
< (/ Ud—s—H/ap—éd,U) (/ (t2 + 1)1/2—3/2t—H/ap—5+k‘—1dt> )
0 0

Since % < 1 <k, the second term is bounded as soon as s > k+ 1 — H/a, — 6,

whereas the first one is finite whenever s < d +1 — H/a, — . Thus, for all 6 > 0
small enough, it follows that almost surely dimyuG(X,,,) > d+1— H/a, — 0 and
the proof is complete. O
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