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Abstract

In this paper we consider approximations of the occupation measure of the Frac-
tional Brownian motion by means of some functionals defined on regularizations of the
paths. In a previous article Berzin and Leén proved a cylindrical convergence to a
Wiener process of conveniently rescaled functionals. Here we show tightness of the ap-
proximation in the space of continous functions endowed with the topology of uniform
convergence on compact sets. This allows us to simplify the identification of the limit.
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1 Introduction and notations

Let X = {X(t) : t € R} be a standard Fractional Brownian Motion (FBM) with Hurst
exponent H,0 < H < 1, that is, a centered Gaussian process with covariance

1
(15[ + [t — Jt — s[*"]. (1)

B(X(5)X(1) = 5

In the paper [3] by C. Berzin and J.R. Ledn, the authors study the speed of approxima-
tion of the occupation measure of the process FBM by means of certain functionals defined
on regularizations of the paths. We start with a description of their results.
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Let 1 : R — R* be a Cl-kernel with support contained in [—1,1] and fj;o Y(x)dr = 1.
By the “regularized process” we mean the convolution

1 [T t—35

XE(t) :g/ U . ) X (s)ds.
We set fort >0, € > 0:
1-H yve
cly= =21

X< denotes the derivative of the function X¢ and oy is the positive normalizing constant:

NS I
ol = —%/_1 /_1 Y()(w)|v — w* dvdw.

Let ¢ : R — R be a function in L?(¢(z)dr), where ¢(x) = (2m)~ 2 exp(—2?/2) is
the standard normal density. ¢ has an expansion in the Hermite polynomials (H,(z) =
exp(x?/2)(—d/dx)" exp(—2%/2), n = 0,1,2,...), having the form g(z) = ::)Ng anHy,(x) (N,
is called the “Hermite index of ¢”). With no loss of generality, we assume that N, > 1; if
this were not the case, we replace the function g by g — ag = g — F[g(§)] where £ denotes
here and in what follows a standard normal random variable.

We will also assume in what follows that the function g is an even function. This will
simplify somewhat our computations. In particular, it implies that a; = 0, so that N, > 2.

Finally, for t > 0, let us define:

5.0 = 7 | a(cw)au &

QH N,

Define the normalization ag x,(e) by means of:

Loagn,(e) =€ if 0<H<1- g

2. am,(e) = [e ()2 if H=1-

2N,

3. amn,(e) =M if 1— - <H<1

The main results proved in [3] are contained in the next statement.
Theorem 1. With the above notations, as € — 0:

1. In cases 1. and 2. the random process {S:(t) : t > 0} converges cylindrically to a
known multiple of the Wiener process.



2. In case 3, for each t, S.(t) converges in L? to a random variable, which can be described
by means of a certain Ito- Wiener integral driven by a standard Wiener process which
can be defined in terms of the FBM X .

The following example can be useful to exhibit the interest in this kind of result. Let
f I — R be a real-valued function defined on an interval of the line and denote by N,(f,I)
the number of roots lying in I of the equation f(t) = u.

Then, for any compact interval I and any continuous function A : R — R, almost surely

7TelfH +o0 6
\/; - /_OO h(z)N, (X®, I)dx

=[5 [reconcone— [axw = [ .

[e.9]

In the right-hand side of (3), ¢5(.) denotes the local time of the FBM on the interval
I, that is, the Radon-Nikodym derivative of the occupation measure p;(B) = A({t € I :
X(t) € B}) with respect to the Lebesgue measure A. The first equality in (3) holds true for
any continuous h and any C'—function X¢ and its proof is elementary.

(3)

In other words, (3) says that, almost surely, as ¢ — 0, the normalized number of crossings
of the regularized path with the level x, namely:

1-H
\/E‘S N, (X*, 1)
2 OH

converges (in the above mentioned weak topology) to the local time of the FBM at z. A
proof of (3) along with extensions of this kind of results to general classes of random pro-
cesses, can be found in [2].

Notice that if we put

go() = \/gm 1 ()

/Ih(XE(t)gO(CE(t))dt — 0 almost surely. (5)

(3) can be rewritten as

Berzin and Leén theorem allows to compute the speed of convergence in (5) as well as
the limit, in the sense of cylindrical convergence. This is a useful if one is willing to use this
kind of result to make statistical inference (for example, on the value of the Hurst exponent
H) on the basis of data arising from the observation of the smoothed path. We will keep (4)
as a guiding example to understand the conditions that the functions g should verify. Notice



that Ny, = 2.

There is still a point to be mentioned on this: we have stated these results choosing the
function h to be identically equal to 1 (see the definition of S.(¢)). In fact, this is essentially
sufficient for our purpose, since if one knows how to proceed for constant functions, it is not
hard to pass to general test functions h having some regularity properties.

The primary aim of this paper is to prove tightness in the space of continuous functions,
of the set of processes {S:(.) : 0 < e < 1}.

A proof of tightness has been given in [5] under the additional restriction that the Hermite
coefficients of g satisfy:

+oo
Z 3"2v/nl|ay,| < co.

n=Ng

This condition is obviously verified if ¢ is a polynomial, since in this case a, vanishes
when n is larger than the degree. However, it fails to hold in our basic example gq. In fact,
in this case, a, vanishes for odd n and an elementary computation gives

_ (1
N Tk
which implies that the Chambers and Slud series is divergent. Our main Theorem 2 below
states that tightness follows from a general simple condition on the function g which is ob-
viously satisfied by gp.

A by-product of tightness is that it helps at the same time to simplify substantially
the identification of the limit law of the random process {S.(¢) : ¢ > 0} as ¢ — 0, when
0 < H < 3/4. In fact, it reduces this problem to a computation of second order moments,

instead of the more complicated tools in Berzin-Ledén, based upon Wiener chaos expansions
(See Theorem 4).

From a technical point of view, one of the main points in the proof below is that it
provides a new method - as far as the authors know - that appears to have an independent
interest, when one needs to compute the expectation of crossed moments of functions of
Gaussian random variables. The key step in the proof is that the function F' defined in
(21) below is real-analytic in some neighborhood of the origin as a function of the various
covariances, and that one can compute its Taylor expansion.

This paper refers only to Fractional Brownian Motion. In a forthcoming paper, the
authors will consider extensions of these results to more general processes, such as multipa-
rameter and multifractal random fields, where the same questions will be adressed, as well
as their use in various inference problems.



2 Main theorems.
Theorem 2. Assume that the function g is even and polynomially bounded (that is,
lg(x)] < K (|2 + )Y (6)

for some positive constants K, M ). We assume further that ag day # 0.
Then, for each T > 0, the set of random processes {S:(t) : 0 S < T}ocec1 with the
normalization ay n,(€) given above, is tight in the space C([0,T],R).

Remark Notice that ag = F(g(£)),as = E(g9(£)(€2 — 1)). We are assuming that the

Hermite index N, is equal to 2. In fact, a similar proof with minor changes works for N, > 2.

For the proof of Theorem 2 we first prove the following one, which is interesting by
itself. In Theorem 3 below we replace the derivatives X £(t) of the regularized process, by
the quotient of increments of the original process w This amounts to making the
convolution of the path X (.) with the kernel ¢)(x) = 1j_1 o] which is not C', so that the next
statement is not actually included in Theorem 2. However, the proof of Theorem 2 will be

an easy adaptation of the one of the next theorem.
Theorem 3. Assume the same hypotheses of Theorem 2 on the function g. We define:

X(t+e)— X(t)
gH

Z:(t) =

and
1

t
Z.(s))|ds.

5 oz

Then, the family of random processes {Yz(t) : 0 <t < T}ocec, 1S tight in C([O, T],]R).

Ya(t) =

The next theorem yields the limit of the previous functionals, which is a Wiener process
up to a multiplicative constant.

Theorem 4. Let 0 < H < 3/4 and assume the hypotheses of Theorem 2. Let

(g, v) = 2/+Oo du/+oo /+Oo p(x,y; Ay(u))dzdy, (7)

where Ay(u) = 20 f f 1¢ (u + w)|v — w2 dvdw and where p(x,y; p) denotes the
centered Gausszan denszty of a pair of random variables with variance 1 and covariance p.

Let
400 +00 +00
g) =2 / du / / o(@)g(y)p(z, y: Au))dady, (8)

where A(u) = %[lujt 125 4 ju — 127 — Q‘UPH}, if 0 < H < 3/4.
If H=23/4 let K3/4(9) = %, where ay is the second Hermite coefficient of g.
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Then,

(a) As e — 0 the process
{S.(t) : t > 0}

converges weakly in the space C([O, +00), R) to

{VEu(g,0)W(t) -t =0},

where {W(t) : t > 0} is a Wiener process.
(b) Similarly, {Y.(t) : t > 0} converges weakly to

{VEu(g)W(t) -t = 0}. (9)

3 Proofs

The normalizing constants oy o(e) have been chosen in such a way that Var(Y.(t)) has a
nice limit behavior as ¢ — 0. We start with this calculation, that will also be useful as a
preparation to prove tightness.

Proposition 1. Let us assume that the function g satisfies the hypotheses of Theorem 2.

As e — 0 we have:

1. 0< H <3/4, Var(Y(t)) — Ku(g)t.
The constant Kg(g) is given by formula (8).

2. If H=23/4 then
Var(v.(t) — 22"
— —.
ar\re 64
3. 3/4<H<1
(2H — 1)H?a3t41—2

Var(Ya(t) — =

Proof. We have:

Varm)):@ / / Eln) dty dts (10)

where, for i = 1,2 (we will be using the same notation afterwards without further reference):

i = g(Z(t:))



Consider the integral in the right-hand side of (10):

2 // ga(tl,tg) dtldtg (].].)
{0<t1<ta<t}

where

ge(t1, 1) = /_m /_mg(x)g(y) [p(,y; pe(t1, t2)) — p(z,y; 0) | dedy (12)

Let us recall that p(x,y; p) denotes the density of a Gaussian centered pair of random
variables, with variance 1 and covariance p and let us denote by p.(t1,t2) the covariance of
the pair (Z.(t1), Z-(t2)). An easy computation shows that

B(2.(9)2.0) = A(%2), (13)

€
where

1
Af) = 5 [+ 12 4 Ju = 12— 2], (14)

Moreover one can check that for H # 1/2

Alu) ~ H(2H — 1) ! (15)

(1—H)

when u — +o00. For the expression in brackets in the integrand of (12), we use the iden-
tity (See [7]) :

op _ Pp
op  0xdy
so that
g—i(fv, y; p) = G(z,y; p)p(z, y; p)
where

G(z,y;p) = (z — py)(y(l—_m;';; p(1— p?)

(16)

and differentiating once more:

Now, use a Taylor expansion for the bracket in (12), change variables t; ~» u = (to—t1)/e
in the integral:



+o0 o0 Pe oG
2 / / dt1dts / / / (G*+ =—)p(p- — p)dp] dxdy
{0<ty <ta<t} 00 00 0 dp
to/e +oo  p+too A(u) oG
= 26/ dtg/ du/ / [/ (G2 + —)p[A(u) — p]dp} dedy (17)
00 00 0 8p
/ d

where:

/ ” / +°o (@, A(u))dady.

Since the function ¢ is polynomially bounded, it follows that |K(u)| is bounded by some
constant K.

Let us consider the case 0 < H < 3/4.
To prove part 1. of Proposition 1 it suffices to show that

+oo
/ (K ()] du < +o0. (18)
0
This will also imply that Ky (g) in the statement is finite.

Because of (15), one can choose g large enough so that u > wuy implies |A(u)| < 1/2.
For |p| < 1/2 one has a polynomial bound on

oalgl) (6 + )

which does not depend on p. This implies that:

+oo +oo oG
| ot + G i < 1,
dp

where K is some constant.

Summing up, we have:

+oo +00
0 uQ

which is finite, due to the behavior of A?(u) as u — +o0o when 0 < H < 3/4. This finishes
the proof of part 1.

Let us now turn to the proof of parts 2. and 3. of the Proposition.



First, we notice that as u — +00, one can apply Lebesgue theorem to get the equivalent
of the function K (u)

+o0o +oo 1
/ / ZL‘ y2 —a? -y + 1)p(:p, y; 0)dzdy EAZ(U)

2

To finish, replace in the right-hand side of (17), use the equivalent of A(u) as u — +o0
and the definition of the normalizing constants ayo(e) for H = 3/4 and for 3/4 < H < 1.
[l

Remark

When 3/4 < H < 1, the above already shows tightness. In fact the same computation
applies to any interval [s, t] instead of [0,¢] and one can choose L > 0 large enough, so that
if t — s > Le, one has:

B(IYA(t) = Ya(s)]2) < (const)(t — 5)*2

where here and in what follows, “const” denotes a generic constant that may change from
line to line.
If t — s < Le, we have the simple bound

E([Y.(t) = Ya(s)]?) < (const)ii(:—jf < (const)(t — s)*2

Since 4H — 2 > 1 Kolmogorov’s type criterium shows tightness (see for instance [4].

Proof of Theorem 3
For 3/4 < H < 1 this has already been proved.

Let 0 < H < 3/4. Our aim is to obtain an inequality having the form:

B([Y2(1) ~ Ya(s)]") < (const) (& — )? (19)
for 0 < s <t <T. On applying Kolmogorov’s criterium, the result follows.

We have:

4!
E([Y-(t) = Yo(s)]*) = = /{ <ti<ty<ts<ts<t}
s<t1<ta<iz<ls4

L denotes a large enough constant, that we will choose later on.

E(mnonsna) dtidtsdtsdis. (20)

Notice that the integrand in the right-hand side of (20) is bounded. Hence, the contri-
bution of the 4-tuples such that at least two different pairs of consecutive t;s differ less than

9



Le is bounded by (const) €% (t — s)2.

So, we need appropriate bounds for the parts of the integral corresponding to each one
of the following subsets of the domain of integration:

Case A.t; —t;_1 > Le fori =2,3,4
Case B Exactly two consecutive ;s differ less than Le.
We start with Case A.

Let us first prove the following lemma.

Lemma 1. Let (Y1,Y2,Y5,Ys) be a centered Gaussian vector with covariance matric ¥ =
(pij)i<ij<a- Let g be a function of class C* such that the polynomial bound (6) holds and such
that the derivatives of g are polynomially bounded. Let us assume that p; = 1Vi =1 to 4, and
p = (p12, P13, .., p32) be in some neighborhood of the origin of RS. Let v; = g(Y;) Vi = 1 to 4,
then there exists a C* function F defined on in some neighborhood of the origin of R® such
that

E(myays) = Flpy 1 <i< j<4). (21)

Moreover the Taylor expansion of F' around the origin is convergent to F for ||p|]| < & for
some positive & (||p|| denotes here Euclidean norm in R ).

Proof of Lemma 1

It is easy to see that I is C* for p in some neighborhood of the origin of RS.
We denote px(x1, x9, 23, x4) the centered Gaussian density with covariance ¥ and use (as
above) the standard identity for i < j:

Ips, _ P ps
0,01-]- 8113'1827]

Then (integrate by parts to check the third equality):

4

+oo —+00 8
Px
dxidxodrsd
ang / / ]ang T2
00 +o0 4 82
_/ / [Hg(xh)] aﬂg;dmd@dxgdm
/. / s

— () IT 09)

h#i,j

’ (22)
+o0o +oo
(xh)dxh] / / g/(x”L)g,(‘r]) pz(x17'r2ax37m4)dxidxj

10



where the centered Gaussian vector (Y7, Ys, Y3, Y,) has covariance X.

The same procedure can be used to compute the successive derivatives of F'. We get:

OmF
— E'( D (v a2 (Vo) a3 (Va) g9 (Y, ) 23
8p§r§123p;r§13'”8pg£34 g ( 1)9 ( 2)9 ( 3)9 ( 4) ( )

where

® My, M3, ..., M3y are respectively the order of differentiation with respect to the 6 vari-
ables p1o, ..., p34, so that the total order of differentiation is m = mqs + .... + ma34.

e Y1, Y5 Y3 Y, are as above. At the origin p = 0 these random variables are i.i.d. standard
normal.

e 1; is the number of times that the x; variable appears under the integral sign, after
differentiation. Since x; appears once each time one differentiates with respect to a
variable pg; such that either k or [ coincide with ¢, it turns out that v; is the sum of
the my,; such that either k£ or [ coincide with ¢, that is:

V1 = Mg + M3 + M1y
Vo = M2 + Ma3 + Moy
V3 = M1z + Moz + M34

Vg = Mg + Moy + M3y.

Let us now turn to the convergence of the Taylor series of F'. Consider the remainder:

1 omF
R,.(p) = L2 ol L ph 0 24
(p> zmzm:m m12!m13!...m34!p12 p13 p34 apglgapﬁlgn‘apﬁm ( p) ( )

with 0 < 6 < 1. We want to prove that R,,(p) — 0 as m — +oo.

The number of terms in this sum is equal to ( m;— g )

So, it is enough to show that if ||p|| is small enough,
1 OmF

0 ’ < L™ 25
mizlmagl...ma! 3p§r§126p’17§13...8pgf4( QI (25)

for some positive constant L. For this purpose, we need an appropriate upper-bound for the
partial derivative in the left-hand side of (25).
Let us prove the following Lemma.

Lemma 2. Let (Y1,Y2,Y3,Yy) be a centered Gaussian vector with covariance matric ¥ =
(pij)i<ij<a. Let us assume that p; =1 Vi =1 to4, and that p = (p12, p13, ..., p31) be in some
neighborhood N of the origin of R®. Let g be a function of class C* such that

l9(@)] < K (Jz| + )",

11



and such that the derivatives of g are polynomially bounded. Then there exists a positive
constant C depending only on N', K, M such that for all vy, vy, v3, vy positive integers

’E(g(””(Yl)g(””(1/2)9(”3)(%)9(”4)(5@))‘ <P, (26)
where v =11 + vy + V3 + vy
Proof of Lemma 2
Let us suppose that N is small enough so that det(X) > 1/2.

Write:
B(g"0(11)g" (¥2)g" (¥)g“ (¥2)

(27)
:/ g(l’l)(xl)g(VQ)(xg)g(”3)(:rjg)g(”“)(u)pg(xl,...,J;4)dx1,...,x4.
]Rzl

Integrating by parts successively in (27) - integrate the derivatives of g and differentiate
ps - we can rewrite the right-hand side of (27) as:

al/pg(ﬂfl, ey lL‘4)
8V1$18V2$28V3I3@V43174

dl‘l,...,l’4. (28)

| sestegteaten

so that our problem is to obtain an upper-bound for the successive derivatives of the function
of four variables

1
Q(z) =exp [ — 5;1:TE’11:}, r € R%.

Let A = X7Y2 = ((a;j))ij=1234 be a square root of X!, that is ¥~ = ATA and put
y = Az. We may assume that |a;;| < a for some positive constant a.

Let us compute the successive derivatives of Q(x) using the chain rule. The first deriva-
tives are as follows:

Loy
— = — A;nY; Q(ﬂf)
A 1<i<4
R ED> >
T | = AinQin + aihai’h’yiyi’} Q(z)
81’haxh/ 1<i<4 1<i4,i’<4

58,

A A, A [ E (aihai’h’ai’h”+ai’haih’az”h”+ai’hai’h’az’h”)yi_ g aihai’h’ai”h”yz‘yi’yi”] Q(ZE)
or hal’ h' or h

1<4,i/<4 1<4,i i <4

and so on.

12



Consider a derivative of order n, say

Q

aq o s oy
0x]" 0x5* 0x5* 0x))

with oy + ag + ag + a4 = n. It has the form P,(y)Q(z) where P,(y) is a polynomial in the
four variables y1, y2, 3, y4 with the following properties:

¢ P”(y) - Zogkgn,n—k even Pn,k(y)
e BEach P, ;(y) is a homogeneous polynomial of degree k& which can be written in the
following way:
1. If k =n,
Pyt oya) = (1" > g @i Vi Y (29)

1<, in <4

where ji, ..., j, depend on the various orders of differentiation ay, ..., ay.

2. If 0 < k < n,
Pn,k<y> = Z * Z ailljl""aifnjnyil'”yik (30)

1<y, ip <4
where ji, ..., j, depend again on aj, ..., ay. Y * denotes a sum with N, terms.
3. If k =0, one has:
Puo(y) =D % @iy iy, (31)

where > * has N, o terms.

(29) follows from the fact that P,,, is obtained on multiplying P,_1,-1 by the corre-
sponding derivative of the exponent of (), which is a linear function of ¥ whose coefficients
are entries of the matrix A.

P, is obtained on differentiating once P,_;;. Each term of this polynomial generates
one term in the derivative, so that in (31), the number of terms satisfies

Nn,O = Nn—l,l

for each even number n.

Let us look at formula (30). If 0 < £ < n+ 1 and n+ 1 — k is even, the homogeneous
polynomial P, is obtained as a sum of two parts: first, the one that comes from differ-
entiating once P, 41, which produces k£ + 1 terms, and second, the product of P, ;_; times
the derivative of the exponent of (), which is a linear form in y with coefficients from the
matrix A. This implies that:

13



Nn+1,k - (k + ]-)Nn,k-‘,-l + Nmk—l' (32)
From this it follows easily that:

n!

Npp=——
T 9% (n — k) /2) 1K

for 0 <k <n, n—k even.
If we take A equal to the identity matrix and «; = n, observe that

Po(z) = (=1)"H,(z1),
where H, is the the probabilistic Hermite polynomial of degree n, i.e.

H,(z)=(=1)"e? dx"eiT'

(see [1], for example). Hence in this special instance P, is the monomial of degree k in
(—=1)"H,,. By definitions (30) and (31) N, is obtained by fixing y = (1,1,1,1), so this
is exactly the absolute value of the coefficient of the term of degree k of the probabilistic
Hermite polynomial of degree n.

So, we obtain the bound:

0"Q(xy, ..., T4) ‘ v Ul 4 .
) ) < t u[ - i }
O x10V2 2903150V Ty | — (const)a o Vz_:k e 2%’61/;21@”{:! ( ; ly |) Q(z)

!
<[ X Semhih]e)

k=0, v—k even

where b is some new positive constant.

Let us use this inequality to get an upper-bound for the left-hand side of (27). Performing
the change of variables y = Az in the integral (28), and using the polynomial bound (6) on
the function g we can see that:

’ v!
B(g“()g(02)g D () )| <0 > e B(lal ) (33)

v—k
Frv=k|L|
k=0, v—k even 27z 2 k!

where &, is standard normal in R?*. Replacing the expectation by its value, we get for the
right-hand side of (33) the bound

[SIES

, ’ vIl(%)
b3 Z vkl

k=0, v—k even 2

14



where by is a new constant (depending on M). Using Stirling’s formula and an elementary
maximization, we obtain the bound

B(g") (119" (¥2)g" (va)g ) (v2) ) | < o7,

where b3 is a new constant.
Hence (26) and Lemma 2 are proved.

We are now ready to prove (25). We want to show that the logarithm of the left-hand
side is O(m). On applying again Stirling’s formula, we obtain:

1 O"F
log { | | | mio mM13 M34 (ep) ‘ }
maalmasl...mag! 1 Op 52 0pT52...0psy

< mlogm — Z m;j log m;; + O(m)

< Z my; [logm — log my;] 4+ O(m)

1<i<j<d, mi;>1
< Z [m —my;] + O(m) = O(m)
1<i<j<4, mijZI

where the last inequality above follows from the elementary inequality log(z+y)—log(z) < £,
valid for z,y > 0.

So, we can conclude that the function F' can be expressed in a neighborhood of p = 0 in
terms of its Taylor series, with the obvious advantage that the coefficients are given by the
expectation of a product of independent random variables.

Let us recall (20) :
4

E(Ya() — Ya(s))) = 2 /
€ {s<t1 <to<ts <t4<t}

E(mnansna) dtidtsdtsdiy.

Let us apply Lemma 1 and consider E(T]17]27737]4) as a function of the covariance matrix
Y = (pij)1<ij<4, Where:
Pij = E(Ze(ti)Ze(tj))
We know that

® pii =1

e for i < j, one has p;; = A(Z=4).

S

In Case A, when we choose L large enough, i.e. if the crossed-covariances are small
enough, p is in a neighborhood of the origin, and Lemma 1 can be applied.
Let us look at formula (23) when p = 0:

omF —
e (0 =] £(s™ 34
sy a0 = [ E(s©) (34)

13 i=1

15



e If some of the v;’s is equal to 0, then the derivative in (34) is equal to 0.

e If some of the integers v;’s is odd, then the derivative in (34) is equal to 0, since g is
an even function.

So, in the Taylor expansion of the function F', only terms with even non-zero v;’s are
to be taken into account.

e We have 3 cases of possible non-vanishing coefficients in the Taylor expansion:

1. At least two my,; are greater or equal than 2.

2. All the my,; are 0 or 1.

3. Only one my, is greater or equal than 2 and the remaining ones smaller or equal
than 1.

1. Consider the terms which are or type 1., such as, for example,

myg 2> 2, Moy > 2 (35)

Then, in each of the corresponding terms of the Taylor expansion, there appears the
derivative of F' at zero (computed by (34)), divided by a product of factorials, times

the corresponding product of powers pi5'%...p5,*.

Group all the terms in the series having the property (35) and consider their sum. It
appears clearly, that it is bounded by (const)p?;p3,. Using that the function A(x) is
monotone decreasing for x > 1, the sum of these terms can be bounded by:

tg —t1\ (9, ta — 13
A
)iy
Now, let us consider the part of the integral in (20) containing this terms and satisfying

the condition t; — ¢;_1 > Le for i = 2,3,4 (recall we are considering this part of the
integral). It is bounded above by

(const) A*(

(const) / o /( T, /( o /( At — 1)) A ((ta — 1))ty

t1+Le)At to+Le)At t3+Le)At

+oo +oo

< (const)e*(t — 5)2/ AQ(SB)d!B/L A%(y)dy

L

where the last inequality follows making the change of variables = = %, Yy = %

The asymptotic (15) plus the fact that 0 < H < 3/4, so that 4(1 — H) > 1, imply that
L+ > A%(x)dx is finite, so that the part of the integral corresponding to the sum of the
terms satisfying (35) is bounded by:

16



(const)e*(t — s)? (36)

One can now easily see that if instead of (35), some other pair of my,’s are greater
or equal than 2, the same computation works, in the sense that the sum of the corre-
sponding terms of the series can be bounded by an expression having the form:

(const) A (ta _gta_l ) A? (tﬁ —;3—1 )

where a < § — 1. Proceeding in a similar way, we get a bound with the same form for
the integral of the sum of the corresponding terms in the series.

2. Let us consider now the sums of the terms having the form 2. Check that there are
only three ways in which all the v},’s are even and non-zero, i.e. equal to 2. They are
the following:

(1) miz = mag = 0,m13 = M1y = Moz = mayy = 1,
b) miz = may = 0,Mm12 = M1y = Moz = M3y = 1,

C) mig = Moz = 0,M12 = M3 = Mg = m3zq = 1.
For the term satisfying a) we have the bound

to — 11
€

t3 —to

(const) A*( .

A (=)

and for the one satisfying c):

to —t
3

— 14
&

(const) A*( )AQ(t4

)

Then, one can proceed further as in case 1.

For the sum of the terms satisfying b), one needs a slight change to obtain the bound:

JAC—)A ()

and after integration one finds the bound (36) again.

to — 11
9

ts — to
9

ty— s
15

(const) A(

3. For the sum of the terms having the form 3. the procedure is similar. One has again
to enumerate the cases and obtains the same bound (36).

Let us now turn to Case B. We will show that the bound (36) also holds true for the
part of the 4-dimensional integral such that exactly 1 consecutive pair of ¢;’s differs less than
Le, while the remaining ones differ more that Le. Of course, the computation for the case
when all consecutive pairs differ more than Le does not apply here, since there will be a

17



covariance which is near to the value 1 (the one corresponding to neighboring points), so
that the matrix > becomes nearly singular.

We have three cases, according to which is the pair of consecutive t;s which differ less
than Le.

Let us assume first that ¢, — t3 < Le and t3 — t9 > Le, ty —t; > Le. We perform the
Gaussian regression of the pair (Z.(t3), Z-(t4)) on the pair (Z.(t1), Z.(t2)). This gives:

Z(t3) = (3 + Mi3Ze(t1) + A3 Zc(ta) (37)
Ze(ty) = o+ MaZe(t1) + AoaZc(t2)
where:
e ((3,(y) is independent from (Z.(t1), Z:(t2)).
e Choosing L large enough, Var((3) and Var({;) belong to a small neighborhood of 1
and for £k =1,2; [ = 3,4:

Ar| < (const)A(t3 ; t2)
and for [ = 3, 4:
1 — (const) A (%) <Var(g) <1.
We get
E(mnansm)

= E(mﬁz [9(G) + 7' (G)[MsZe(t1) 4+ Aoz Ze(t2)] + Rs]
(3060 + 7O Ze (1) + MauZe(12)] + i) (38)

where the remainders satisfy bounds of the form:

tg — 1
|Rs| < (const)AQ(%

t3 — 1o
9

)Va

|R4| < (const)A*(

Vi,

V3 and Vj having bounded moments of all orders.

Now we get bounds for the various terms in (38):

e Using independence and the bound we obtained when computing order 2 moments:

B (mm3(¢)3(¢o)) | < (const) B (mimz) < (const) A(

Replacing into the 4-dimensional integral and on account of t4 — t3 < Le, we get for
this part the bound (const)e?(t — s)2.

to — 1
—)
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e Next

B (mmd(G)g (G s Ze(tr) + haaZe())
= E(3(¢)7 () [MaE(mmaZ-(t1)) + Xaa BE(mnp Ze(t2))] -

Let us look at the first term inside the brackets at the right-hand side of the last
equality. To obtain a bound for

E(mn2Z(t1))

we proceed in the same form as we did for E(n;7,) with the slight change that we have
to replace in our formulas g(x) by zg(z). We obtain the bound:

)

to — 11

[BlmmZe(0))] < (const) A4%(2

The second term is similar.
Again, replacing in the 4-dimensional integral one obtains the same type of bound.

e The remaining terms can be treated in the same way (easier).

In case it is the pair t1,t, which is the one that satisfies t, — t; < Le, the above compu-
tation is exactly the same, mutatis mutandis. If it is ¢, t3, there some slight differences, but
everything is similar.

To finish the proof for 0 < H < 3/4, we still have to remove the added hypothesis that
the function ¢ is C'*° and its derivatives are polynomially bounded. If this does not hold,
one can replace g by the convolution g * v where v is a non-negative function of class C'*°
with total mass equal to 1, and support contained in [—1,1]. One can apply the previous
computations to the function g * v, the only minor change being that instead of condition
(6) we have the inequality [(g * v)(2)| < K (|z| + 2)*. A careful analysis shows that the
bounds we have found are uniform on 7, and only depend on the constants K, M, H. Hence,
this allows to pass to the limit as v approaches the Dirac measure, thus finishing the proof
of Theorem 3 when 0 < H < 3/4.

It only remains to prove the statement for H = 3/4. We are not going to perform the
detailed computations, which are essentially the same as before. One gets the bound

B((Valt) = Ya(s))") < (const)(t — s/ In |t — s

which suffices to prove tightness with Kolmogorov’s criterium.l]

Proof of Theorem 2.
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The proof follows exactly the one of Theorem 3, excepting for the fact that we must
provide an upper-bound for the covariance E((.(s)(.(t)) instead of the expansion of the
function F(Z.(s)Z.(t)) = A((t — s)/e) that we used repeatedly in the proof of Theorem 3.
Let us outline the changes. For 0 < H < 3/4

Var(S:(t // (mm2) dty dty

where 1; = ¢((:(t;)). If we denote by ps(tl,tQ) = FE(((t1)¢(t2)), then (12) can still be
written

+oo +o0

6ot 1) = / / (b, i p-(t1,12)) — pl, 3 0)] dedy. (39)

But (11), becomes
Var(S.(t)) = 2—5
0‘H2
ta/e +00 +o0 pe(ta—ceu,tsa) ) aG
/ dtQ/ du/ / / (G +8—p)p[p5(t2 —eu,ty) — p] dp] dxdy.
0

(40)

Please note
2-92H

pe(ts — cu, ty) = E (XE(O)X€(6U)>

“(/m m¢ i~ ) B (X, X dvd

= ) () B (XX dvdw

O J—co —00

by using self-similarity of X. Hence we get
palts — cu 1) = Ay(u) (41)
because of (1) and of [*>°¢)(v)dv = 0. Then

2e

Var(S:(t)) =

0‘H2

/ dt, / " / m / m /0 ey 88(;) [Ay(w) — pldp] drdy. (42

Next we rely on Proposition 2.1 (e) in [2] to get the asymptotic of A, (u) when v — +oo
analogous to (15). Otherwise the proof of Theorem 2 is similar to that of Theorem 3.

Proof of Theorem 4.
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Part (a) follows from part (b), in a similar way as Theorem 2 follows from Theorem 3.
So, we only prove part (b).

Using tightness, proved in Theorem 3, it suffices to show that if £,, is a decreasing sequence
of real numbers tending to zero, and Y converges weakly to the process Y* = {Y*(¢) : t > 0}
in the space C([0, +o0),R), then Y* has the law of

(VEa(g)W(t) : t > 0}.

To prove this, let us introduce the filtration {}"t} >0 generated by the FBM X, that is,

for every t > 0, F; is the o-algebra generated by the random variables {X(s) : s < t}.
We will prove that the process )*, which has continuous paths, is an F;-martingale with
quadratic variation Ky (g)t. A classical characterization of the Wiener process, due to Paul
Lévy (see for example [I-W], Theorem 6.1., Chapter II), implies the theorem.

It suffices to show that if 0 < s < t, for any choice of the positive integer k, 7, ..., Tg
pairwise different parameter values strictly smaller than s, and F : R¥ — R any bounded
continuous function, we have the following equalities:

E((Y*(t) —Y*(s)) F[X(n), ...,X(Tk)]) ~0 (43)

and
E((Y*(t) —Y*(s))’ F[X(m), ...,Xm)]) = Kylg)(t — S)E(F[X(ﬁ), ...,Xm)]). (44)
Because of a well-known theorem due to Skorokhod (see [6] Chapter 1, Theorem 2.7), we
may assume that we have chosen the probability space, so that, almost surely, convergence

of Yz, (.) to Y*(.) is uniform on each compact interval of the positive axis.

We prove (43) and (44) on the basis of computations that are not far away from what
we have done to compute the asymptotic variance of Y.(t).

Let us prove (43) for 0 < H < 3/4. It suffices to show that

tim B (Va(t) = Ya(s)) F[X(7), ... X(7)] ) =0, (45)

since the random variables under the expectation sign are bounded in L* of the probability
space.

We have:
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E((Yg(t) —Y.(s)) F[X (), ---aX(Tkz)D
— %/:E@(ZE(U))F[X(TQ’ ...,X(Tk)Ddu (46)

1 t
= %/ du /Rkﬂ 9(@)F (21, ..., 2)psu) (@, 21, ... ) daday...dxy,

where py, denotes the centered Gaussian density with variance matrix ¥ and in our case,
3. (u) is the variance matrix of the vector (Z.(u), X(11), ..., X (14)).

As € varies, the density in the integrand of the right-hand side of (46) is a function of
the covariances

pie(u) = E(Z. (W)X (1)) (forj=1,..,k)

since the other elements of ¥ remain constant.

Let us consider the following Taylor expansion of the density ps_()(z,21,...,2) as a
function of these k covariances, around the value 0 for all of them, namely:

P, 21, Th) = Pz (T)Px (1), X () (T15 -, W)
£ op
)
- _(I',l'l, ,(L’k) pj,s(U)
; dp; p;=0 -
K
1 ps
+ = T, L1y, T (W)py(w),
2 £~ 0p;0 ;( 1y ooy T) pjzepj,g(u)p”( )i e (u)

where 0 < 0 < 1.
From the definition of the FBM:
1
i) = ooz [ () = = (u+ & — 1) 4 (w— 7)),

so that for any u € [s,t] and any j = 1,..., k, since 7y, ..., 7 are strictly on the left of s, we
have:
|pje(u)] < (const) &'7H, (48)

where the constant depends only on H,s,t, 7, ..., Tg.

We plug the expansion (47) into (46). Clearly:

given that Z_(u) is standard normal and the conditions on g.
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For the next term in the Taylor expansion, let us check that for j =1,.... k

%(x Ty .eey Tk)
8p] ) ; 9 py=0
is an odd function of = for fixed x1, ..., z;. For that purpose, we use the standard Gaussian
identity for j = 1,..., k:
Ops _ Ops
Op;  Ox0x;
Denote 7! = ((6¥)); j—01.. .k, where 0,1,..., k correspond respectively to the random vari-
ables Z.(u), X (1), ..., X (7). Notice that for j = 1,...,k, p; =0 implies 0% = 0. Then, a
direct computation gives for j =1, ..., k:

Pps §
8z0; | py=0 = PZ.(u) (IE)pX(Tl) ..... X(Tk)(xl, ey Tk) x( Z T0 ])’

which is an odd function of x for fixed z1, ..., x). Since g is even, it follows that:

apz
/k g(x)F(z1,....,x Z (r, 1, ..., Tk)
Rk+1

op;j

dxdzy..dry, = 0

pi=0

On account of (48), (47) and the above calculations, we get from (46):

’E((Ys(t)—Yg(s)) F[X(ﬁ),...,X(Tk)})] < (const)2-H)-1/2,

Since 0 < H < 3/4, this implies (45). In case H = 3/4 the proof is similar, with only
minor changes.

Let us now turn to the proof of (44). We have to prove that:

B((Y(t) = Yo(9))* F[X(r), ., X(70)] ) = Kn(o)(t = 5)E(F[X(m), ... X(m)] ).

This follows the same lines of the proof of (43), with minor changes. We have:

B((¥:(0) - Yi(s))* F[X(7)... Xm)}): 2 x

t (ta—s)/e +o0o0  ptoo
/ dtQ/ Edu/ / F(xy,...,z)p(x,y, 21, ..., xp; e ) dedydzy, ...dxy
0

(49)

n (49), p(z,y,x1,...,x; ) is the centered Gaussian density with covariance I" and the
(k+2) x (k+2) matrix ' is:

where:
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o X(T1,.yT) = ((E[X(Ti)X<Tj)]))i,j:1 k

o R, = ((pj,g(ti)))jzl ..... . Where for j = 1,...k pic(t1) = E(Zg(tg + eu)X(7;) and
pj,s(t2> = E(Zef(tZ)X(Tj)-

To pass to the limit as ¢ — 0 in (49) we apply a similar expansion to the one in the proof

of Proposition 1, and use the bound (48), valid for € small enough: where the const depends
on H,s,t,m,...,7 but not on . [J
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