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Stieltjes Integrals of Holder Continuous Functions with
Applications to Fractional Brownian Motion
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We give a new estimate on Stieltjes integrals of Holder continuous functions and
use it to prove an existence-uniqueness theorem for solutions of ordinary dif-
ferential equations with Holder continuous forcing. We construct stochastic
integrals with respect to fractional Brownian motion, and establish sufficient
conditions for its existence. We prove that stochastic differential equations with
fractional Brownian motion have a unique solution with probability 1 in certain
classes of Holder-continuous functions. We give tail estimates of the maximum
of stochastic integrals from tail estimates of the Holder coefficient of fractional
Brownian motion. In addition we apply the techniques used for ordinary Brownian
motion to construct stochastic integrals of deterministic functions with respect
to fractional Brownian motion and give tail estimates of its maximum.

KEY WORDS: Fractional Brownian motion; stochastic differential equa-
tions; Stieltjes integrals.

1. INTRODUCTION

Fractional Brownian motion (fBm) was first introduced by Kolmogorov in
1940V and later studied by Lévy and Mandelbrot.>*

Let (2, #, P) be a probability space, and a € R, |a| <1 be a parameter.
FBm with exponent a is a self-similar, centered Gaussian random process
[t o), (t,w)e[0,0)xQ (often abbreviated as &,(7)) with stationary
increments and the correlation function

E(Eo(s), Ea1) = Cls' Tt F2 — |5 — 1|1 77)

I(1—a)cos((1 +a)/2) n
o (1+a)2) 7
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For o« =0 we recover the ordinary Brownian motion (0Bm). From the form
of the correlation function of the increments

ds dt

E(dE,(s), dCo(1)) = Co(a + 1) =

one can see that fBm is not Markovian for all « #0. The trajectories of
fBm are almost surely Holder-continuous with exponent less than (1 +a)/2,
and not Holder-continuous with exponent greater or equal to (1 +a)/2.
The finite-dimensional distributions of fBm are scale-invariant:

Vi >0, OrORe () B (1)

The scale-invariance and long-range correlations make fBm important in
applications.

In recent years there has been much interest in fBm, see, for example,
refs. 4-14. The problem of the construction of stochastic calculus with
respect to fBm has been considered in refs. 15-17. The main difficulty is
that fBm fails to be a semi-martingale for all 0 <a < 1. Our goal is to
construct the stochastic integrals with respect to fBm and to prove the
general existence-uniqueness theorem for solutions of stochastic differential
equations (SDE’s) with fBm. Due to the strongly non-Markovian nature of
fBm, the most natural way to define the stochastic integral is to do it
pathwise, for a.e. w. This brings us to the question of existence of Stieltjes
integrals with respect to Holder continuous functions and of the existence
and uniqueness of solutions of ODE’s with Hoélder continuous forcing
(Section 2). The existence of Stieltjes integrals with respect to Holder con-
tinuous functions was established in refs. 18 and 19. Below we use the
methods of Renormalization group to prove a formula (Theorem 2) which
allows us to estimate the L*-norm of the Stieltjes integral. We then use this
estimate to prove the general existence-uniqueness theorem for solutions of
ODE’s with Holder continuous forcing. In Section 3 we apply these results
to construct the stochastic integrals with respect to fBm and show the
existence and uniqueness of solutions of stochastic differential equations
with fBm. Previous results in this direction were obtained by refs. 15
and 16. In Section 4 we use Theorem 2 to get estimates on the tails of the
stochastic integral with respect to fBm. We also consider the question of
existence of fBm stochastic integral of deterministic functions and derive
the probability distribution of its maximum. Throughout the paper, (1)
denotes the space of Holder-continuous functions on the interval 7 with
exponent . We will have many occasions to partition an interval into
2" sub-intervals of equal size; the ith partition point of the interval under
discussion is denoted by s?, and we put Af(s+s7)= f(s+s7, 1) —f(s+s7)
if f'is a function defined on the interval.
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After this paper was accepted by Journal of Statistical Physics, the
author learned by personal communication from L. Decreusefond about
refs. 26 and 27. In ref. 26 results related to Theorem 1 and Corollary 5.1
of this paper and are proved via a different approach. In ref. 27 results
related to Theorem 1 and Lemma 2.1 are proved via a different approach
and a solution of a linear stochastic differential equation with fBm: dX{(¢) =
aX(t) dé (1) + bX(t) dt is constructed.

2. MAIN THEOREMS

In this section we consider the question of existence of a Stieltjes
integral for functions of unbounded variation, give a formula which allows
to estimate its upper bound and prove the existence-uniqueness theorem
for ordinary differential equations with Holder continuous forcing.

In applications (such as the construction of the stochastic calculus
for fBm), it is often interesting to consider Stieltjes integrals | fdg for func-
tions of unbounded variation. The difficulty in constructing the integral is
that the upper bounds on Riemann sums Y | f| |4g| diverge. However this
problem can be solved on certain classes of f, g, since, if g oscillates fast
enough, the nearby terms in the Riemann sum ) fAg may cancel. It is
shown in refs. 18 and 19 that the Stieltjes integral exists on certain classes
of Hélder continuous functions.

Theorem 1 (Young-Kondurar). Let fe%#R), ge®’(R). If
f+y>1, then [§ fdg exists as a Stieltjes integral for all #> 0.

Generalizations of Theorem 1 can be found in ref. 20.
The next formula is useful in estimating the L*-norm of the Stieltjes
integral and is the main tool used in this paper.

Theorem 2. Letf, g, f, and y be as in Statement 1. Then

¢ o 2k-1_1

f f0)dg(t)=fls)(g(t) —g(s) + Y Y Af(s+s5) Ag(s+s5,1). (1)
s k=1 i=0

As far as we know this form of the Stieltjes integral has not appeared
before. The idea behind the proof of Theorem 2 is to write a recursion
between the Riemann sums on finer partitions of the interval and the
Riemann sum on coarser partitions of the interval, very much like in
Renormalization group. The same idea is used in ref. 21 to give a new proof
of Theorem 1, which amounts to showing that the right hand side of the
Eq. (1) does not depend on the sequence of partitions we choose. Below we
will need the change of variables formula which is a deterministic analog
of the 1t6’s formula for Brownian motion.
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Lemma 2.1. Let w:[0,0)xR—>R, e, f:[0,0)>R, 1>p>1
p>1—7, T>0. Suppose fe C#[0,T]), geC’([0,T]), e is continuous,
u is differentiable in ¢ with continuous du/0t and twice differentiable in x.
For 0 <t< T, consider the Stieltjes integral

n(t) =n(0) +j ds+ffs)dg<>

Then for all 0<t< T, v(t)=u(t,n(t)) is also a Stieltjes integral whose
differential is
Ou Ou
dv=—dt dn. 2
4t 21 (2)
Note that for y>1, the change of variable formula is the same as in the
case of ordinary calculus. This follows from the fact that the quadratic
variation of g is zero and therefore the terms of order dn? are negligible.
Theorems 1 and 2 can be used to prove the following general theorem
on the existence and uniqueness of solutions of ordinary differential equa-
tions with Hoélder continuous forcing.

Theorem 3. Let b,0:[0, 0)xR->R, ge%”(R) and 12<y<1.
Suppose b is globally Lipschitz in ¢ and x, and ¢ € ¥'(R) with o, &, ¢,
globally Lipschitz in ¢ and x. Then for every 7>0 and y>f>1—y, the
ordinary differential equation

dx(t)=b(t, x(1)) dt + o(t, x(1)) dg(t),  x(0) =X, (3)

has a unique solution in € #4([0, T]).

3. APPLICATIONS TO FRACTIONAL BROWNIAN MOTION

The natural way of constructing the fBm stochastic integral
fo 7, ) dé (7, w) is to define it as a Stieltjes integral for a.e. w. Since
1, )eB"(R) for y=(1+a)/2 with probability one, Theorem 1 implies
that the fBm stochastic integral [{ f(7, @) d¢,(z, ) exists for all /€ €#(R)
with > (1 —a)/2. The paper’® contains a special case of this result for
functions f(&,(-, w)) e ' (R) for a.e. w, derived by expanding f in Taylor
series in &, and using the fact that the quadratic variation of &, is zero.

Similarly, Theorem 2 holds with probability one for j"f) f(z, w) dé (7, w)
for all f e €#(R) with > (1 —a)/2.

1t6’s formula for fBm can be stated pathwise, as a corollary of
Lemma 2.1, however it can be stated also under weaker assumptions. It6’s
formula for fBm has been established under very different assumptions in
ref. 16 for 0<a <1, and in ref. 17 for —1 <a < 1.
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Lemma 3.1. Letu: [0, 0)xR->R, e, f:[0, 0)xQ2 >R, 0<a<]l,
B> (1—a)/2, T>0. Suppose fe CA[0,T]), e is continuous, u is differ-
entiable with continuous 0Ju/0t and Ou/0xe C?([0, T]). For 0<t<T,
consider the stochastic integral

Mt ) =n(0,w) + [ els,w)ds+ [ fls ) de (s, ).

Suppose supg <, <7 E((0%u/(0n)*)(t, n(t, @)))* < oo. Then for all 0< < T,
v(t)=u(t, n(t, w)) is also a stochastic integral whose differential is

Note that for 0 <a <1, 1td’s formula for fBm is the same as in the deter-
ministic case. This follows from the fact that the quadratic variation of fBm
is zero. Theorem 3 implies the following existence-uniqueness theorem for
SDE’s with fBm:

Theorem 4. let b,0:[0, 0)xR->R, Z:Q2->R and O<a<l,
(1—0)2<p<(l4+a)/2. Suppose b is globally Lipschitz in ¢ and x, and
o€ €Y(R) with o, ¢, ¢, globally Lipschitz in ¢ and x. Then for every 7> 0
the SDE

dX(t, w) =b(t, X(t, w)) dt + o(t, X(¢t, w)) di (1, w), X(0, w)=Z(w)

(4)
has a unique solution in C#([0, T]) with probability 1.

In refs. 15 and 16, the existence and uniqueness theorem for solutions
of stochastic differential equations was proved when the diffusion coef-
ficient is a function of time ¢ only; in ref. 15, the existence theorem was
proved also when the drift and diffusion coefficients are functions of X only.
Both papers adapt the methods used for oBm. The new idea in this paper
is to use the formula in Theorem 2, which allows us to prove the existence
and uniqueness theorem in the general case, when the drift and diffusion
are functions of both ¢ and X.

4. ADDITIONAL RESULTS FOR FRACTIONAL BROWNIAN
MOTION

When the integrand is of the form f(z, {,(7, w)), we can obtain
estimates of the tail of the maximum of stochastic integrals from Theorem 2
and from tail estimates of the Holder coefficient of fBm.
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Theorem 5. Let f:[0,1]xR—->R and i<y<(1+a)2, 6=

(
(14 a)/2 —y. Suppose [ is differentiable with bounded | f(z, x)|, | f%(¢, x)|.
Write | /[ =suppo, 11, = [ /(% x)| and |f'| =sup(o 17, r [/%(2, x)|. Then

P( max th(r, E(1, m)) dé (7, a))>/1>
o<r<1Jo

2l 22 200 271
<=—— /= _ 29216 —1 5
27—1ﬁn§ y eXp{ 2741 } (3)

where

B AR
V_|f;|{\/<|f(0’0)|+2y+l—l> +22y_2|fx|,'{
1A
- 1110.0) - 55 . “

More information on the stochastic integral is available when f is a func-
tion of ¢ only, since in this case the techniques used for oBm can be
applied.

Statement 4.1. let O<a<1, and let f(¢, w)=f(¢t) be a func-
tion of ¢ only. If fe L¥1+%([0, w0)), then the fBm stochastic integral
[ f(1) dé (t, w) exists in L*([0, o) x Q) for all 1€ [0, o).

The proof is based on the Hardy-Littlewood—Sobolev inequality (see
ref. 22).

Since 50 7) dé (7, w) is a Gaussian process, we can show the following
properties:

Statement 4.2. Let o and f'be as in Theorem 4.1, and let 0 < f < a.

Write g (s, t) = [% % f(u) f(v)(du dv/|u—v|' = IffeLz/(””)([O 17), then

1. for ae. o, [§f(r)dé, (1, ) has a t-continuous version for all
te[0,17;

2. for every real re[0,1], P(maxo<,<; [§f(7)dé(t,0)>2) is
bounded from above by

o @ 2 +

J +J f e dx, where f, = /] _f;

/g 0D YA1—n//a (0D - 2
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3. for every integer m>2 and real A>./1+logm®* P(max,_, .,
|§0 7) dé (7, w)| > ) is bounded from above by

0 2
f SmPe "% dx
Ae

where c¢= sup qr(s, 1) +(2+ ﬁ) J sup qr(s, 1) dx < oo.

0<s, <1 1 |s—t]<m—~

(1) follows from Kolmogorov’s continuity criterion, the bound (2) follows
from Slepian’s lemma,®® and (3) follows from Fernique’s inequality.®*

5. PROOFS OF THEOREMS

5.1. Proof of Theorem 2

Proof. The idea of the proof is to write the Riemann sums on the
smaller scales in terms of the Riemann sums on the larger scales as in
Renormalization Group. Denote by S”(f) the Riemann sum of f corre-
sponding to the partition of [0, 1] into 2” equal sub-intervals. We have

n—1_1

SUf)=S""N+ Y Af(sh) Ag(s5,,0)

i=0

2k-1_1
Y Af(s3) Ag(s5, )
i=0

As n— oo, S"(f) converges to [{ f(t) dg(t) by Theorem 1. The right hand
side converges provided f+y>1. ||

5.2. Proof of the Change of Variables Formula
The proof given here follows ref. 25 for the most part.
Proof. We can write the integral version of Eq. (2):

u(z)—u(O)—j %d +j ?d
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From Theorem 2 and from continuity of e it follows that:
An(t) = f(t) Ag(t) + e(t) At + O(At)#*+7 4 o(At).
v(1) —v(0)

- 3 G (3) (0 (3)]
£ 3 (F(3) - (F e (F)]

ity (2 (22)

)

- 3 G E) e )
3 SIS0 )
r3g (7o () (35) = () ot}

- 2 GG ()
ra (7)) 7] )7 e (3))
f S ARG () (F e
w355 () (55
< (5(30) 5 (5)) ot

N

oQ
/\
v
|
oq
RS
w
N
3
~—
~—

Since u,, > Ag> < O0(1/2")%, and y> 3, Yi<pong Uy, f7 48> — 0 as n— .
Similarly, o(3 4g%) — 0 as n— co. ||
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5.3. Proof of Theorem 3: Local Existence and Uniqueness

In this section we will prove the local existence and uniqueness result.
We will derive the global result in Theorem 3 by showing that we can
apply the local existence and uniqueness result repeatedly, taking as an
initial condition the value of the solution at the end of the previous interval.
Fix T>0, se[0, T] and a e R. Define an integral operator

F.X= ft b(z, X(7)) dr + jt a(t, X(7)) dg(7) +a.

5 s

For s =0 and a = x,, solutions of the ODE (3) are exactly fixed points of F.

For 0 <f <1, and for ¢ >0, consider the Banach space %([s, s +¢])
with the norm || /|, =max, | f(¢)| + max, ., (1/(#;) — f(£)|/|t; —1,]”). For
K>0, consider the closed subset @%([s,s+e])={f:|f(t,)—f(t;)] <
K|t,—t,|%, Vi, t,e[s,s+¢e]} of €F([s,s+¢]). Finally, consider the
closed subset G4([s,s+el,a)={feCi[s, s+e]): f(s)=a} of €¥s,
s+¢]). For a given ge%”([0, T]), there is L > 0 such that ge €% ([0, T]).
We will show by the contraction mapping theorem that for given T, s, a,
K, L, there exists ¢ >0 such that F, has a unique fixed point on %4 ([s,
s+e¢],a). We need to establish that F, maps 4% ([s,s+e¢], a) into itself
and that it is a contraction. This will be done in Lemma 5.3. The necessary
preliminary estimates are obtained in Corollaries 5.1 and 5.2 of Theorem 2.
In what follows we will consider 7, K, L >0 to be fixed.

Corollary 5.1. Let  and y be as in Theorem 1, 7>0 and let
ge €% ([0, T]). Then for every s, te [0, T],

[ x(2) deo)

s

oy =9
:LHXHﬁ(l—S) <1+M> (7)

(oo}

Proof. By Theorem 2

[ x(2) de(a)

s

o 2k-1_1
<X [g) =g+ Y Y [4X(s+55)] |4g(s +55, )| (8)
k=1 i=0

Since |X(s)| <[ X5, [4X(s +55)| <X |5 ((t—5)/2%)” and ge ([0, T]),
we obtain after performing the sum in (8),

(1=9)"*7

o |1

[ x(2) de(r)

5

SLIX[p(t—=s)+LI[IX],
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Corollary 5.2. Lete>0andlet f, y, g and T be as in Corollary 5.1.
Then, for every se [0, T] and t€[s, s+ ¢],

t
[ Xwydr| <ix).eH1+e8), (9)
s B
and
t ef
|, X(c) dg(o) ﬁ<LX|58Vﬂ(1+8ﬂ)<1+M>. (10)
Proof.
t ' [\2 X(1) dr]
JX(T) dr|| = max JX(r)dr + max Lliﬂ
s B tel[s, s+e¢] s Hn#Lels, s+e] |Z2—t1|
<X o (6485,
From Corollary 5.1 we obtain
t ef
Ve -
max [ o den)| <Lixlpe (14555 —). A
similarly we obtain
13 X(@) Lixl,e— (14— 12
—< - — .
tﬁétzrgfas),(s+s] |t, — l2|ﬁ | Hﬁe < +2p+y_2> (12)

The result (10) follows from (11) and (12). |

Lemma 5.3. Leth,c:[0,0)xR->R, 1>y>1/2, T, K, L>0. Sup-
pose b and ¢ are Lipschitz in x and ¢. Then there exists &; > 0, such that for
all y>pB>1—y and te[s, s+¢,], the operator F, maps €2.([s,s+¢,], a)
into itself.

Notation. We shall denote the Lipschitz coefficients of » and ¢ by B
and S respectively.

Proof. Let e>0 and ¢, t,€[s,s+¢]. It is sufficient to demonstrate
that ||F,X| ;< K for a sufficiently small &> 0.
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By the triangle inequality and by Corollary 5.2,

IF Xl p<e(1 +e”) <|b(h X))o &' 77+ L |la(t, X(1)) ]l 5

b

Since b and ¢ are Lipschitz and Xe €4 ([s, s +¢], a), it is easy to see that
Ib(2, X(0)] o < [b(s, a)| + B(e + Ke”), (14)

and
la(t, X(0)ll < la(s, @)l +S(e' ~7 + K)(1 +&”). (15)

Substituting (14) and (15) into (13), we obtain
IF, Xl p<e&P(1+¢ef) {|b(s, a)| +B(e + Kef)) et =7

B
+L<l+2ﬁfy_2>(Ia(s,a)l+S(1+sﬂ)(al_ﬁ+K)) . (16)

Since the right hand side is an increasing continuous function of ¢ and
is 0 at e =0, it equals K at some ¢,. For this choice of ¢, (or any smaller ¢,),
F, maps €% ([s,s+¢,], a) into itself. |1

Lemma 5.4. Assume the same hypothesis as in Lemma 5.3. Sup-
pose b is Lipschitz in ¢ and x and ¢ e 1[0, o0) x R) with ¢/(t, x), o’.(¢, X)
Lipschitz in x. Then there exists ¢, >0 such that for all y>f>1—y and
te[s, s+e,], the operator F, is a contraction on 4 ([s, s+¢,]).

Notation. We shall denote the Lipschitz coefficient of b by B and the
Lipschitz coefficient of g, g}, o, by S.

Proof. We need to show that there exist &, >0 and 4 <1 such that
for all te[s, s+¢,] and all X, Ye @A ([s, s +¢,]),

[FX—=FY[lp<AllX—=Y]g.
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By the triangle inequality and by Corollary 5.2,

IFX=F, Y| <&~ (1+e&) | Ib(r, X(2)) = b(z, Y(2))] o &' 77

B
+ L [lo(t, X(1)) — o1, Y(t))|ﬁ<1 +2,,fy_2>} (17)

We estimate the two terms in (17) separately. Since b is Lipschitz,
Ib(2, X(1)) = b(t, Y(1)) o < B [X(2) = Y()| SB[ X =Y. (18)
Now we will estimate [o(¢, X(¢)) —a(t, Y(?))| 5. Since o is differentiable,

max |a(t, X(1)) —a(t, Y(1))| <S | X = Y| 4. (19)
By the fundamental theorem of calculus,
a(t, X(¢))—a(t, Y(2))=(X(¢) — Y(2)) jl a' (6, vX(t)+(1—v) Y(2)) dv.
0

Therefore
lo(zy, X(11)) —a(ty, Y(11)) —a(ty, X(£5)) +a(t,, Y(1,))]

1
= (X(2,) = Y(1,) — X(22) + Y(lz))f0 o (21, vX(1) + (1 —v) Y(1,)) dv

(1) = V(1) (@400, vX(1) + (1 =) Y1)

— 0512, vX(15) + (1 =) Y(15))) dv

SIX =Yl (ta— 1) S+ X =Y 5(S(t;—1,)
+S(v [X(11) = X(12)| + (1 =) [ Y(1,) — Y(1,)]))
SIX=Ylg(ta— 1) S(1+ (1, — 1)) "/ + K).
Consequently

la(z, X(1)) —a(t, Y1)l < | X = Y5 S(2+&' =/ + K). (20)
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Substituting (19) and (20) in (17), we obtain

|F,.X—F, Y| <& P(1+¢F) {Bs“y+LS(2 +&e'7f+K)

b
x<1+2“y_2>} 1X— Y], (21)

The coefficient of | X — Y| is an increasing function of ¢ and is 0 at ¢ =0.
Choose ¢, >0 small enough so that this coefficient is less than 1 and
&, <e;. Then F is a contraction on ¥4 ([s,s+¢,]). |1

Combining Lemmas 5.3 and 5.4, we obtain a local existence and
uniqueness result:

Corollary 5.5. Assume the same hypothesis as in Lemma 5.4. Then
there exists ¢ >0 depending on s such that for all te[s, s+¢], ODE (3)
has a unique solution in €% ([s, s +¢], a). In particular, if ODE (3) has a
solution X on [0, s], then there exists ¢ >0 depending on s such that for
all te[s,s+¢], ODE (3) has a unique solution Y in €2 ([s, s +¢], X(s)).

Proof. Take ¢ to be &, of Lemma 5.4. Since F, is a contraction on the
closed subset €4 ([s,s+¢], a) of the complete metric space €#([s, s +¢]),
it has a unique fixed point X in €% ([s, s+¢], a). From the definition of
F, it follows that X is a unique solution of ODE (3) on [s,s+¢] in
Eh([s,s+el,a) |

The sufficient conditions on ¢ in Corollary 5.5 are given by inequalities
(16) and (21) with a replaced by X(s):

e’ P14+ &P { |b(s, X(s))| + B(e + Kef)) e =7

B
+L <1 +2ﬁfy_2> (lo(s, X(s))] +S(1 +e")(s“ﬁ+K))} <K, (22)
B
e (1 +¢P) <le—7+LS(1+31—ﬂ+K)<1+2ﬂ_fy_2>><1. (23)

Inequality (23) does not depend on X(s).

5.4. Proof of Theorem 3: Global Existence and Uniqueness

By Corollary 5.5 with s =0 and a = x,, ODE (3) has a unique solution
on [0, ¢, ], where ¢, satisfies (22) and (23) with s = 0. By using Corollary 5.5
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n times we obtain that the solution exists on [0, ¢y + -+ +¢&,_;]. ODE (3)
has a solution on [0, 7] if there exists m >0 such that >7" je,> T. This
is true if b and o are globally bounded, since in this case we can choose
g;=¢, (to see this we can substitute the global bounds on b, ¢, B, S into
(22) and (23)). In the case when b and ¢ grow at most linearly, we will use
a change of variables to reduce it to the case of globally bounded » and .

Proof. Existence: Suppose that b and ¢ are bounded on [0, 0) x R,
then taking the upper bound on b and ¢ in (22) we get that &, satisfying
(22) and (23) does not depend on i. In this case the global existence is
established. Now suppose that b and o satisfy the assumptions of Theorem 3.
Consider the ODE

b(t, tan y(t)) o(t, tan y(1))
1+ (tan y(1))? 1 + (tan y(1))?

dy(t) = dg(t) (24)

This ODE has globally bounded coefficients satisfying the assumptions of
Theorem 3, and thus has a global solution on [0, 7']. Now, x(z) =tan y(¢)
satisfies Eq. (3) (by Lemma 2.1). Thus Eq. (3) has a global solution on
[0, T1.

Uniqueness: Let Y, and Y, be two solutions in ¥#([0, T]). Then there
exist K; and K, such that ¥, e %% ([0, T']) and Y,e %% ([0, T']), so Y,
and Y, are in (ﬁﬁm{ k. &y ([0, T]). Y, and Y, coincide at the initial point
t=0. Let 7, be the supremum of the set on which they coincide. Since
both solutions are continuous, they coincide at ,, as well. 7y, must equal 7,
for otherwise we can make Y, and Y, coincide past #,, by Corollary 5.5. |i

5.5. Proof of I1t6’'s Formula for fBm (Lemma 3.1)

Proof. By analogy with the proof of Lemma 2.1, we obtain

fou @ %
o) = v(0) = <£+aZ e(s)> ds+o(1) +L£f(s) de,

—l—% Y u””f2A5§+0<ZA§§>.

k<[2"]

Since  E(ity, % AE2) < |1 | o /Elttyy)* o/ E(AE2) = O(1/27), by Chebyshev
inequality

1 n
"2 422
p< Yo g, f A€u>z <const2n(2y71),
k<[2"]
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and by the Borel-Cantelli lemma 3 0 t,, /> 42— 0 as n— oo ae. An

analogous argument shows that o(} 4¢2) >0 as n— co ae. Thus Itd’s
formula holds. ||

5.6. Proof of Theorem 5
Proof. Since f is differentiable, and since &,(-, w)e C’([0, 1]) with
probability 1, for a.e. w there exists L(w) > 0 such that

|Af(52p S2t NI< |ft + /%] (213)1

holds. From Theorem 2 we get

y+1 2,2
[[ 1 o desn| <1000 Lo o 17 S 11 S
and so,
: Lo) |, Lop
max |[1 iz, €.0) de)| <110, 0 L) +172] Sms + 1 g
Therefore
P{a): max ftf(r, £.(v) dé (1) >/1}
0<z<l1 |0

Liw 2

<P {w; 1/(0,0)] L(w) + | f7] 2y+(1 + /5] 22(;0)2”}
<P{lo:Lw)>v}

SPlw: 3y, He[0, 1] st & (1) = &) > v [ — 1]},

where v is given by (6).
It is easy to see that if

k+1 k 2"—1 L(w
éoc n _ézx An < (n )a
2 2 2741 2™

Vn>0, 0<k<2"—1,

then

IEa(22) = E(t))| < L(w) |1, — 1], Vi, 1,e[0,1].
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Therefore

P{W53t13126[0>1]S~t-|‘fa(t2)*fa(t1)|>"|12*11|y}
k+1 k

“(3)-4 ()
© 21 k+1 k 27—1 v

< P fa<n>—éa<n> y,,y}
n§1 kgo {CO 2 2 >2 +12

o0 2 o0 N
<) 2 fj e~ %2 dx.
ne1 TTJ2r—1)/(27 + 1) w20

Using the estimate [* ¢ =72 dx <e~“"/c, we obtain the desired result. |

<P{w:3n>0,0<k<2”—l,s.t.

>2"—1L
2V 12™

5.7. Proof of Statement 4.1

Proof. The proof will be reached via the step-by-step procedure used
for oBm. Fix 7> 0.

Step 1. Let ¢:[0,0)—> R, be a simple function of the form
Y70t (T xpsr,sn. 1, Where y s an indicator function and s} =(i/2")t.
Deﬁne

2n—1

REXICED WP
i=0

Step 2. Let ge €™ ([0, 0)). Approximate g by a sequence of simple
functions: ¢,(t) =375" g(s7) xps. s, ,1(7). Then ¢, — g uniformly on [0, 7]
and [ |g(t)—¢,(z )|2/(1+°‘) dr — 0. Therefore the sequence ¢, is Cauchy in
L¥0*+9([0, 00)). To show that the sequence | ¢,(7) dé,(t) is Cauchy in

L([0, o0) x ), we use the Hardy-Littlewood—Sobolev inequality:

<j¢,,, et~ o) o))

o) [ [ NGl
<Con3t'“¢m_¢n|‘2/(l+oc)_)0 as m,n— oo.

Thus the integral | g(t) dé,(t) exists as the L>-limit of [} ¢,(7) d& (7).

Step 3. Let fe L¥"*%([0, c0)). Let je €2([0, o0)) with [o ) j=1.
Define j,(7)=(1/n) j(nt) and g,=j,*f Then g,e%> ([0, 00)) and
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[o 1g.(t)— f(2)|*"** dr - 0. In particular, the sequence g, is Cauchy in
L>+9([0, c0)). The Hardy-Littlewood-Sobolev inequality gives

t t 2
E( | gty den)—| gir)dey(0)
0 0
<const - [|g,,— g, 151 40—~ 0 as m,n— o0.

Thus the integral [§ f(7) d&,(t) exists as an L*-limit of [§ g,(7) d& (7).
Thus, for all fe LZ/(”“)([O 1]), we can choose simple functions ¢
converging in L¥"** to f'such that the L*-limit of |} ¢,,(7) d&,(7) exists. [

n

5.8. Proof of Statement 4.2

5.9. Lemmas
We begin with three lemmas. The first is Slepian’s lemma.**>

Lemma 5.6 (Slepian). Let /" be a countable set, and let X(¢), Y(¢)
be two real zero-mean Gaussian processes indexed by ¢ e I'. Suppose EX*(t)
=EY*t) and EX(s) X(¢) = EY(s) Y(¢) for all s,teI Then, for all real /,
P(max,_, X(t)= 1) < P(max, ., Y(t)=1).

Consequently, if X and Y have continuous versions, Lemma 5.6 holds
when the index set I"is [0, 1].

The next lemma gives us Markov property.

Lemma 5.7. Let a, f be as in Theorem 4.1, and let 0 <f <o
Suppose f>0. Then there exists a Gaussian Markov process Y(z) with
independent increments and continuous paths such that EY(¢)=0 and
EY(s) Y(1)=q.(0,5)= {3 |5 / )(du dvf|lu—v|*~*) whenever s < 1.

Proof. For f>=0 the correlatlon function ¢,(0, s) is non-decreasing.
It is also non-negative definite. Indeed, for any ¢4, .., ¢,, and s, < --- <s,,

E(Z c,.Y(s,-)>2 S cicsy(0,5)

i=1 Lj=1

<cf +2) c,-cj> q(0, 5,)
i<j

(4 4= (et - +¢,)°) g0, 5,)
+ cn)2 qf(09 Sl)

(C,-+ +C2)2 (qf(oa Si+l)_qf(09 Si)) =0,

2

4

+

et

where the last inequality is strict unless f vanishes on some interval.
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To show that a process is Markov, it is sufficient to show that its non-
overlapping increments are independent. For a Gaussian process this
amounts to checking that any two non-overlapping increments are
uncorrelated: for s, <t, <s,<t,,

E(Y(#,) — Y(s1))(Y(15) — Y(s5))
=EY(t,) Y(1,) — EY(1,) Y(s,) — EY(sy) Y(¢,) + EY(sy) Y(s,)
=q(0, 1) —q0, 1;) — g0, 5) + (0, 5,) =0

Since Y(¢) is a Gaussian Markov process with independent increments, it
can be represented as a deterministic time change of a brownian motion:

Y(1) = B(q,(0, 1)).
Thus it has a continuous version. |

Finally, we have a reflection principle:

Statement 5.8. Let Y(7) be a zero-mean Gaussian Markov process
with independent increments and continuous paths. Then for all >0 and
T=0, P(maxg<,<7 Y(1) = A)=2P(Y(T) = ).

The proof is exactly analogous to the oBm case, since Y(?) is a deter-

ministic time change of a Brownian motion.
Now we are ready to prove Theorem 4.2.

5.9.1. Proof of Part (1)

Proof. Choose an integer m such that («— f) m> 1. Then

E([ o deso-[ sodein )
<const< <j f(z) dé (= j f(z) dé )>2>m

=<Coc(oc+1)r jtmd dv>m

|u7 |1 o

<const- |s—¢t|@=Hm



Stieltjes Integrals of Holder Continuous Functions 1067

where the first inequality holds because [} f(7) d¢,(7) is a Gaussian random
variable, and the second by the Hardny1ttlewood Sobolev inequality:

(u) f(v)

|u_ |1 o«

< Cu(a+1) |S—t|“_ﬁjtftwdudv

s s | _U|1_ﬁ

qs(s, 1) = Ca(a+1) f du dv

<const- [s— "7 f113,1 45 (25)

By Kolmogorov’s criterion the process [¢ f(7) dé,(7) admits a continuous
version. |

5.9.2. Proof of Part (2)

Proof. Let X(t jo 7) dé (7). X(l) is a Gaussian process with

EX(t)=0 and EX(S)X fo sf) (u Y(du dvf|lu—v|*~*). Define Y(¢) to

be a Gaussian process with EY(¢) = and EY(s) Y(1) =q/(0, s) for s<1, as
in Lemma 5.7. Clearly EX(1)*>= EY(1)%

Suppose f >0. Then EX(s) X(t) = EY(s) Y(¢) for s, t€[0, 1]. Therefore
the processes X(7) and Y(¢) satisfy the assumptions of Slepian’s lemma
(Lemma 5.6). By Lemma 5.7, Y(¢) is a Markov process with independent
increments and continuous paths, and by Statement 5.8, Y obeys the reflec-
tion principle:

oo 2
P(max Y(t)=1)=2P(Y(1)> ,1):[ fexzn dx.
0<r<l1 l/\/m T

Hence for /=0,

o 2
P( max X(t)))v)gj fe_"z/z dx.
0<r<1 A/ (0. )
Let feLPHA([0, 00)). Write X (1)=[§ f4(7) di,(). Define processes

Y, (¢) by replacing f by f, in the deﬁnltlon of Y(t). Since Slepian’s lemma
apphes also to —X_(¢) and Y_(¢), we have

B 2
P( max iX+(z)>A)<f f =32 .
0<r<l1 - /4, (0. 1)
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Therefore

P(max X(t)=A)=P(max X, (f)+ max (—X_(2))=41)

0<r<l1 0<r<l1 0<r<1

<P(max X (f)=Ar)+P(max (—X_(¢))=A(1—r))

o<r<l1 0<z<l1 -

7S] [ee) 2 N
< + e Pdx. |
Ar/s/ 4z, (0,1) 2W1=n//ay (0, 1) N T

5.9.3. Proof of Part (3)
Proof. Inequality (25) shows that \/q (s, t) <const - |s —1]*=#2 50

j sup qr(s, 1) dx < co.
1

|s—t] <m—*

This is the condition of applicability of Fernique’s inequality,®® of which
the claim is a direct consequence. ||
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