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Abstract

We extend the Skorohod integral with respect to Gaussian processes that can be more irregular than
any fractional Brownian motion. This is done by restricting the class of test random variables that are
used to define Skorohod integrability. A detailed analysis of the resulting size of the space of test random
variables is given, and it is determined that this space is non-empty even for some Gaussian processes
which are not continuous on any closed interval. Despite the extreme irregularity of these stochastic
integrators, the Skorohod integral is shown to be useful: an Ito formula is established, it is used to derive
a Tanaka formula for a corresponding local time, linear additive and multiplicative stochastic differential
equations are solved, and an analysis of existence and regularity of the stochastic heat equation is given.

1 Introduction

The purpose of this paper is to establish a stochastic calculus for processes that may have longer-range
negative interaction than even fractional Brownian motions (fBm) with small Hurst parameters. This general
class of stochastic processes will encompass standard Brownian motion, (fBm), with Hurst parameter less
than 1/2, and more generally any class of Gaussian stochastic processes defined by any given scale of almost-
sure uniform continuity that is bounded below by the modulus of continuity of Brownian motion. For
processes that are more regular than Brownian motion, a different construction could be used, which we do
not discuss here.

The topic of stochastic calculus, which was originated more than sixty years ago, with legendary associated
names such as Levy, Ito, Stratonovich, saw a renewed interest in the late eighties, when, for example, a study
of stochastic integration of non-adapted processes with respect to Brownian motion first appeared in [14]
in the context of two-sided integration, and subsequently in [13] a general theory of anticipating stochastic
integration was developed using the connection to Skorohod integrals. Our work inscribes itself in this
context, which is now known as the Malliavin calculus (see for example Nualart’s book [12] on the topic).

The most recent trend in Malliavin calculus has been in the study of the so-called fractional Brownian
motion (abbreviated as fBm, see next section for a definition), anticipating stochastic integration being
particularly well-suited for the study of this process whose increments are not independent, but can still
be represented using standard Brownian motion. The theory of stochastic calculus for fBm is becoming
relatively solid and mature, with main results such as Ito formulas which can be found for example in [1] and



[2]. Other approaches to stochastic integration w.r.t. fBm include the so-called Russo-Vallois integral, with
recent stochastic calculus results in [11] and ??. However both approaches have had difficulties in establishing
the so-called Ito formula (the chain rule for non-random functions of fBm), which is the cornerstone of the
stochastic calculus, particularly when the fBm’s regularity, as measured by its Hurst parameter H, is in the
range H € (0;1/4). The Russo-Vallois integral appears to have a limit of H > 1/6, according to the results of
??, a result which is confirmed in [5], despite some intriguing results for a special version of the Russo-Vallois
integral in ?? in which no restriction on H is needed. On the other hand, Cheridito and Nualart propose in
[5] a new, relaxed way of defining Skorohod integration which results in an Ito formula with no restriction
on H. The idea is to restrict the space of test random variable needed to define the notion of Skorohod
integrability. It is this idea which we adopt here, because of its success in establishing an unrestricted Ito
formula.

We begin our study in Section 2 by proposing a basic and wide class of Gaussian processes which contains
processes very close to fBm, as well as processes which may be much more irregular than fBm, including
processes that are neither uniformly continuous nor bounded. Section 3 shows briefly how to define Wiener
integration w.r.t. our processes. Before establishing the Malliavin calculus, Skorohod integral, and Ito
formula for our processes in Section 5, we take some time and effort in Section 4 to evaluate the precise size
of the spaces in which our test random variables will live; this is particularly important since there is no a
priori guarantee that the spaces will not be empty (except for non-random variables), which would result
in a failed definition of the Skorohod integral. As applications of Ito’s formula (Theorem 27), we establish
a Tanaka formula, and discuss related issues, for the local time of our processes in Section 6. Then we
solve some simple finite and infinite-dimensional stochastic differential equations in Section 7. The last two
sections of this article are meant as an illustration of our theory of Skorohod integration: we do not seek the
most general results that may be readily available at this stage, and we discuss a certain number of open
problems that our new class of processes raises, in the hope of encouraging further research on the topic.

2 Gaussian noise with arbitrary correlation

2.1 Definition

We begin by considering a class of Gaussian processes that may have arbitrary correlation between incre-
ments. First recall the scale of fBm is defined as the class of centered Gaussian processes B on R such
that BH (0) = 0 and

E|BY(t) - B (s)]* = |t — s[". (1)
It is natural to generalize this class as follows. Let v be a continuous increasing function on R or possibly
only on a neighborhood of 0 in R, such that limyy = 0. The most naive idea is to attempt to define B” to
be the Gaussian process such that

E|B(t) = B"(s)> = +*(|t — s)),
B (0) =0.

However, the corresponding process may not exist because, depending on the exact form of ~, its covariance
function may not be of positive type (symmetric and non-negative definite). Therefore, for any fixed v as
above, we will be satisfied with finding a Gaussian process B such that the following hold:

i) defining the canonical metric § of B on (R 2 by
Jr

6% (s,t) :== E|B (t) — B(s))?



and denoting that two functions f and g are commensurable (f < g) if there exist positive constants
¢, C such that cg (z) < f (z) < Cg (x) for all values of a common variable x, we have

(s, t) <y ([t —s));
(ii) B (0) = 0.

If v (r) > rH for all H > 0 then neighboring increments of B are negatively correlated, and the range of
correlation is longer than for any fBm. Consider for example the following choice of ~:

1

2 -
Y (T)Alog%.

(2)
It is worth noting that the corresponding process B is not almost-surely uniformly continuous. We will
analyze this and other examples in more detail below. Stochastic integration with respect to the increments
of such a process B can be achieved by means of the Malliavin calculus, as we will see below. The first step,
however, is to understand the Wiener integral with respect to B. While our ultimate goal is to define a
stochastic calculus with respect to B, much work can be achieved using only the Wiener integral, including
linear additive stochastic evolution equations (see Section 7.2). It is most comforting to assume that B can
also be taken to satisfy the following:

(iii) B is adapted to a Brownian filtration.

Proposition 1 Let W be a standard Brownian motion on Ry with respect to the probability space (2, F,P)
and the filtration {F; }1>0. Assume~? is of class C? everywhere except at 0 and that dv?*/dr is non-increasing.
The following centered Gaussian process satisfies conditions (i), (ii) and (i) with respect to {Fi}i>0: for
any t > 0,

B(t) = B(t) ::/0 e(t — s)dW (s) (3)

o\ 1/2
e(r):= <d5;)> .

In fact the constants ¢ and C in (i) can be taken as 1 and v/2 respectively.

where

Remark 2 The C? assumption on vy is not restrictive in terms of the magnitude of the almost-sure modulus
of continuity of B, and can be achieved without loss of generality given the possibility of multiplying v by a
factor that is bounded above and away from zero.

Remark 3 The modulus of continuity v for a non-Lipshitz function v(r) satisfies lim,_o(dy/dr) = +o0.
Thus, we can assume, again without loss of generality, that dvy/dr is decreasing. Moreover, since we are
aiming to study processes that are not more regular than Brownian motion (for which % (r) = r), we can
assume without loss of generality that dy?/dr is non-increasing.

Proof. (of the Proposition). Assume ¢ > s. Then

2

E(B"’(t)—B"Y(s))Q:E(/05[5(t—r)—5(s—r)]dW(r)+/ 5(t—r)dW(r)>
= ) —-7)— S—r 2 T t 7"2 —-Tr T
f/o[s(t ) —e( )]d+/sds(t )d

:/ [e(t—7)—e(s—r)2dr++2(t—s). (4)

0



because [ ¢2 = +2. Thus it is sufficient to show that

/‘ [5(t—r)—5(s—r)]2dr§72(t—8).
0
We calculate

/S[E(t—r)—s(s—r)]zdr

0

:72(t)—72(t—8)+72(3)—2/5\/52(t—7")62(s—r)dr.

0

We assumed that €2 is non-increasing, so that
S
/ [e(t—r)—e(s—7)]dr
0

§72(t) 72 (t—s) + % ( 2/5 (t—r)d
0
—2(y° (¢t

which finishes the proof. =

2.2 Relation to fractional Brownian motion

The fractional Brownian motion B, which is defined by B (0) = 0 and the formula (1), is a process that
also satisfies properties (i), (ii), and (iii). However, it does not quite satisfy a representation formula (3).
What we have shown above is that by letting « (r) = vz (r) = 7, we have constructed a process B?# whose
covariance structure is commensurate with that of fBm, which is to say that it shares the same regularity
properties as fBm, and several other crucial properties ((i), (ii), (iii)); however, BY# is arguably easier to
work with in terms of stochastic calculus than fBm. This is an indication that for any other fixed v, B
is a good choice for a process with covariance structure satisfying (i). A reader who is familiar with the
technicalities inherent in the use of fractional integrals and derivatives needed to establish stochastic calculus
for standard fBm, may appreciate the ease with which we establish the Ito formula in this article.

Our process BY# shares another important property with standard fBm: that of self-similarity, a.k.a.
the power scaling property. We recall the relevant concept before stating the result.

Definition 4 A stochastic process X defined on Ry is said to be self-similar with parameter H if for any
a >0, the law of {X (at) : t € Ry} and the law of {a” X (t) :t € Ry} are identical.

Proposition 5 B is self-similar with parameter H.

Proof. By construction, B¥ is a separable Gaussian process. Therefore, we only need to check the
self-similarity property on the first two moments of the finite-dimensional distributions of BY#. In other
words, we need only to check that if f is a polynomial of degree 2 on (Ry)™ and t1,--- ,t,, are fixed times,
we have

E[f (B (at1),---,B"™ (aty,))] = E [f (a” B (t1),--- ,a" B (t,,))] .

Since B7H is centered, it is thus sufficient to check this equality for monomials of degree 2. Equivalently, we
can calculate, for 0 < s < t fixed, the following two second moments:

o2 = E [B”H (tﬂ and §(s,t)> = E [(BWH (t) — B (s))z] .



We get by definition of ¢ that o2, = foat g2 (t — s)ds = a®" s = a?H 57, which is the self-similarity property
for this moment, while for the other term, the calculation in the proof of the previous proposition yields
immediately from (4):

§ (as,at)® = /Oas e (at — 1) — & (as — 1)]° dr + 72 (at — as)
- /0 2H [(a t—r )N~ (a(s— r’))ZH_lradr’ +(a(t—1s))*
_ g2 U 2H [(t =71 = (s =) ar (- s)QH}
0

= a5 (s,1)%.

This finishes the proof of the proposition. m

With so many shared properties between standard fBm and our process B"#, one may ask what difference
there is between the two processes. It is well-known (see for example [15]) that {Bm is the only stochastic
process with finite variance that is self-similar with parameter H and has stationary increments. Therefore
B7# cannot have stationary increments. Of course, we can easily calculate by how much our increments fail
to be stationary. We record this in the following

Remark 6 Standard fBm B has stationary increments in the sense that for all s,t,h € R,
E | (B (t+h) - B" ()" =B |(B" (s + h) - B" (5))°].
However, the proof of Proposition 1 (line (4)) shows that
%E (B (s -+ h) = B ()] <E[(B (t+h) - B (1))’]
<2E (B (s+h)— B (s))] .

In other words BYH only fails to have stationary increments by factors no greater than 2.

3 Wiener integral with respect to B”

Let (B7 (t))tcjo,r) be the centered Gaussian process defined by its Wiener integral representation as in (3).
We can formally take the differential of (3), to get

dB”(t)dt/tsl(ts)dW(s)+s(tt)dW(t).
0

However, we are well aware of the fact that € (0) = +o00. Thus we formally perform the following transfor-
mation to properly define the Wiener integral: for a deterministic function f

[ rwas
/Otdsf(s)/os(sr AW (r /f (s —s5)dW (s)
= [as [0 - se0 - naw o)

/ds/f (s — ) dW (r) + )tf(s)s(s—s)dW(s)



-/ ds/5<f<s>—f(r))s'(sw)dW(r)

0 0

+/0 f(r)dW(r)(a(t—r)—a(r—r>>+/0 £ () (s — ) dW (5)
:A ds/o (F& =N =) dW @)+ [ F)dW (r)e(e=r).

This justifies the following definition of the Wiener integral with respect to B”.

Definition 7 Let BY be defined as in (3). Let f be a deterministic measurable function on R4. We define
the operator K* = K7 on f by

T
KIf(r):= [f (r)e(T—r) +/ (f(s) = f(r)e' (s =) dS] :
If K2 f (-) is in L? (dr) then we say that f belongs to the space L2 ([0,T]), and we denote

T
|2 T) —
L2([0,17) /0

This L is the so-called canonical Hilbert space of BY on [0,T]. For any f in L2 ([0,T]) we define the
stochastic integral of f with respect to BY on [0,T] by

2

I£12 = || &5 f dr.

f(r)s(T—r>+/ (f(s) = F(r)€ (s —r)ds

/OTf(t)dB” <t>=/OTdW<r>wa<r>.

4 The canonical spaces ‘H and Hs

The above notion of Wiener integral, apart from being defined only for non-random integrands, has the
additional uninviting property that it is only defined for members of L%; we will see shortly that this canonical
space is uncomfortably small, since it may not even contain C'*/? when ~ is very irregular. This implies that
there should be no hope of defining stochastic integrals of standard processes such as semimartingales, or
even standard Brownian motion, with respect to BY. However, when integrating a random function, the
notion of Skorohod integral can be extended to include such processes, and many more, including B” itself.
We therefore abandon the notion of Wiener integral for the time being, and introduce special spaces of test
functions that will be crucial for our purposes.

Definition 8 Let us fiz the time interval [0,T], with T < 1. We define the operator K2 to be the adjoint
of the operator K in L*([0,T]). We denote by H the set

H = (K3)~(L*([0,T))

and by Ha the set:
My = (K5)~H((K5) ~H(L2([0, 7).

We note that H = L?

5+ which was introduced previously as the domain of the Wiener integral.

Remark 9 The space H endowed with the inner product
< f,9>n=< KJf, K39 >r2(j0,1))

is a Hilbert space.



Remark 10 Observe that if we denote by H' = {f € L*([0,T]), KZ*f € L*([0,T]) then by definition

< K3 f,9 >r20,m)=< f, K39 >12(j0,1))5
for every f € H' and g € H.

Next we study the richness of the spaces H, H’', and Ho by showing that these spaces contain sets of
functions with specific moduli of continuity.

Definition 11 Let n be a continuous increasing function on a neighborhood of 0 in R, with limg4 n = 0.
The space C" is defined as the space of all functions defined on [0,T) that admit n as a uniform modulus of
continuity:

o — {f e20,7): suwp |F(s)— () /mls —7) < oo}.

0<r<s<T

Proposition 12 If n satisfies

/ 0 (s)|e ()] ds < oo ((Cy)

0

then H contains C". Moreover condition (Cy) is equivalent to the following:

(D) There exists a positive function h defined and decreasing on a neighborhood of 0 in Ry —{0} such that
Jo b < o0 and for small v >0
"h(s)
n(r)= / ds. (5)
=y =@

Proof. For the first statement, for fixed 7, we only need to show that if f € C", then KJf € L3([0,T)).
We treat the two terms in the sum defining K7 f separately. First observe that if f € C" then f is bounded,
so that by definition of ~,

T T
/ P — r)dr < (| ]l)? / (T — r)dr = (|| floe)*72(T) < oo,
0 0

For the L*[0, T]-norm of the second term in K f, since there exists a constant C'y such that |f(s) — f(r)| <
Cyn (s —r), we have:

T T
s) — F(r)e (s — r)ds|?dr
LU0 = 100 s = s
T[ T 2
SCJ%/O [/ n(s—r)e'(s—r)ds] dr
T pT—r 2
:C’?/O [/0 n(s) |€’(s)ds] dr.

Note that if 1 is not defined up to 7', we can simply extend 7 as an arbitrary constant by adjusting the
constant C since f is bounded. Now 7 |¢’| is integrable on all of [0, T, including at 0, because of hypothesis
(Cy) and the assumption that ¢ is differentiable except at 0 and 7 is continuous everywhere. This proves
that K*f e L*([0,T1]).



To prove the second statement, first note that we can assume that ¢ is non-positive (see Remark 3).
Now consider the following calculation, assuming (Dy,):

/OTW) |e'<r>|dr=/0T (/h((gd) (¢ () dr
/OT </ST5’(7’)dr> :((z;ds

= TES—E h(S) S
- [ e —em)

T
S/ h(s)ds < .
0

This proves (Dy,) implies (C,,). The proof of the converse implication is more technical. However, the result
is less important since, with the first implication, we can already guarantee that C" is contained in H as
soon as 7 is of the form (5). Thus we leave the details of “(C,)) implies (Dp,)” to the reader. m

Proposition 13 Let  and C" be as in the previous definition and proposition. Then C" is contained in H’
and the adjoint operator K3 can be explicitly calculated for any f € C" according to

K20 f(2) = f(a)e() + / @) — F@) (y — 2)dy = Cf ()
Proof. We will show that for f,g € C" we have
<Gfg>2 (0.T) =< f, K9 >3 ((0,T)). (6)

First observe that the left-had side of the equality is well defined, i.e. for f € C" we have Gf € L*([0,T)).
Indeed, if f € C" then fe is bounded hence in L%([0, T]). Moreover |[f(y) — f(z)]e’(y — x)| is bounded above
by 1 (Jy — z|) |¢/ (Jy — «|)| which implies as in the proof of the previous proposition that the second term in
the definition of Gf is in L?([0,7]). Thus we have C"7 C ‘H’. Now we only need to show equality (6). We
denote by P(T) =< Gf,g >r2(jo,7)) and by Q(T') =< f, K3g >12([0,17), then we have

P1) = [ [f)g(olete) + o) [ “(F) — F@))e(y — 2)dylde

and
T

T
QT) = / F@)g(@)e(T - 2) + f () / (9(y) — 9(@))e'(y — z)dy)da

and we observe that P(0) = Q(0). Hence it is enough to show that P'(T) = Q'(T) in order to conclude the
proposition. But

T T
P = 57 [ @@=t + o) [ (1) = fa)e o = )yl @
T
= F@T)T) +o(T) [ 1) = FT)T =)y Q



while
T T T
Q) = 5 [ @@=~ oyt + 5 [ 1@) [ o) = g(@)e'ty - )iyl

— 57 [ 10 =2 —a)et)de + D)0+ [ F@)la(T) - @)l ¢~ a)da
T T

= FO9OET) + [ (19T = D)z + [ [f@)o(T) - f@)gl@)e'(T - )da
0 0
T T

— FOgOET) + [ () @=(T — )z + [ F@)g(T) - f@)g(@)e' (T - a)do
0 0

where the last equality was obtained by the change of variable T — 2 — x. Therefore by denoting k(z) =
f(@)g(x), it is clear that k € C", so we may write

T
PI(T) - Q'(T) = MT)e(T) + / 9(T)f () = 9g(T) f(T)|e(T — w)d — k(0)e(T)

T ’ T
~ [ @) - F@gl)T )t~ [ (o) (T — a)is
= (K(T) — k(0))e(T)

+/0 [k(x) — k(T))"(T — x)dz — /0 K(z)e(T — z)dx

T
= (K(T) = k(0))e(T) + /0 [(B(T) = k(2))e(T — z)]'da

= (k(T) = k(0)(T) + [k(T) — k(x)]e(T — )|§

The last equality follows from the fact that limg e = 0. To prove this last statement, note that by statement
(D) in the previous proposition, we have the existence of a positive decreasing integrable function h defined
on a neighborhood of 0 in Ry — {0} such that

n(r) = /Orh(S) /e (s)ds.

Therefore, since ¢ is also decreasing, we get

n(r)s(r):/Ora(r)h(s)/s(s)ds</Orh(s)ds.

Since h is integrable at 0, the function r — for h(s)ds tends to 0 when r tends to 0, which proves the claim
that limg ne = 0, and finishes the proof of the proposition. m
For the next proposition on the size of Hy, we need the following additional assumption on +.

(A) Assume that near 0, € is thrice continuously differentiable, ¢’ is non-decreasing, and &” is non-increasing,.
This can be assumed without loss of generality. Also recall that e*) has the sign of (—1)k. Additionally,
assume that £”’¢’ ()% is bounded near 0. This last condition will be satisfied in all the examples we
will encounter below; it does not reduce the generality of the scale of processes that we may consider.

Proposition 14 Assume Condition A. Let ¢ and CC be as in Definition 11. Assume moreover that ¢
satisfies the following condition:



(Ep) There exists a positive function h defined, decreasing, and differentiable on a neighborhood of 0 in
R, — {0} such that [,h < oo and for small r > 0,

& (r)
Then Hy contains CS.

Proof.
Step 0. Setup. Observe that for any f € Hs, we have

KRS (o) = K @)el) + [ (370~ K3 £~ )y

In order to show that K*“K* f(z) € L*([0,T]) it is enough to show that

/O (K () — K fW)E (e — y)dy € L2(0.T)). (9)

Indeed,
||K~*,f€||L2([o,T]) < ||K:f||L2([O,T])”E”L?([(),T]) = HK:fHLz([O,T])’Y(T) < 00.

From the proof of the previous proposition, we know that (9) holds as soon as K73 f is included in C"
where 7 satisfies Condition (C,,) or (D,)). Again, this clearly reduces to requiring that the function J defined
by

T
J(r) :=/ (F(s) = £ () (s — ) ds

belongs to C". We must consider, for a fixed pair (z,y), with say x < y, the quantity L (z,y) = J () —J (y).
We rewrite L = L; + Ly + L3 where

Liew) = [ <=0 ()~ 1 @)as

Ly () = / (& (s —x) ' (s — 9)) (f () — F (4)) ds,
Ls (2,0) = (F (0) — £ (2)) (e (T —2) — & (y — ).

Our assumption is that for some constant ¢, which we can take to be ¢ = 1 to simplify the notation, we have

for all r,7’ > 0,
1 d(h/e) /
— . 1
=) ar 77D (10)

We only need to show the three L;’s are bounded in absolute value by n (y — ).

Step 1. ( is acceptable. It would be well-advised to first check that the function ( defined in
Condition (Ej) is a bona-fide modulus of continuity function. Since h is integrable at 0, we can assume that
(=h') (r) < (r’log (r’l))fl near 0. Then since (—h/e)’ = (=h') Je+he' Je? < (—N) [e we get (—h/e) (r) <
(e(r)r*log (r‘l))_l. If ¢ is a convex differentiable function that increases to +oc as r decreases to 0, by
the mean value theorem, ¢ (1) — ¢ (2r) < rmax(, o |¢'| = [¢’ (r)], which implies |¢' ()] > ¢ (r) /r. Applying
this to both ¢ and —¢’ yields €” (r) > e (r) r~2. This proves that limg ¢ = 0. The continuity of ¢ is trivial
given our hypotheses. The positivity of ¢ near 0 can be obtained as follows. Note that we can choose h so
that h (r) > r~=“ for any « < 1, while by the definition of ¢ (since 2 has to be integrable at 0), we must have
e (r) < r~1/2; therefore as r tends to 0, h/e tends to infinity faster than r~**+/2. Because of the flexibility
of choice for h, this limit can be attained in an increasing fashion, hence (h/c)’ < 0; the positivity of ”,

[f(r)—f) <eC(fr—r])=c

10



which is part of our hypothesis, now guarantees that ¢ is positive. To guarantee that ( is increasing, we can
again invoke the flexibility on the choice of h, combined with the fact that ¢ = o (1).

Step 2. Estimate for Ls. Using the notation § = y — x, the fact that & is non-decreasing, and the
hypothesis (10) on f, we have

T—y
Lael < [ € 0+0) - )0
0
We can split up this estimate for Lo into two pieces:
s T
Laoy) < [ (040 = @D+ [ &5~ )¢ dr
0 5
= Lgl (5) + L22 (5) .

For the second piece we obtain, using the mean-value theorem and the hypothesis that &’ is positive and

Las (6 /55” dr——5/ (h/e) (r)dr

=0[(h/e) (6) = (h/e) (T)] < & (h/e) (8) <n(d)

decreasing,

where the last inequality follows from the definition of 7 (§) = f05 h/e and the fact that h/e is decreasing.

To estimate the first piece we need an integration by parts. We write Lo; () = f(f udv where

u=('(r+0)—¢(r) (—%(r))

dv = (h/e) (r) dr.

so that
du 1 e (r)

a0 (" (r+6)—£€"(r)) - o ()’

(' (r+6)—£(r)).

The first term in —du/dr above is negative. The second term is positive and bounded above by 2¢’e”” ()2,

which is bounded by Assumption (A), say by a constant ¢. Therefore

and since u is negative,

[uv]o < ll_I)H - (T) (E, (7‘ + 6) - 5/ (T)) 8”1(7“)
_ho 20 (r)
< }1_{% g (’I“) el (7’) ’

We can show that this limit is 0. Indeed, we know h < 1/r. Moreover, using the argument with ¢ in Step
1, we have |¢’| /e < r. The required limit is then obtained since by assumption, 1/¢ tends to 0. Therefore

we have proved
L21 (6) S cn (6) )

which implies
|L2 (z,y)| < (c+1)n(y —=).
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Step 3. Estimate for L;. By assumption (10), using again § = y — z, and also using the estimate
(e/€") (0) < 82 which was proved in Step 1, we have

<= (2) @50 <2 (1) 0.

3

By definition 7 (J) = f06 h/e. Therefore, h/e = 1’ and (h/c)" = n". First we can see that 1’ (§) < 1 () /9
because 7 is increasing and concave and 7 (0) = 0, the concavity coming from the fact that n’ = h/e can
be chosen to be decreasing by an appropriate choice of h since € < r~1/2 while h > r~/2. Next, since 7’
decreases from 400, we can also assume that —n’ is decreasing; then by the mean value theorem, we have
7 (6/2) —n' (§) > —n" (§) 6/2 which yields —n" (§) < 7' (§/2) 2/r. Putting this together with the estimate
on 7’ we get —n" () < 46721 (5/2). Since 7 is increasing, we finally get

|Ls (w,y)] < —6%" (8) < 4n(5/2) < 4n (3).

Step 4. Estimate for L;. By assumption (10), still using § =y — x,

Ly (2,9)] = /ys’(sfx)(f(S)ff(x))ds

(2 ik

< en ()

where the last inequality is established by repeating the method of estimation of f05 udv in Step 2.

This finishes the proof of the proposition. m

The previous proposition is crucial in showing that Hs is non-empty (modulo constant functions), which
is a sine qua mon condition for the validity of our stochastic calculus below. The next corollary aids in
showing how sharp the previous proposition is, and the examples following show precisely how large we can
expect Hs to be in specific cases of interest.

Corollary 15 Let

F) ld(h/a’)

e (r) dr (r).

where h satisfies the same hypotheses as h except that fofl = 400. Then h can be chosen so that ¢ is a

bona-fide modulus of continuity, and Ha does not contain CS.

Proof. The proof of the corollary uses the estimates in the proof of the previous propositions. We give
only the main parts of the argument, leaving some of the details to the reader, since the corollary is not used
in the remainder of the paper. First we can invoke the same argument as in Step 1 of the proof of Proposition
14 to justify that with h (r) = rlog™? (7‘_1) we do have C~ non-negative, increasing and continuous at 0 with
¢ (0) = 0. Recall then that the dominant term in the calculation of the Ha-norm of a function f is

/0 (K ) — K@) (y — 2)de. (11)

We will show that f can be chosen in C¢ 50 as to make the above term infinite for all z close to a fixed Y.
We treat the case y = T'; smaller values of y are treated similarly, although the calculations are slightly more

12



involved. The dominant term in K> f(y) — K> f(x) is

T T
/(f(S)ff(x))s’(sfx)dS*/ (F(5) = F ()’ (s — v) ds
:/y(f(S)ff(x))E’(sfx)dS-

Since the integral of the above expression, as a function of z in the space L*([0,y], &’ (y — =) dz), is required,
by definition of Hs, to be a member of L? ([0, T, dy) after z-integration, we deduce that the expression must
be absolutely integrable except possibly for a null set of values of (z,y). There exists a function f in C¢
such that for all 0 <z < s <y, |f(z) — f(s)] > (s —z). Thus

o rercte-auz [ () w-ae- [ ({)
_hly—a)
ey —x)

where the last step is because of the fact that in all cases which we study, ¢’ (r) > 1/r, since we study
only processes BY that are more irregular than Brownian motion. Integrating this last expression against
¢’ (y — z) dz in [0,y] yields infinity by definition of h. Since this holds for all z and y the expression in (11)
cannot be in L2 ([0,7]). =

Definition 16 Let 8 > 0 be fized. Let v be defined by

7 (r) = [log (1/r)] 77,

so that
2 (r) = Br[log (1/r)] 7.

We call the corresponding process BY, as defined in Proposition 1, the logarithmic Brownian motion (logBm)
with parameter [3.

Note that since v has a singularity at r = 1, it is safe to define logBm only on closed intervals in [0,1).
For larger intervals, simple scaling can be used; for infinite intervals, it is best to modify the behavior of ~y
for large r.

From Proposition 1, we have that the canonical metric § of BY is commensurate with . It is then
well-known that if £ (r) := v (r) logl/ % (r) is continuous, it is almost-surely a uniform modulus of continuity
for BY, i.e. BY € C¢ a.s. In fact this property is sharp: if BY € C¢ then 7 is bounded below by & log~'/2 ();
this property was established for homogeneous Gaussian processes in [17]; here a slightly modified argument,
using the estimates in the proof of Proposition 1, can be invoked; we leave this to the reader, since the result
is only tangential to our main results. What we can see immediately is that B? is a.s. uniformly continuous
if and only if g > 1.

It can also be established that if 3 < 1 then B” is unbounded. It is often quoted in the literature that
a homogeneous Gaussian process is either a.s. uniformly continuous or is a.s. unbounded, from which it is
sometimes inferred that in the unbounded case, the process is discontinuous. However, even though we know
of no proof of this fact, we believe that even if § < 1, the logBm is still pointwise continuous a.s., even if
only at countably many points; this certainly does not contradict its unboundedness. But more importantly
it would explain, heuristically, why we are able to define a stochastic calculus and a non-trivial local time
with respect to it. We now summarize the above discussion, and give an indication of the size of H and Hs.
For these sizes, we simply used Propositions 12 and 14, with h (r) = r~'log™® (1/r) for some o > 1.
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e Fractional Brownian scale. The process B” has a canonical metric that is commensurate with that
of H-fBm if v (r) = r1, or more generally if v (r) < r. In this case, our Skorohod integral defined
in Section (5.2) below has the same properties as that defined in [5]. It is interesting to note that
our results above prove that Hs, is indeed non-empty in this case, although this question did not
seem concerning in [5]. According to our results, Hy contains C'~2#" for any H' < H < 1/2. The
larger H is, the bigger H, is. However, Corollary 15 shows that Hs does not contain the space C¢
where ¢ (r) = r1=2H 1og=1 (1/r). A slight historical digression on the Skorohod integral for fBm for
H € (1/4;1/2) might be relevant at this stage. However, we refer to the last paragraph in Subsection
5.2 below for such a development.

e Regular logBm: case 3 > 1. The logBm process B” is a.s. uniformly continuous with modulus of
continuity £ (r) := log" /2 (r). ‘H contains the space C" for

n(r) =r"log" = (1/r)

for any a > 1, so in particular it contains a space bigger than C''/2. H, contains the space C¢ for
¢(r) = rlog’™ = (1/r)

for any « > 1, which is non-empty if 1 < o < g+ 1.

o [rreqular logBm: case B € (0;1]. The logBm process BY is a.s. unbounded. H contains the space C"
for n as defined in the previous case for any « > 1, which is never empty, but does not contains a space
bigger than C'/2. H, contains the space C¢ for ¢ as defined in the previous case for any o > 1, which
is non-empty if 1 < a < § + 1; therefore Hs is non-empty, and a stochastic calculus w.r.t. BY will be
defined below.

e Highly irregular processes. One could study examples such as + (r) < log™" (log (1/7)), or even using
multiple iterations of the logarithm. One can check that Hy is non-empty in these cases, although
the size of Hy decreases “dangerously”. However, since the transition between the continuous and
discontinuous processes occurs within the logBm scale, we have not yet found any compelling reasons
to expand on these other examples.

5 Stochastic calculus

5.1 The derivative operator
We denote by S the set of smooth cylindrical random variables of the form

F=f(BY(¢1),---B(¢n)), n>1, feCT(R"), dicH. (12)
We define the differential operator D on S by

DF=3, g—i@”(%), - B(6n))9i-
i=1

Remark 17 DF is an element of L*([0,T] x Q) = L*(;'H)

Remark 18 For allp > 1 F — DF is closable from LP(Q) into LP(Q,H). The domain of D in LP(2) is
denoted by DV'P, meaning that DVP is the closure of the smooth random variables S with respect to the norm

1
|Flhp = [E(FP) + E(DE|Lz )]

14



Remark 19 For p = 2 the space D2 is the Hilbert space with the scalar product
< F,G >1,0= E(FG) + E(< DF, DG >H)

Theorem 20 Let H,,(x) be the m-th Hermite polynomial and let ¢ € H be an element of norm 1. Then it
holds that

wwmwzf O(1)6(t2) -+ Bt )b{dtr) - B (dt )

[0, 7™
Note. The mth Hermite polynomial is given by

H,,(x) = ( ? er (e77), n>1
m! x"

and Hy(z) = 1.

This theorem is a direct application of the well-known result on multiple Wiener integrals, which can be
found in Nualart’s book [12], established for all isonormal Gaussian processes, and hence for our particular
class of processes and their associated Hilbert spaces H. Moreover using the same notation as we use, the
proof of the following chain rule can also be found in [12].

Proposition 21 Let ¢ : R™ — R be a continuous differentiable function with bounded partial derivatives,
and fix p > 1. Suppose that F = (F*',--- F™) is a random vector whose components belong to the space DP.
Then

D(F) = Y 32 (F)DF"

5.2 The divergence operator and its extension

Definition 22 The divergence operator § is defined to be the adjoint of the derivative operator D viewed as
an operator from L*(Q) — L*(Q,H).

Remark 23 6 is an operator from L?(Q,H) into L?(Q), and its domain denoted by Dom § is the space of
processes u € L?(Q,H such that F — E(< DF,u >v) is a bounded linear functional on (S,| - ||2). Since
for such u the functional F — E(< DF,u >7) is linear and bounded, we can write it as an inner product,
hence there is an unique element 6(u) in L?(Q) such that

E(< DF,u>y) = E(6p(u)F),
for all F € Sy.

Notation. We use the notation:

5(u) = / udBy .
[0,7]

This integral will also be referred to as the Skorohod integral below.

Tt is now understood that for fBm B with parameter H < 1/4, B is not in the domain Domd of its
own Skorohod integral: see [5]. The same argument used therein can be applied to our process BY with
v (r) > r'/%. However, an extension of the Skorohod integral was developed in [5] for which B¥ is integrable.
We are about to see how to extend the Skorohod integral and the Ito formula in general to allow for all
our processes B7 to be integrable. Our proofs use the same algebraic method based on Gaussian chaos
and Hermite polynomials as in [5], but they are both simpler, since they do not require the explicit use of
fractional calculus, and wider-ranging, since they are not restricted to the Holder scale for fBm.
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Definition 24 We denote by Sy, the set of smooth cylindrical random variables of the form
F=f(B"(¢1),--B(¢n)), n=>1, feCT(R"), ¢i € Ha.

Definition 25 Let {u,t € [0,T]} be such that EfOT uldt < oo. We say that w € Dom*§ if there ewists
§(u) € L3(Y) such that for all F € Sy, we have

T
/ E(uK>*K2D,F)dt = E(5(u)F).
0

The divergence operator defined for u € Dom™*§ will also be called the Skorohod integral of u with respect
to B7.

Remark 26 The following properties are easily seen.

1) Domd C Dom*§.
2) Ifu € Dom*o then E(u) € H.

3) If u is deterministic then u € Dom*§ iff u € H iff u € Domd.

Before presenting the Ito formula, we finish this subsection with some remarks and questions on the
relation with standard Skorohod integration. Before the article [5] appeared, it was commonly thought that
Skorohod integration for fBm had a lower limit, and the threshold H > 1/4 was often quoted as the most
irregular level for which a Skorohod integration could be defined. Skorohod integration in [5] is pushed
beyond this level by modifying the size of the space of test functions needed to assert integrability. Our
results here show that in the range H € (1/4;1/2), the size of the space of test functions in [5] or in this article
is smaller than the original test space for Skorohod integration; indeed (compare line (12) and Definition
(24) below), the latter is based on H while the former is based on Hs. In this sense, our Skorohod integral,
or that of [5], only generalizes the standard Skorohod integral for H € (1/4,1/2) insofar as the Skorohod
integrals themselves are equal as linear forms on Sy, & L? (). The fact that the Ito formulas coincide
in the standard case and in the case of [5] (Lemma 9 therein) shows that a lot can be deduced from the
coincidence of the two ways of defining Skorohod integrals. As such it is not surprising that a study of local
time may be possible, for example. On the other hand, our Ito formula (Theorem 27 below) has exactly
the same form again, even though our process BY# is not identical to fBm (see Remark 6); in other words
the Ito formula for deterministic functions of B” is clearly not an appropriate test for thoroughly comparing
Skorohod integrals. The precise extent to which standard Skorohod integration and the integration defined
in this article or in [5] actually coincide is not clear to us at this stage.

5.3 The Ito Formula

Following the arguments of Cheridito and Nualart in [5], in this section we will prove the basic result of
stochastic calculus. Our proof does not require the use of fractional derivatives — in fact we had to find a
way to do without them, since we do not work in the power scale. Some other aspects of the proof have
presumably well-known structures, and are very similar to some arguments in [5], such as the proof of the
algebraic identities using Hermite polynomials (19), (20), and (21). We have included brief proofs of all such
claims, for the sake of readability.

Theorem 27 Let f € C®(R) be a function such that for all n > 0 there exist constants C,, and D,, with
D, < %log% such that
F(y) < CrePV", yeR.
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Then for all t < T the process f'(BY)1(4(s) € Dom*é and we have

o(f' (B L) = f(B/) = f(0) —/0 F1(BI)y()y (s)ds.

Proof. The process f'(B])1(04(s) € Dom*$ and the formula in the above theorem is true iff for all
F € 8y, we have

T
/ E(f'(B)1(0,4(s) K3 * K3 DsF)ds
0

— B((f(B / (B (s) (3)ds) F). (13)

Since H,(BY(¢)),n > 1, with H,, being the n-th Hermitian polynomial, are dense in Sy, it is enough to
show (13) for F of this type.
However DsH,, (B (¢)) = Hp—1(B"(¢))$(s); hence (13) is equivalent to

/ TE(f’(Bzmo,t]<s>K*’“K*Hn_1(Bv<¢>>>¢<s>>>ds
— B((/(B / £ (BI)(s) (s)ds Ha(BT(9))). (14)
Since H,_1(B"(¢)) does not depend on s we can rewrite (14) as
/ TE(f'(Bz>Hn_1(BV<¢>><K*’GK*Hn_1¢><s>>ds
— B((/(B / F(BIA(s)Y (3)dsHo (B (6))). (15)

Let us compute E(f™(B})).
2
If p(o,y) := (2m0) "% exp(—1L), o > 0, y € R. Observe that ap = %a—é’. Then

[ea

M

d

SE(FBY) =

G | 02005y

Jp

= | 5o (7,929 (O™ (y)dy
r 00

p . 4 (n) /
502 (7 @, 9) " )y (O (B)dy
R 0Y
= [R (O PP (), 9) T (y)dy
= ()Y (B (BY)) (16)
The fourth equality is obtained using the properties of f and integration by parts applied twice. Indeed,

/ PP (2(4), ) £ (y)dy = /R (2 (0), ) ™) () dy

y?
FZOA0, ), DI, ()
dy - -
But ap (yg(t) ) fM(y) < QS&) ¥’ 5 +Pn) | Gince D, < — (t) for all ¢ < T we conclude that the term
gz( ( ), y)f™ (y )|00 = 0. Similarly p(v2(t),y)f" D (y )|_ = 0. Hence the 4th equality.
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Now we proceed to verify equality (15). For n = 0, the left hand side of equality (15) is 0, and the right
hand side is

E((f(B]) - £(0) / (B (s)Y (s)ds) - 1) = 0,

so the equality is verified. For n > 1, for all s € (0,t] we have

(10,5 D) = (K1 (0,51, K5 &) L2 (0,17
= (Lo,s), K" KSd) 2 ([0,17)

- /0 KK () dp
and

LB B0, 6)5) =

ds
V() (5)ELF (B (10,5, 05 + n B[ (BN 10,0, )" K3 K ().
Hence,
E[f" (B))(L0,0:9)%;

- / V(W () ELS ™ (B 0.2 8)Seds

e [ BB 000" K K 0ls)ds. (18)
Now let us show that
E[f™(B)(1 0.4, 8)% = n'E[f(B] ) Ha(BY(¢))], (19)
and
E[f™ (B4, ¢)5 " = (n— DIE[f'(B]) Ho-1(B"(9))], (20)
and also
B[ (BI04, 0)3 = nlE[f"(B] ) H, (B ())]- (21)
We know E < u, DF >y= E[é(u)F]. Also, by Theorem 1.1.2 in [12],

w= BB 0)00) = gy [ 60) - 0lti )6 ) B )
and
S0) = gy [ 60 Bt )OO B () - Bl B ()
(k=D Jio,1px
— o B (6) = BB (0)

and u € Dom(d). Also observe that

E(f(B})) <1j,1),¢ >n=E(f(B})) < K101, K¢ >120.1)
=< E(f(B)) 1,11, K3 K3¢ >120),1)

- / BB 1o KK 6 = EG(6)f(B})
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We prove the first equality by induction. The other two have the same proof. For n = 1 we have

E(f(B)) < lpm, ¢ >n=E((¢)f(B])) = E[H1(B"(¢))f(B))

Now assume the equality is true for n = k£ and prove it is true for n = k + 1.
(k+ 'E[f(B])Hi1(B"(¢))] = KE[f (B} )0(Hk(B"(¢))¢(t))]

b [ BB B (0) 151 0(0) s
t
= [ BUOBD) < 1.0 S K Kol

t
=/EUWwQWVKW@®<hM¢>%
0
=E(f*T(BY)) < 11,9, ¢ >5,

where the last equality is deduce by the induction step.
Using (19), (20), and (21) into (18) we obtain:

nlE(f(B])Hn(B"(4))] :/0 V()Y (s)n! E[f" (BY)|Hn (B (¢))ds

+nA<w—MEwuﬂﬁu4@ww»MWWQWﬂw,

which is equivalent to (15). =

6 Local time

6.1 Existence

There are two distinct “natural” ways of defining the local time of a Gaussian process. If one attempts to
keep the highest possible analogy with the standard Brownian case, one can define A\; as the occupation
measure A\, (A) = fg 14(Bf)ds and use the same notation abusively to define its density with respect to
Lebesgue measure. This was done for example originally in Berman’s paper [3]. On the other hand, and
more recently, several stochastic analysts working on fractional Brownian motion have chosen to consider a
different occupation measure because it yields a connection to stochastic calculus via the Ito-Tanaka formula:
see for example [7]; also see the summary on local time for fBm-based processes in [18].

We use herein the same type of definition, since our motivations are of the same nature. Specifically, we
let L} be the density at point a of the occupation measure

A [1aB0a () () = [ 1a(B29 ()7 (s

This is the same definition as for fBm in articles such as [7], since then 72 (s) = s2#; the existence of this
occupation measure can be established in the same way. In particular, we state the following result, leaving
its proof to the reader:
t
L= [ 29007 ()3 (ds). (22)
0
While L; can be interpreted as the density of an “occupation time measure”, it is important to note that
the word “time” cannot have the same interpretation as for \; since for L; time is heavily weighted at the
origin. Note also that from Proposition 29 below, L has a version that is jointly continuous in ¢ and a on
any set bounded away from the line t = 0.
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6.2 Tanaka formula
Theorem 28 Let x,y <T. Then 1 »)B'1(04)(t) € Dom*§ and

1
3 (L(y,00)(BM)1(0,21(") = (B] — )t — ELZ

Proof. For ¢ > 0, denote by p.(,) = (2775)71/2 exp (—%/2¢) and by

fela) = /: /voops(z —y)dzdv, o € R.

Observe now that f-(a) — (a—y)" and fl(a) = [*_p(z—y)dz — F1{0}(a) + 1(y,00) (). Hence f.(B]) —
(By —y)* in L*(Q) and fL(B{)1(0,4)(t) = L(y,00)(Bi)1(0,2)(t) in L*(2 x R).

Moreover, since the functions f. satisfy the conditions of Ito formula we deduce that f/(B; )14 (t) €
Dom*) and

S[fL(BY) 0,01 ()] = fe(B]) — f(By) —/O fE(BI)v(s)y'(s)ds. (23)
Therefore if we show that
T O{72(B7) 10,41 ()] = 6(1y00) (B7) 0.5 (-) (24)
and that -
ti [ 2B (s = L2 (25)
e=%Jo

the theorem will be proved.

The convergence (24) follows from the fact that 0 is a closed operator on Dom*, ie. if u,,u €
Dom*§ N L2(, L?>(R,)) are such that lim, o u, = u in L?(2, L>(R,)) and if there is U € L?(2) such
that lim, o 0(u,) = U in L?(2) then u € Dom*§ and 6(u) = U.In our case uc = fL(B?)1(g,(-) and using
Cauchy convergence in (23) we obtain the convergence of §(u,) hence (24).

In order to prove (25) we remark first that for continuous functions g with compact support we have:

/ (B = | st

Indeed, this is true for simple functions. Then by writing a continuous function with compact support g as
limit of simple functions we obtain the desired equality. Now using the definition of L{ we obtain in the
same fashion:

[ s = [ arare)

0
for any function g with compact support.

The validity of formula (22) can be used to establish the following convergence, whose proof is also left
to the reader: fot pe(Bs —y)dvy?(s) converges uniformly in . We can write now, for each continuous function
with compact support:

/R (gig% /Otps(Bs - y)d72(8)> 9(y)dy = lim N (/Otpg(Bs - y)d*y2(8)) 9(y)dy

t

= lim < /R pe(Bs — y)g(y)dy> dr?(s)

e—0 0

Since ¢ is continuous with compact support it will have a maximum on [0,¢] and applying dominated
convergence we obtain

iy [ ([ o= matrin) ar2o) = [ (sim [ (8.~ natwas) s
= [ atBoee
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Therefore for each continuous function g with compact support we have

/R <ehl% /Ot pe(Bs = y)dﬂs)) 9(y)dy = /Rg(y)Li’dy,

which implies (25). m

6.3 Regularity

It is often quoted that the more a stochastic process is irregular, the more its local time will be regular
in the time parameter. This was noticed already in Berman’s original article [3]. A slightly more careful
analysis shows that in fact the oft quoted idea above needs to be taken with a small grain of salt in the case
of L because of the singularity at the origin in the definition of L when B” is more irregular than standard
Brownian motion.

Proposition 29 Let ty > 0 be fized. Then L has a jointly continuous version in (t,a) on the set [to, 1] x R.
In particular, uniformly in x, this version is 0-Hélder-continuous in t > to for any parameter 0 < 1/2;
however, in the case of logBm, we can increase this to any 6 < 1.

Proof. We have the following limit: for some § > 0 and for some ¢’ < 1

h
lim A% / (y(t)) "%t = 0.
h—0 0

Indeed, we can assume that v (t) > t'/2 (see Remark 3), so that we can choose and €’ < 1/2. In the case

of logBm, we have of course that for all a > 0, v (¢) > t%, so that we can choose any 6’ < 1. By Theorem

8.1 in [3] we deduce that here is a continuous version, in the two parameters (a,t), for the density A{ of the

occupation measure A, and that uniformly in a, the version is -Holder-continuous for any 6 < 1/2 in the

general case, and for any # < 1 in the logBm case. Since the local time, as defined above, is related with the
density A¢ by (22) we can use integration by parts to express L as follows:

) ) b de?

LY =& (1) A% (t) — lime“ A\ — — () A% (s) ds. 26

P=2 N O -ty - [ ) (26)

Since the above limit is 0 (follows from 22 and integration by parts) it is true that away from 0 L® and \*

share, up to a constant, the same modulus of continuity, since 2

The modulus of continuity at 0 is not the same as in the above proposition, however. Indeed, one can

quote, for example, Yimin Xiao’s result in [19], which implies that in the case of fBm for some constant K,

is smooth and bounded there. m

a.s.
I\ ()] < Kt (loglog (1/1)) .

One then sees that we can only guarantee the following behavior for the local time for fBm: close to 0, for
some constant K, almost surely,

|LY) < Ke? (1) A (t) = Kt*H =1\ (1) < KtH.

When H < 1/2, we see that the uniform Holder behavior of L* on any interval containing the origin
deteriorates to the exponent H instead of 1 — H.

In any non-Holder case, for example with the scale of logarithmic Brownian motion (logBm) defined by
72 (r) = log™? (1/r), we cannot exploit any existing results. Even Yimin Xiao’s sharp uniform continuity
result which states that in the fBm case in [19], almost surely, for all ¢ and all small r

X (t ) = A (1)] < Kr' ™ (log (1/r))"
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(or her pointwise continuity result where ¢ is fixed and the log is replaced by loglog) cannot be extended
beyond the Holder scale, since her proofs rely heavily on the fact that v should be regularly varying. In
accordance with her results, however, we state the following conjecture, which we will investigate in another
publication.

Conjecture 30 There exists a constant K such that almost surely, for all t € [0,1], for all small r > 0
AT (t+7) = A" (¢)| < Kr/vy(r/log(1/r)).

With this conjecture, the integration-by-parts formula (26) will yield the same modulus of continuity for
L (away from 0) if limgy €20 = 0. This limit is trivial in the Holder scale, and is easily seen otherwise:
indeed when « is larger than any power function the relation v (r/log (1/r)) > v (t) v (1/log(1/¢)) holds
trivially; coupled with the convexity relation ¢y (t) < v (¢), we get

e2 () A (1) <y (t) /v (1/log (1/1))
hence the required limit, and the following additional conjecture.

Corollary 31 Let I be a closed interval in (0,1]. There exists a constant K such that almost surely, for all
tel, for all small T >0
|LEy, — Li| < Kr/v(r/log (1/r)).

To establish this conjecture, we cannot expect to be able to use the Tanaka formula:

L0 = (B)), - / 1000y (BY) 6B (s). (27)
0

Indeed, neither of the two terms in this formula should be more regular than B” itself. Specifically, in the
case where + is bigger than any power, it is well-known that B has «y (r) logl/ 2 (1/r) as a uniform modulus
of continuity, and it has been established in [17] that this modulus is sharp, so that the same holds for
(BY),. We expect that the Skorohod integral above should not be more regular than B?. In fact this has
been established in [1], in the Holder scale at least, in the case of fBm. Thus no soft argument can be used
to see why L° would be so much more regular than either of its two components.

However, if the above conjecture and corollary can be established, then we could get an important
result by exploiting the Tanaka formula: we could prove that BY and the Skorohod integral process
f(f 1(0,) (BY) 6B7 (s) share the same modulus of continuity, since the local time L°, being much more
regular than B?, cannot effect the latter’s via the additive relation (27). More generally, working with
approximations, we would have the following.

Corollary 32 For appropriately smooth and/or bounded functions f on R, the Skorohod integral process
t
e [ 1 EDE
0

admits the function v (r) logl/2 (1/r) as an almost-sure uniform modulus of continuity.

7 Finite and infinite-dimensional stochastic differential equations

A well-known difficulty with Skorohod stochastic integration w.r.t. fBm is that solving even the simplest
non-linear differential equation is yet an open problem. There are two notable exceptions, however: the
linear additive and the linear multiplicative equations, yielding the so-called fractional Ornstein-Uhlenbeck
and Geometric fractional Brownian motion processes respectively. In this section, we show that this can
be done for integration with respect to our processes BY. We keep our formulations to a minimal level of
complexity. Additional non-linear terms in the drift parts can be considered using variants of the arguments
given in some of the references cited in the introduction; we will not investigate these details here.
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7.1 Finite-dimensional equations

Proposition 33 Let v and B” be fized as in Proposition 1. Consider the stochastic differential equation
t t
X(t):Xo+/ bX(s)ds—l—/ cX (s)dB7 (s), t>0, (28)
0 0

where Xo,b,0 are fized non-random constants, and where fg oX (s) 0B (s) represents the Skorohod integral
) (I[O,t] () OX) as in Definition 25.

This linear multiplicative stochastic differential equation (28) has a solution given by the following geo-
metric y-Brownian motion (GyBm):

X (t) = Xgexp (aBV (t) + bt — 50272 (t)) . (29)

This solution is unique in the class of processes Z such that Z (t) = g (t, BY (t)) where g is a deterministic
function in CY2 satisfying the conditions of Theorem 27 uniformly in t.

Proof. Ito’s formula (Theorem 27) can be extended to include functions that depend also on time. This
can be proven by approximation of such functions with respect to the time parameter. We omit the details.
We thus have for any function f of class C*? on R, x R satisfying the hypotheses of Theorem 27 with
respect to the second parameter uniformly in the first parameter, that % (wB7(-)) 1jo,4 is in Dom*§ and
for all t > 0:

F87 () = £ 0.0+ [ 5L (5.5 () s

: t 92
+/0 %(S,B7 (s)) 6B (s) +/0 % (s, B (s)) v (s) ds. (30)

We apply this with f (t,2) = Xgexp (ox + bt — (1/2) 024%(t)) which immediately yields equation 28.

For the uniqueness, let Y be another solution to (28). Since Y (t) = g (¢, B” (t)) for some g, we can use
Ito’s formula to show that for any function h such that h o g is of class C''? and satisfies the conditions of
Theorem 27 uniformly in ¢, the following version of Ito holds for Y:

MY (@) = £V (O)+ [ 1V )aY ()45 [ 0 () alyv], ().

0 0

where the notations 0Y (s) and d[Y,Y], (s) are defined as follows:

3Y (s) := g’ (B (s)) 08" (s) + g" (B (5)) 7' (s) ds,
d[Y,Y], (s) = |g/ (B" ()" 27 (5) ds.

With this Ito formula in hand, we can now consider the processes U = log X and V = logY. A trivial
calculation then yields that both U and V are solutions of the following equation in Z:

t
Z (t) = log Xo + 0B (t) + bt — 02/ v (s) ds.
0

Obviously, this is a trivial equation since the right-hand side is explicit, which proves uniqueness. m

Remark 34 We are not able to find a simple proof of uniqueness for the above equation in a wider space,
because of the restrictive range of our Ito formula, valid only for deterministic functions of BY. FExtending
the validity of the Ito formula will be the subject of another article.
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Proposition 35 Let v and BY be fized as in Proposition 1. Consider the stochastic differential equation
t
X(t):XO—i—/ aX (s)ds+ B (t), t>0, (31)
0

where Xo and a are fixed non-random constants.
This linear additive stochastic differential equation (28) has a solution given by the following y-Ornstein-
Uhlenbeck process (vOU):

t
X (t) = Xoe™ + /O =3B (s). (32)

where the last integral is in the Wiener sense (section 3). The solution is unique, up to indistinguishability,
in the class of all separable processes in L* ().

Proof. Although this proposition can be considered as a consequence of the results presented in the next
section, we include a quick proof for completeness. First note that the Wiener integral in (32) is well-defined
since the smooth function exp (—as) is obviously in H which contains any C*, a < 1/2. Assume that X
exists satisfying (31). Then we define Y by Y (¢) = exp (—at) X (¢). Then Y is the sum of a differentiable
process ae~ % ng (s)ds and of e~ B7 (t) which is of the form g (¢, BY (t)) where g is deterministic. By
Ito’s formula (30) and equation (31) we see that

t s t
Y (t) = Xo —/ ae”%a [/ X (r) dr} ds — a/ e~ "B (s)ds
0 0 0
¢
+ / e~ (aX (s)ds+0B7 (s)).
0
Now from (31) again, we may replace a [f; X (r)dr]| by X (s) — B? (s), yielding simply

t
Y () = Xo + / U8B (s),
0

which proves uniqueness. This same calculation also shows that X given by (32) solves (31). m

7.2 Stochastic heat equations

An equation is commonly called the stochastic heat equation on R if it is of the form

t t
u(t,z) =ug (z) + / Agu(s,z)ds + / o(u(s,x))dW (s) (33)

0 0
for some Gaussian noise term W and some possibly non-linear function o. As announced above, because
of the difficulties inherent in Skorohod integration, we restrict ourselves to o = Id or o = 1. For the case

o = Id, we present our results as conjectures.
The additive stochastic heat equation

t
u(t,z) = ug (z) + / Ayu(s,z)ds + B7 (t,x) (34)
0
can be interpreted in its evolution form, as is often done, in the manner of Da Prato and Zabczyk [8], as
t
u (t,x) = Poug () + / P,_;B7 (ds,) (). (35)
0

where B (t,-) is an infinite-dimensional version of our BY (t). Obviously here, since the right-hand side of
the equation does not contain u, this u given by (35) is the unique (evolution) solution to (34), when it
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exists. It is well-known however that v may exist even if a strong-sense solution of (34) fails to exist, hence
the use of the terminology evolution solution.

To be specific, let us assume B” is a centered Gaussian random field on R, x S' where S! is the
circle (parametrized by [0,27)) with a given covariance structure ) in space and the same behavior as our
one-dimensional B defined in Proposition 1. In other words it can be written as

B7 (t,x) :/0 e(t—s)W(ds,x)

where W has covariance E [W (¢,2) W (s,y)] = Q (z,y) min (s, t). The operator P is the semigroup generated
by A. In other words, for any test function f in L? (R)

Pt (@)= [ (en) e (= (-0 (20) £ ()

The notation fg P,_sB7 (ds,-) (z) is best understood if W (and consequently B?) can be expanded in a basis
of a convenient space of functions. We use the trigonometric basis for L? (R), which are also the set of
eigenfunctions of the Laplacian A. To make matters as simple as possible, we assume that ug = 0 and that
W is spatially homogeneous. In this case, we know W can be expanded along the trigonometric basis, with
identical coefficients for like sine and cosine terms. Consequently we have

B (t,x) = @By (t) + Y _ /@ B (t)sin (nx) + Y \/gn By (t) cos (n)

where (B))), and (B;{)n are independent families of independent copies of the BY in Proposition 1, and
(qn),, is a sequence of non-negative numbers. Since sinnz and cosnx share the eigenvalue n? with respect
to A, they have the eigenvalue exp (—th) for P;. Consequently, we can rewrite (35) as

t
ultia) = v [ e By (5s)
0
00 t
+Z qncos(nx)/ B (8s) e~ (t=9)n”
n=1 0

00 ¢
+3 Vausin (nz) /0 BY (55) e~ (=9
n=1

This shows in particular that for fixed ¢, u (¢,-) is a homogeneous Gaussian process. It is worth noting
that the above solution u may exist as a bona-fide Gaussian process even if B7Y (¢,-) is not a bona-fide
process in the space variable. The random element B” (¢,-) may be generalized-function-valued (Schwartz-
distribution-valued). For a precise description of such an object, the reader is referred to Section 3, and
in particular Paragraph 3.1., in [16]. However, it is enough to notice that if > ¢, = oo then B7 (t,-) is a
random generalized function. The next theorem gives a precise result in this direction.

Theorem 36 Let v and € be as in Proposition 1. Assume moreover that &' satisfies
—&'(r) = | ()| =2 f (r)

where [ is an increasing differentiable function. Also define

F(:@:/Om (%/Oss(r)dr>2ds.

Assume also that f satisfies the following technical assumptions:
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1. f'/f is bounded by A on the interval [1/ (4X\),1];
2. for some a >0, for allr <a, f'(r) < f(r)/(2r);

3. with g (x) = (zf' (x) f($))1/2, g (r)<g(r)/(2r).

Then the evolution solution u (t,x) to equation (34) exists and is unique as a random field in L? (Q x [0,¢] x S*)
as soon as

iqn (F (1) + 12 (n2)) < oo. 30)

The second statement in the following corollary shows that the above theorem is sharp, since it reproduces
the sufficient condition of [16] which was also shown therein to be necessary in the case of fBm itself. It also
shows that in the two basic scales of regularity, the functions F' and f? are commensurate.

Corollary 37 The functions f and F' can be estimated in the cases of logBm and fBm scales. Specifically we
have that in the following two cases, the technical conditions on v and € all hold, and the theorem translates
as follows:

e logarithmic Brownian scale. If &' (r) =< P32 10g7(5+1)/2 (r) for some § > 1/2, so that (r) =<
log~?/% (r), then (36) can be replaced by

oo

3" g log™ O (n) < oo

n=1

e fractional Brownian scale. If ¢’ (r) < r=3/2 for H € (0,1/2], so that vy (r) < v, then (36) can be

replaced by
oo
Z qnn_4H < 0.
n=1

Proof. (Theorem 36). The proof’s structure is identical to the general theorem relative to infinite-
dimensional fBm in [16], proved in Section 3.3 therein. We give only the main difference in the calculation.
It is regarding, in the notation of [16], the bounding of the term I (A,t). In our context, one can check that
the only relevant values of A are A = n%,n € N, and that we have

2

I(A\t) = /Ot e 2 (/0 (e} —1)€ () dr> ds.

We will assume in this proof that t < 1, and we will indeed replace ¢ by this value for all upper bounds
below. More generally, to be able to consider arbitrary bounded intervals [0, T, cases such as logBm must be
modified in consequence to ensure that v is defined and bounded on such intervals, e.g. in the case of logBm
by replacing ~ (r) by v (r/2T) say. The results in the theorem hold for the existence of ufor all ¢ € [0, 00) as
long as one begins with a locally bounded ~. We omit the details.
We rewrite
2

Iy(\t) <Ih(M\1) = /01/)\ e~ s (/08 (e} —1)€ (r) dr) ds

1 1/x 2
+ / e 2N / (er —1)e' (r)dr | ds
1/ 0
2



The first term Iy o (\) is controlled as follows. Up to universal constants, we bound e’ — 1 above by Ar,

and e~2* by 1, yielding:
1/X s 2
Lo (\) < / A2 (/ rle () dr> ds.
0 0

By integration by parts we get that

/Osr|g'(r)|dr:/Osg(r)dr—ss(s)—i—%ii%hg(h).

The limit above is 0 since ¢ (r) < r~/2. Since ¢ is decreasing, [; € (r) dr exceeds se (s), and thus we decide
to ignore the smaller of the two, yielding an upper bound. It follows that

Lo (V) < /01/A A2 (/Ose(r) dr>2ds
S/Om <i/ose(r)dr>2ds,

For the second term, using the integration by parts calculation above,

1 /2 2
Iy (\) < / e 2 (/ Ar | ()] dr) ds
1/A 0
1 1/x 2
g/ e 252 <)\/ e(r) dr) ds
1/ 0
1 2 2) v
:ﬁ(e —e )(A/O 5(r)dr>
1/)\ 1 S 2
< / </ e(r) dr) ds,
0 $Jo

where the last inequality comes from the fact that the function h (s) = s~* [ € (r) dr is decreasing on [0,1/A].
This fact can be see as follows: b’ (s) = 572 (se (s) — [, € (r) dr) < 0 since ¢ itself is decreasing.
The last term can be rewritten using a scalar change of variables, and then integration by parts, as

follows:
3 A 2 ° (T ?
<\ —2s r >
Io o (A) < A /1 e (/16 E()\)‘d’r> ds

Now we use the representation |’ (r)| < r=3/2f (r) with f differentiable and increasing, and |¢’| decreasing:

Ioo (N < /1)\ ™28 (/15 erTf?’/Qf (%) dr>2ds.

We decompose the inside integral into three parts, and exploit the monotonicity of the integrands in each
corresponding interval:

/13 eTr_3/2f (g) dr
= /15/4 err*3/2f (%) dr + /SZQ errfg/zf (%) dr + /S 6’”7‘73/2f (%) dr

5/2
o () e ()1 ()

which is the required estimate.

2

()1 G)

=1I320(8A) +1221(5,A)+1222(s,A).
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To deal with I 20 (s, A), we first integrating by parts, using the condition that f’/f is bounded by A on the
interval [1/ (4\),1]:

Inoo (M) = /1)\ Iz 2,0 (s, A2 e 2ds = /1/\ e f? (%) ds
— ey <$) — e 2 (1/4) + ﬁ /1A e2f (%) s (%) ds
con(a)af e
=e ' f? <%) + %12,2,0 ().

This implies that

1
Ino0(N) < f2 (ﬁ) .

For the next term we can see that can be dealt with exactly as I5 2 ¢ (A); in fact, it is of smaller order because
of the factor s~3.

The last term is more delicate. We begin by noting that
A A s
Iz 00 (N) := / I 00 (s, )\)2 e 25ds = 8/ 573 f2 (—) ds
= 1 e 1 2)\
1
=8\72 / r=3 2 (r/2) dr.
1

/A

To bound this quantity, we introduce a modified version of it: for fixed a > 0, we let
1
2 -3 2
Iy (z) =z /x r=°g° (r)dr

where the function g will be chosen to be equal to g (z) = (zf (z) f (a:))l/Q. With this choice we do see
that according to the hypotheses of the theorem, for some a > 0, assuming A > a~!, for all » < a,
g’ (r) < g(r)/(2r). We calculate I by integration by parts, using the parts v = =2 and du = r~'g* (r) so
that u (r) = [ y~'¢* (y) and dv = —2r3dr:

1
a .2 2 —3

I () =2u(l) —u(z) + = /z r—°2u (r) dr. (37)
Now let J¢ (x) := 22 fxl r=32u (r) dr. By hypothesis, 2g (r) ¢’ (r) < g*(r) /r for all r € [0, a], which implies
for all such r that .

g9* (r) =g (0) =/ 29 (y) ' (y)dy <u(r).
0
We have that g (0) = limg g = 0. Indeed, by hypothesis, g2 (z) = 2z f' (z) f (x) < f? (z) which tends to 0 at

0. This implies
1

I3 (z) < 332/ r 3 (r)dr = %J“ (x). (38)

Combining (37) and (38) we obtain
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which implies
Jy (w) < 2u(z). (39)

Returning now to the definition of Jg and u we have

Lo
= 5f (z) (40)

and .
Jy (z) = x2/ r=3 2 (r) dr.

With z = A™!, we recognize a piece of the integral defining I5 25 (A). In fact we have by (39) and (40) that
1

I22(N) :8/\*2/ 32 (r/2)dr

1/A

1
< 8)\_2/ 32 (r) dr
1/A
1
=8J3 (A7) + 8/\_2/ r3f2 (r) dr
1 1
<4f? <A) + 52 K

where Ky is a constant depending only on f. The second term above is negligible compared to the first,
since we know that f (r) > r~1/2,
In conclusion we have for large A and for all ¢t < 1, with F (z) = [ (£ [ & (r) dr)2 ds,

LMY <F (%) + 4812 G) ;

which is the result required to obtain the first statement of the theorem.

(Proof of the Corollary).The statements in the corollary regarding the fBm and logBm scales are
readily verified by trivial estimations of f and F' in these cases. m

We finish this article by mentioning a conjecture on the multiplicative stochastic heat equation. This is
the case o (u) = u.

Conjecture 38 The evolution for of equation (33) with o (u) = u, namely

w(t,z) = P (x)—|—/0 P [B (55, ) u(s, )] (z),

has a unique solution in L? (Q x [0, t] x Sl) as soon as Yy . qn, < 00, and it is given by the following Feynman-
Kac formula:

u(t,z) = Eb {uo (z + by) exp (/0th (67,2 + by — b,) — Q (0) ? (t)/zﬂ ,

where b is a standard Brownian motion independent of BY and E® is the expectation with respect to b.

A joint paper in preparation by one of the two authors of this paper establishes this Feynman-Kac formula
for fBm in the case of H > 1/2. It uses a Wiener chaos decomposition and some associated estimates. We
do not believe that these estimates are yet available for H < 1/2, making proving the above conjecture
non-trivial, although the result is readily believable.

29



References

[1] Alos, E.; Mazet, O.; Nualart, D. Stochatic calculus with respect to Gaussian processes. Annals of Prob-
ability 29 (2001) 766-801.

[2] Alos, E.; Nualart, D. Stochastic integration with respect to the fractional Brownian motion. Stoch. Stoch.
Rep. 75 (2003), no. 3, 129-152.

[3] Berman, S. Local nondeterminism and local times of Gaussian processes. Indiana Univ. Math. J. 23
(1973/74) 69-94.

[4] Bismut, J. M., Théorie probabiliste du contréle des diffusions. Mem. Amer. Math. Soc. 4 (1976), no. 167.

[6] Cheridito, P. Nualart, D. Stochastic integral of divergence type with respect to frac-
tional Brownian motion with Hurst parameter H €  (0;1/2). Preprint, 2003. URL:
http://orfeu.mat.ub.es/ nualart/cn03c.pdf.

[6] Cinlar, E., Jacod, J., Protter, P., Sharpe, M. J., Semimartingales and Markov processes. Z. Wahrsch.
Verw. Gebiete 54 (1980), no. 2, 161-219.

[7] Coutin, L.; Nualart, D.; Tudor, C.A. The Tanaka formula for the fractional Brownian motion. Stoc. Proc.
Appl., 94 (2) (2001), 301-315.

[8] Da Prato, G.; Zabczyk, J. Stochastic equations in infinite dimensions. Encyclopedia of Mathematics and
its Applications, 44. Cambridge U. P., 1992.

[9] Dellacherie, C. and Meyer, P.-A., Probabilities and potential, North-Holland Publishing Co., Amsterdam,
1978.

[10] Gradinaru, M.; Nourdin, I.; Russo, F; Vallois, P. Pierre m-order integrals and generalized It6’s formula;
the case of a fractional Brownian motion with any Hurst index. Prepublication du LAGA 2002-37.

[11] Gradinaru, M.; Russo, F; Vallois, P. Generalized covariations, local time and Stratonovich It6’s formula
for fractional Brownian motion with Hurst index H > 1/2. Ann. Probab. 31 (2003), no. 4, 1772-1820.

[12] Nualart, D. The Malliavin calculus and related topics. Probability and its Applications. Springer-Verlag,
New York, 1995.

[13] Nualart, D.; Pardoux, E. Stochastic calculus with anticipating integrands. Probab. Theory Related Fields
78 (1988), no. 4, 535-581.

[14] Pardoux, E, Protter, P. A two-sided stochastic integral and its calculus. Probab. Theory Related Fields
76 (1987), no. 1, 15-49.

[15] Rao, B. L. S. P. Self-Similar Processes, Fractional Brownian Motion and Statistical Inference. Preprint
(2003). URL: http://www.isid.ac.in/ statmath/eprints/2003/isid200324.pdf.

[16] Tindel, S.; Tudor, C.A.; Viens, F. Stochastic evolution equations with fractional Brownian motion.
Probab. Theory Related Fields 127 (2003), no. 2, 186-204.

[17] Tindel, S.; Tudor, C.A.; Viens, F.G.. Sharp Gaussian regularity on the circle, and applications to the
fractional stochastic heat equation. To appear in Journal of Functional Analysis, 2004.

[18] Tudor, C.A.; Viens, F.G.. Itd formula and local time for the fractional Brownian sheet. Electronic journal
of probability 8 (2003), no. 14, 31 pp.

30



[19] Xiao, Y.. Holder conditions for the local times and the Hausdorff measure of the level sets of Gaussian
random fields. Probab. Theory Relat. Fields 109 (1997), 129 - 157.

31



