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Abstract

We develop a stochastic calculus of divergence type with respect to the fractional Brownian sheet (fBs)
with any Hurst parameters in (0, 1) and beyond the fractional scale. We define stochastic integration in
the extended Skorohod sense, and derive It and Tanaka formulas. In the case of Gaussian fields that are
more irregular than fBs for any Hurst parameters, we are able to complete the same program for those

Gaussian fields that are almost-surely uniformly continuous.
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1 Introduction

In recent years stochastic integration with respect to Gaussian processes in general and to the fractional
Brownian motion (fBm for short) in particular has been intensively studied. Different approaches have been
considered in order to develop a stochastic calculus for fBm, including Skorohod (divergence) integration
and white noise calculus, pathwise stochastic calculus or the rough path analysis. The most complicated
situation is when the fBm’s so-called Hurst parameter H is small. H is a self-similarity parameter, and is

related to the regularity of the fBm. For example, in the Malliavin calculus approach, the integral of the
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fBm BH with respect to itself exists if and only if H > 1/2. In the pathwise approach, the barrier for the
standard definition of the integral is H = 1 /6. Therefore, for small parameter, one need an extended, relaxed
way to integrate. See e.g. [2] or [5]. In the two-parameter case, the Itd formula for the fractional Brownian
sheet has been proved in [10] for H > 1/2.

This paper is devoted to developing the stochastic integration for the fractional sheet with Hurst param-
eters less than 1/2, and beyond the fractional scale. We introduce and use a notion of extended divergence
that generalize a definition introduced in [2], and in [7] in & wider context. Our techniques and notation are
closest to those of [7], but nevertheless in our case we need to pay a particular attention to the Skorohod
integrability of the integrands appearing in the It6 formula.

The paper is organized as follows. Section 2 contains preliminaries on the standard and extended Malliavin
calculus with respect to the fractiona]l Brownian sheet, including a proof of existence of extended Skorohod
integrals. In Section 3 we derive an It6’s formula for H < 1 /2 and briefly discuss on the local time. Section
4 describes the extension of our calculus beyond the fractional scale, generalizing the approach of [7] to two

parameters.

2 Preliminaries

2.1 Malliavin calculus and Wiener integral

Let T = [0,1]? and let (W;";B)( her be a fractional Brownian sheet with Hurst parameters o, 8 € (0,1).
' 8,t)€
This process is defined as a centered Gaussian process under some probability space (2, F, P), starting from

zero, and with the covariance function

B (Wi wes)

1 1

= R*P(s,t,u,v) := 3 (% +uP* — |s — u|?>) 3 (% +u? — |t — o).
Let us briefly recall the framework of the Malliavin calculus for the fractional Brownian sheet. Denote by
H the canonical Hilbert space of W™, That is, H(® is the closure of the linear space of the indicator
functions 1jg g1x(0,4 » s, ¢ € [0,1] with respect to the scalar product

(Yjo,51x[0.4)s Ljo,ulx o)) = B¥P(s,t,u,v).

Let Sy be the class of ‘smooth’ random variables of the form

F=f(W*(p),...,.W*(p,)) i e H®

where f and all its derivatives are bounded. The Malliavin derivative operator acts on random variables F

as above in the following way

D F=%" g—fi W(p1), ..., WoB(0)) ilsrt)  (s,8) € T,

=0
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The operator D is closable and it can be extended to the closure of Sy, with respect to the norm
1Flly,2 = E||F|3aq) + E”'DF”iZ(Q;H@))'

The Skorohod integral is the adjoint of D. Its domain Dom(6) is the class of square integrable processes [J

such that for some constant ¢ >0,
|E(DF,U)sn| < Cl|Fllp2qy  VF € Sy .

One of the long-standing difficulties with the Skorohod integral is that its domain is sometimes too small.
For example, in the one-dimensional case, the fractional Brownian motion B¥ ig integrable with respect to
itself if and only if H > 1 /4 (see [2]). The same happens in the case of the sheet: the argument of [2] can
be used to'show that W8 € Dom(d) if and only if both o >1/4 and 8 > 1/4. Therefore, an extended
divergence is needed for the stochastic integration with respect to the fractional Brownian sheet with small
parameters. We use the method of (2] and [7]. It is traditional to introduce some elements of fractional

calculus to deal with fBm. Let f be a function on [0,1] and @ > 0. Then

b
RS ol Rt =

is the right-sided Riemann-Liouville fractional integral of order a, while the right-sided integral I oy is defined
using integration from a to ¢. For o € (0, 1)

b
1 é f(s) ds.

DT = 555 | G-

is the left-sided Riemann-Liouville fractional derivative of order o I¥ and D are inverses of each other.

We introduce the operator

5] s) = ot~ (124 [(P4 1] ) (0 1)
where
og= | 2PB~ LB 1)
* TV BE-12-%m)
We set

l2 [ —
K;,ﬁ,t,s T K;»t ® KE!".

In the sequel we will simply write K*2 by omitting the parameters, if this does not lead to confusion. In the
same way that the operator K3, + is the kernel of the well-known Brownian representation of fBm integration,

our operator K*z satisfies, for any test function f e (& *'2)_1 (Lo, 1)),

Q,

/os /ot WP (dg, dr) f(g,7) = ~/q:0 ~/'r:0 [K;:?i,t,sf] (g,7) AW, dW,,

where the integrals on either side are of Wiener type.
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2.2 Extended integral

The extended integral can be defined as in the one-dimensional situation in [2] or [7]: we introduce the

Hilbert space
HE@W — (K*,z,aab'K*,Z) -1 (L2(0, 1))

where K*%9% is the adjoint of the operator K*%, and we construct the Malliavin derivative D as above,
relative to the new space H(?) instead of H(®. Since 1) is smaller than H(?, this definition is immediate.
We will say that a square integrable process U belongs to the extended domain of the divergence operator

(U € Dom*(8) if there exists a random variable (that we shall also denote by 6(U)) such that
B(FSU)) = / / E[Use (K***4K*2D. F) (s,8)] dsd  VF € Syarn. @)
T

This way, shifting the adjoint back onto F, we see that the ‘new’ extended integral restricted to Dom/(6)
coincides with the standard Skorohod integral. In the sequel we will simply write 7, H’ instead of H(®), H(2),
The reader may consult [7] for a proof that 7’ is not restricted to constant random variables. In fact, [7]
established that H' is rich enough to guarantee that the above definition of § (U) defines a unique random
variable in L? (Q,F,P) if F is the sigma-field generated by W*#. This uniqueness is usunally called the
determining class property of Sy for 8. It is remarkable to note that, now that our operator K*? is
defined, and the existence and determining class properties of Sy are established, there will no longer be
any reference to the fractional calculus. We contend that Skorohod integration, extended or not, should not
require the use of fractional calculus: one should only have to specify how the kernel K* is defined, by any
analytic method, which may or may not refer to factional calculus, and show the space Sy of test random
variables F' is a determining class. That such characteristics are sufficient for developing a full stochastic
calculus is the underlying argument in [7], which proves it in the single-parameter case for a wide class of
Volterra-type processes which span the fractional Brownian scale and go beyond. The present article shows
that the same program can be achieved for two-parameter processes.

It is also possible to characterize the extended domain Dom*(d) using the muliple stochastic integrals.
We recall Theorem 3.2 of {6] (proved in the one-parameter case; but it can be immediately extended to the
two-parameter case). Let u be a square integrable process having the chaos representation

u(s,t) = Z In(fal- (5,2)))

n20
where I, denotes the multiple integral of order n with respect to W*# and f,, € H®"® L2(T) is symmetric in
the first n pairs of variables. Then u € Dom*(8) if and only if f, (the symmetrization of f, in all variables)
belongs to H®™*! and

Z(n + Dl fnl3ens: < 00 @)

n2>0
In this case 8(u) = 3,50 In+1(fn).
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2.3 Specific double integral

We need to introduce a double Skorohod integral that appears in the expression of the Itd formula for the
fractional Brownian sheet. To motivate this definition, let us briefly recall some elements of the regular case
when the parameters o and £ are bigger than % In this situation we have the following decomposition

formula for (W#)2

8 t
Wepy =2 [ [ Webdwss + obly, + s @
o Jo
where the process Ms,t is defined as the limit
m—-1n-1
Ms t = LZ(Q) - llm 6(2) Z Z 1[3,,s|+1]x[0 tj]( )1[0 S,JX[t;,.i;+1](*) (5)
=0 =0

where §(2) denotes the (standard) double Skorohod integral and the above limit exists. Moreover, the It6

formula for the fractional sheet contains a “specific” sheet integral f; [ f"(Wf)dM,,, which is defined as

m-1n—-1
/ / WP )My = L¥(9) - hm 5@ (Z Z ! (W:"f]) 1[si,a,-+1]x[o,t,-](')l[o.s.-]x[t,-.t,-+1](*)>
=0 j=0

(6)
The fact that the parameters o and f are supposed to be bigger than 1/2 plays an essential role in the proof
of the convergence of the sequences from the right side of (5) and (6). Therefore, for small parameters, the
integral dM should be understood in an extended way. Nevertheless, the intuitive interpretation of M is
that
AM s = AW, g - diW, s

where for example d;W; ¢ denotes the differential of the fBm s +— W, ; when ¢ is fixed. Accordingly we can

formally write

[ oo
/u'——o /_0 (/u /v" N 9 (Wd’) Lo (w) 110,y (v ) W (d, dv’))';}V“'ﬁ(du',dv)

v'=1 U
/ / ( / / o (W) W"’ﬂ(du’,dv)) WeB (du, dv')
=0 Ju'= u'=0 Jo=v’

and this shows the the integral [ [ g(W)dM should be interpreted as an iterated integral. We now only

need to define the iterated integral as an extended divergence integral.

Definition 1 Let U € LT x T x ). We say that the process U belongs to the extended domain of §2)
(U € Dom* (6)) if there ezists a random variable 5 (U) € L*(Q) such that , for every smooth random
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variable F € Sy, it holds that

E (F6(2)(U)) =
// // E [U(uﬂ,),(ul,,,,)K*'Z"‘de*z {D(.,.) [K*'2’“de*’2D(,.,,.)F] (u, v)} (', v")] dudvdu'dv’.
(u,w)eT (u' w')eT

(M

We will also write

000) = [ [ ([ [ Urimndeo(u)) weetat, ).

Remark 1 Since the action of the operator L = K*%°4 K*? 5 deterministic, we have for every smooth

random variable F,
KH20di frx2 {D(.,.) [K*'Z'ade*zD(*,*)F] (u’ ‘U)} (ul, 'U') - (L ® L) (DE?,?),(.,*')F) ((ul’ ’Ul) , (u’ v))
where D@ is the second iterated Malliavin derivative. Therefore, relation (7) can be written as

E (F5(2>(U)) - /T B [U(u,u),(u,,v,,(L ® L) (Dﬁ?).(*l*,)p) @, v'), (u, 'u)] dudvdu'dv’.

3 Main result

In this section we derive the It6 formula for the fractional Brownian sheet for any Hurst parameter, by using
the technique introduced in [2] and [7] based on the extended Skorohod integral. However, there is one
complication in our situation which was not present in the one-parameter settings of [2] and [7] In these two
works, the It6 formula can be considered as an equality between two terms: an extended Skorohod integral
I, and the sum S of a Riemann integral and a deterministic function of the underlying process. The idea
is then only to show that S = I by proving that S satisfies the definition of I in"the extended Skorohod
sense; indeed, we then obtain the existence of the Skorohod integral and the It6 formula simultaneously. In
our situation, we cannot proceed this way directly because we will have in our It6 formula not one but four
Skorohod integrals with respect to different differentials. Therefore, as a prelimjnary step, we must show
that three of the four extended Skorohod integrals exist a-priori, so that we may use their definition to prove
the final result. Throughout, we use the generic notation ¢ for a pair (s,t) € T = [0, 1]?. For convenience’s

sake, we also use the abusive notation h(z)l‘[%zl(-) for the function defined on T™*! by the map
(§5§11§2:"' 7£'n,) Hh(.t_)li%zl(zl’.tZ)' 1!11,) (8)

We start with the following result.
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Lemma 1 Let f € C®(R) satisfying (10) and put h(t) = E (f (Wf‘ﬁ )) . Then it holds that

®(n+1)
h(t)ll%:;](-) € (’H(z)) " for everyn > 1.

and there exist an integer N large enough such that if n > N we have

C
IO, apyormrn < = (©)

Proof:  Let us prove first the result when f is a polynomial function; moreover, without loss of
generality, let f(z) = 2P, where p is an even integer (for odd integers, h is null). Then with ¢ = (t,s), we
have h(t) = c,t°PsPP. Since H(® is the tensor product Hilbert space H®) = H, ® Hg (where Hg := H is
the canonical space of the one-parameter fBm B? with Hurst parameter §), it suffices to prove, using the

one-parameter version of the abusive notation (8), that
tap]_lo,t] () € H@(n+1)

or, equivalently, K*"+1 (t"‘”l%f;] (t1,---, tn)) € L%([0,1]™*!) (where K*™ is the n-fold tensor product oper-
ator of K*!, and we use the abusive notation of naming a function by its value). Using the definition of the

operator K*"*1 it is not difficult to observe that
|| Em (t""’lf%f;](tl, ey t'n,) 122 (0,11
= B [P B b, o) s oy | 1220,
= e [t B 10,0 (V3 o,1p) WEagony

Note first that
1K 10, (W3 20,1y = B (BF) = t3=.

Consequently, we only need to prove that the function t*(*+2") has a finite norm in M. To argue this, let
us refer to Proposition 7 in [2] which states that if a process v is in Dom*(8) such that E[u.] € L?(R), then
E[u.] is in H. But t*(P*+2") js equal to E (B"*% (t)) which belongs to Dom*(J) due to Lemma 9 in [2]. The
inequality (9) can be proved using e.g. the fact that for fixed ¢, there exists N large enough such that the
function t*(¥+7/2) ig Lipschitz. Then it can be seen by a straightforward calculation that the L2 [0, 1}-nerm
of K*1tx(N+p/2) (thus the H-norm of t*(V+2P)) is bounded by C/N, and that this bound is uniform in p.
The reader may also refer to the calculations in Section 5, which are valid in all cases including the fractional
Brownian scale, for a proof of estimates such as (9).

The general case when f is C*® follows by a density argument. Let us only point out the main idea. Now

1 22
h(t) = —/ e T f(zt*s7)dzx.
© =7 [ e 1)
The key point of the proof is to show that the function f(xt*)t2*" is in H and this can be seen, for example,

by using a polynomial approximation of f, the definition of the operator K*:! and the dominated convergence

theorem. Condition (10) assures the existence of the integral with respect to dz. |
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We may now prove our preliminary existence result.

Proposition 1 There ezists a > 0 depending only on o and B such that for any f € C®(R) such that f

and all its derivatives satisfy the condition
If ()| < M exp (az?) (10)
Jor |z| large enough, where M is a positive constant, we have
Ljo,s0)x[0,20] (8 ) ( :t'p) € Dom*(8) for every so,to € [0,1].

Proof: We will assume that so = ¢p = 1; the general case is analogous. Using Stroock’s formula (see

[?]) we get,
£ “"’)—Z I, [D® (f(”)(W“"’))]
—B (£0w2) 1, (183()

I (9n (1))

-z

where
gnl0) = B (1)) 183().

Here -’ represents n variables. Let us denote by g, the symmetrization of g in n + 1 variables. We need to

gn € (H‘2)>®(n+1) (11)

show that

and

z(n+ 1) ”gn”(H(z))Q(n+l) < 00. (12)
n20

First, observe that (11) holds due to Lemma 1. Also, we have that

1 ™ R
Gnltss - stng1) = 7057 ) Pt 10, ()
mr D) ; i

where #; is the vector (t;,...,t, ) With ¢, missing and h(¢) is the function h(t) = E ( f(")(W;"ﬁ )) To
check (12), we can write using the Lemma 1, that for some N large enough

n+1

£ V12
24 DG o = T DY ey DLl
ontl 7l
< nZ: (n+ 1) & Z "h(t )1[0 t‘](tl)ll(u(z))Q(n+l)
02""'1
- 1§v nn!
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||
Denote by H,, the n -th Hermite polynomial
— (=" 2 d (a2
Hy(z) =1 and H,(z) = I (e T) .

and recall the basic properties

DHo(W**(p)) = Ho (WP (p))p (13)
for every ¢ € H?, and

§ (Hi-1(W>P(p))p) = kHe (W () (14)

We state our main result.

Theorem 1 Let f € C™(R) such that f and all its derivatives satisfy (10). Then f' (W“'ﬁ)llo six[0,4) €
Dom*(8), and f"(W2iP)1(0,5)(w)1j0,(¥) 1[04 (w') 1[0, (v") € Dom* (@) and we have the following Ité for-

muda for the fractional Brownian sheet:
swepy =50+ [ [ rovsrawss
+ 20 /0 /0 F (Wl yu?e 1y~ gydy + /o a /0 t ' (Wal)dM,,,
+o /0 ’ /0 t WL 19 g, WP du + § /0 s /0 t F Wl v dud W du
+ap /03 /Ot fi”(W,f‘,;fi)u‘i""lv‘w‘ldvdu
where, by definition,

s t
/ / F(Wel)dMuy / / ( / / F (WP 10,0 (w)110,4(v) 1[0,y (&) 10,0 (W)W (d', dv)) WP (du, dv')
o Jo
(15)
and we recall that duW,‘]‘,',f’ denotes the Skorohod differential of the one-parameter fractional Brownian motion

u——»Wﬁ‘f.

Proof: By Proposition 1 it holds that f’ (W“'ﬂ)llo,a] x[0,g] € Dom*(9) for every s,t. Similar arguments
allow to show the integrability of the integrand for the other two Skorohod integrand in the right side
excepting the one involving M. The existence of the stochastic integral with respect to M in the It
formula follows, by definition of M, from the second statement in the theorem. This second statement, on
membership in Dom* (6(?), is not, strictly speaking, contained in Proposition 1, but its proof is a trivial
generalization to double integrals of the proof of Proposition 1. We omit all details. The existence of the
remaining two stochastic integrals in the It6 formula follows trivially from existence results in [2], since

these stochastic integrals are, by Fubini, with respect to one-parameter fBm’s. Now using the definition
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of the extended divergence integral, it suffices to show, invoking only simple random variables of the form

F = H, (W*P (¢)), since they are dense in L? (), that

[l ] lea@lea®iea)ipa)
(u')eT J(u v)eT
X B [Hya(W*B(0)) " (WEE)] (K204 K*20) (u,v') (K*2*4 K*2p) (v, v)dudy'dvdv’

=5 { [f(W;Te") ~ £(0) - 20 / f Wy dudu—
o [ [ gt e wtanp [ [ s aawego
—op /O ) /0 t fiV(Wg;f’)u““-lv"f’—ldudu] Hy, (W*# (go))}
- F /0” /ot F W) Hoa (WP () (K*22Y K* %) (u, v)dvdu. (16)
We have
2B [fowef)] = o / p (226%,3) 1) w)dy
o /R 5P (5%°4%,y) 2670715 £ (y)dy
=4aﬂ34""1t4ﬁ'1/ -5%2—213 (Smtzﬂay) f(")(y)dy

R
3
+4a,332“'1t2ﬁ'1/ pyd (2242, y) £ (y)dy.
R 0O

Using the integration by parts and the relation

o _10%
80  20y?
we obtain
92 ~1,40—
5o B [FP W) = st B 1O w3
+20pse P [f D (W) (17)
and that proves (16) in the case n = 0 (i.e. the case when the test r.v. is F = 1). Note also that
0 - n ;
5B [fW3P)] = affs®1EB [+ (wef) (18)
and
. -
5B [fM W] = g E [ Wil (19)

We compute now

86t( [f(n)( a'ﬁ)] (1[0 8)x[0,t]> tp) )
<_E f(")(W;' )]) osbetou, ¢1" + E%E [f (W, t’ﬂ)] 2 (Lio,e)x0,41> )"

+ E[f(”) a’ﬁ)] = {1j0,s]x[0.)» w)"+E[f(")( a'ﬂ)] aat<1[0,s]x[0t] o). (20)
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On the other hand, using the identity (this is a consequence of the fractional caleulus; see [2] for the one-

dimensional case) .
8
/0 /0 (K*'z'adJK*’ch) (w, v)dvdu = (Ljg g)x[0,e]) P)
we obtain the relations .
pe) .
Sepaxane) = [ (K0K20) (5,0)dv (21)
and
9 ¢ 2,adj 7,2
5t Loslx[oa) #) = /0 (K29 K*20) (u, t)du. : (22)
By combining relations (21), (22) and (18) with (20), we get
62
a2z (B [fP028)] (paxon o))
- {aﬁs““‘lt‘m‘lE [f(n+4) (W:t'ﬂ)] + 20852 1426-1F [f(n+2)( ;x,éﬁ)] } (o.s)xios @)™
t
+as? 1P E [f(””)( :éﬁ)] n{1io,s)x [0, )" / (E2U K2 0) (u, t)du
0
8
+ B8 E [J W) nloapnio, ™ [ (KHE8K ) (s, v)dw
: 0
8 1
+E [f(n)(W::tﬁ)] n(n—1) (1[0,s]x[0,t]: (P>'n.—-2 (/(; (K*'Z'adJK*’zw) (s, 'v)d'v) (/ (K*,Z,ach*,z(p) (u,t)du)
0
+ B[O W] ntisixio.n 9" (B#IK*2) (s,1).
Therefore
E [f W) (o, axions o)
s pt
=208 [ [ w1t {2 L o, ) dud
s ot
+opB [ [ a8t f O ) o sputon, ) dud
L] t u
+oF / / w2128 fn2) (W B n (110 o) @)™ ( / (K24 2 p) (x,v)da:) dudv
o Jo : 0

4 its symmetric term

48 [ [ FO0m(n — )0 soapeoo o) duds

5 ( /ou (K*,z,adj K*’ch) (@,v) da:) ( /‘0” (K*,z,adj K*'th) (u, y)dy)

+8 [ [ FOWEDImltountonn ) S OWED) (KK ) (w)iude,  (29)
By iterating the duality relation (2) and using (13) and (14), we can prove

E [f(")(Wso,‘éﬁ)] (Lpo,s1x[0,t], )" = nIE [f( :iﬂ)H"(Wa'ﬁ(so))] ' (24)
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E [1™+D W3] (Lpaxion o)™ = nlE [/ (W) Ha (W4 ()]
B [fm W) (Loaxion #)" = nlB [ (WL Ha (W4 ()]

and
] i
E / / SO WL )10 i foropy " £ (WEL) (K224 K*20) (1, 0)dudu
0 0
3 t
-y / / FWEB) Hyy (W () (K*298 K*20) (u, v)dudu
1] 1]

Taking into account relations (23), (24), (25), (26) and (27), we only need to show that

g pt U
aE/ / uz"‘_l'vzﬁf('”z)(Wf,f)"(l[o,u]x[o,u], (P>n—1 (/ (K*.z.ade*,z(P) (, v)da:) dudv
o Jo ]

s pt
—ap| [ [ rwedyee e weba] m. w2 o)
o Jo
(and an analogue for its symmetric term}), and
s pt
B [ [ 1002 min = 1) 0o )" dudo
0

X (/Ou (K*2ed g2 p) (w,v)d:v) (/Ov (K*2ed gt p) (u,y)dy)

= / / / 10,51 (1) 110, (¥)1 10, (') 1 10,0 (¥')
(uv")eT J(u',v)ET
x E [Hn—Z(Wa'ﬂ(SD))f”(W:Zf)] (K*,Z,a,diK*,Z(p) ('u,, ,UI) (K*,2,ade*,2(P) (u',v)

To prove the equality (29), we will use the duality relation (7) from Definition (1). We have
=[] | lea®leaE)en)iea)
(u,v)ET J (v w)eT
x E [Hn_z(W“’ﬁ(cp))f"(W{f‘,f)] (K*,2,ade*,2(p) (u’ ‘U’) (K*,2,ade*,2(P) ('u,',v)
3 t
= [ [ twaor (HoaW=(e) s wef)]
o Jo
U v
X </ (K*,Z,ade*ﬂ(p) (:E,’U)d.’l)) (/ (K*'Z’“de*'zgo) (u,y)dy)
0 0
and relation (29) follows since similar arguments as above imply that
s i
B[ [ 1001 ouon, ¢ dudy
s pt
~nl / / QudvE [H_o (WP () " (WEL)) .
o Jo

Relation (28) is established similarly.

12

(25)

(26)

@7)

(28)

(29)
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4 Local time

We give a brief discussion about the integral representation of the local time of a fractional Brownian sheet.
In general, there are two methods to define local times for a stochastic process X: the first one is Berman’s
approach ([1]} based on direct calculations and Fourier analysis, where the local time is defined as the density
of the occupation measure A;(A) = [, 1a(X,)ds; the second method is the Tanaka formula (for processes X
for which such a formula can be written) where the local time appears as the last term in the decomposition

of | X5 — a|. We have the following situation:

¢ for the one-dimensional Brownian motion the two approaches gives the same local time;

o for the Brownian sheet W the situation changes; we have two different local times, the ‘Tanaka formula’

local time being the density of the occupation measure (see [3], Chapter 6)
s pt
Asit(A) = / / 14(Wy )uvdudy;
0 Jo

e concerning the fractional Brownian motion B¥, the difference between the two approaches appears even
in the one-parameter case: the Tanaka formula, valid for Skorohod integration, implies the existence

of a local time associated with the weighted occupation measure

t
At(A)=H/ 14(BH)s?H~1ds,
0

Therefore, since our framework is that of Skorohod integration, it is natural to introduce the local time

(L% 4+)(s,e)eTacr Of the fractional Brownian sheet as the density of the occupation measure

s pt
At(A) = aﬂ/ / 1A(W,f:'f)u4a_1v4ﬁ_1dudv.
0 Jo

A chaos expansion argument (see e.g. [4]) can be used to show the existence of the local time. It is also clear
that the techniques of the regular case o, f > 3 (see {10]) could be adapted to the singular case to obtain a
Tanaka-type formula. We will only state the result; the proof is left to the reader.

Proposition 2 For every (s,t) € T and a € R, it holds that
2
=g Wt ol (Wit )" =5 [ [ We —el (v - o) awis
- 2af / / |Wasb — a|u?* 0%~ dudu — / / |Web — a| dM,.,
o Jo 0o Jo

5 t S i

-« / / Sign(Wf,f)uza'lvzﬁ dWe&fdu - B / / sign(WS‘,f)uz"‘vm"‘dvduW,ﬁf
o Jo o Jo

where the integrals with respect to the differentials dW,‘,"f , dMu,v (see (15)), duWﬁ‘,'f and duW;",'f are in the

ertended sense.
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5 Two-parameter calculus beyond the fractional scale

5.1 Introduction and definitions

In this last section, we consider the analogue of the Theorem 1 and Proposition 2 when one does not wish
to restrict oneself to the fractional scale. The one-parameter Skorohod stochastic integral for Gaussian
processes beyond the fractional scale was introduced in [7], as was alluded to earlier. We summarize the
construction therein by generalizing to our two-paramter setting. Because no fundamentally new ideas are
required in the passage from one to two parameters, we state the results without proof.' Assume that v,g
are two smooth strictly increasing functions on (0, 1], such that limg4 g = limg.. v = 0, and for 7 near 0, we
have 72 (r) > r and g2 (r) > r. Then let W be a Wiener process and consider the centered Gaussian field
defined by the double Wiener stochastic integral

59905, = | _ fq ioe(t—r)h(s—q)dW(r)dW(q) (30)

an 1/2 )\ 12
efr):= (%) , h(r):= (d_‘(igr_)) .

The random field BY7 is very close to the fractional Brownian sheet W if we take 7 (r) = r* and

where

g(r) = rP: the difference between the two fields is a field of bounded variation, and both fields are centered
and have the a- and G-self-similar properties in ¢ and s. But if we take for example v, (r) = log™® (1/7),
and similarly for g, then B7=7¢ is much more irregular than the fractional Brownian sheet. In fact, BVe+s
is almost-surely locally uniformly continuous in t if and only if o > 1/2, and similarly for s and 8. If
a < 1/2, then although B> may still be continuous at any fixed point ¢, it is not a.s. continuous on any
interval, and is unbounded on any interval. Thus the scale of logarithmic regularity defined by the example
{(Ya)o>p Yields a spectrum of uniformly continuous and unbounded Gaussian fields. Nevertheless, the theory
of Skorohod integration with respect to B9 can be developed equally easily for BY=:78 as for B’a"ﬁ, or for
We#P, by following the arguments in [7]. In the case @ < 1/2 or 8 < 1/2, however, one runs into trouble
for our two-parameter purposes when one tries to prove Lemma 1. We will see below that we require ‘the

following general condition on - and g.
(G) Assume that both € () r'/2 and h (r) r1/2 are integrable at the origin.

In the logarithmic scale, this condition clearly means that «, 8 > 1/2. More generally, one can prove,
using the characterization of almost-sure continuity in [11], that Condition (G) is equivalent to requiring that
B97 is almost-surely uniformly continuous. Assuming Condition (G), all the results that hold in Section 2

for W also work for B9+ if we just replace the definition of the univariate operator K* by the following:

1
K3f (1) = [f Oe-1)+ [ GE- @) 1], (31)
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Accordingly, if K3f(-) is in L?[0,1] then we say that f € H7, and all the other operators, spaces, and
integrals, such as H21, &, 6, and their extended domains, are defined based on this new K. The It6 and
Tanaka formulas will also hold, with identical proofs. We refer the reader to the many details in [7], but to
be more convincing, we go through the only calculation in the proof of the It formula where the relevant

quantities appear, as well as some details of what needs to be changed in the proof of Proposition 1.

5.2 Relevant new calculations
First we note that in notation of the proof of Lemma 1, in the case of B%97, we have
h(t) = B[(BS7 (s,1))") = g* (s)"/% 72 (£)"/*.

)P+2n

Then one must check that « (¢ has a finite norm in H. This follows in the same way as the corresponding

result for fBm because the [t6 formula in [7] proves that (B (t))"*?" is in Dom*5. We now show that the

inequality (9) holds. We only need to show that
K: (7"+P/2) e I2[0, 7],
and to evaluate the corresponding norm. We calculate, using the definition in (31),
1
K (vv7/2) @) = (vP7) (e (1— 1) + / [(7+772) (8) = (v+2/2) @)] & (s — 1) ds.

Since v is bounded, the first term is clearly in L? [0, 1]. For the second term, we operate as follows, using the
fact that -y is increasing, bounded, and the fact, which we assume as in [7] without loss of generality since

2 (r) > r, that v is decreasing:

1
L)y o= () @) ¢ (-0 ds
< ‘/: 7n+P/2 &)V ) (s—t)e' (s — t)ds - (n+p/2) ,Yn—1+p/2 (s)
= \/’Y’ (t) [ \/7’ (t) (S - t)e’ (S - t) ds - (n +p/2) 72n—1+p (8)

< (n+2/2) VT G [ ety vrar

1

0
Squaring and integrating in ¢, we then have for some constant Cy depending only on 7,
I (o)

This result is slightly less powerful than the conclusion of Lemma 1, since here we have an n in the numerator

: < (n® +p%/4) (C'A,)""'p/2 .

£3[0,1)

rather than the denominator, but we can still use this estimation to finish the proof of Proposition 1 under

Condition (10). The details are left to the reader.
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Now for Itd’s formula’s proof, with the notation above, the definition of B9Y immediately implies

E [f(") (B9 (s, t))] = /RP (@ D7 ®),9) 7™ ) dy

and therefore

B [0 B 6] = o [ 2 (01 (0),9) () (909° ) £ ) dy

/ 3—p 2(8)7 (9),3) (6*) () 6° () (¥) )7 () F™ ) dy
+ [ @70 (92) () () (8 1™ () dy
L) R i i (O 7 ©).9) £ W) dy
) O 6 O [ 3526 07 0.0 1 Gy
is( 9 () () O E [+ (897 (5,1))]
5 (@) () (12) @ B [£+2 (897 (s,)]

Other, easier calculations yield the first derivatives of thesé expected values. We then immediately see that

'—‘r—l

the only algebraic differences between the fractional case and the general case for B7'9 are that as**~! is
replaced by (1/16) (¢%)' (s), s>~ is replaced by (1/2) (6®)' (s), of course, s** is replaced by g*(s), and
similarly for v. Thus we can state the following.

Theorem 2 Let f € C®(R) such that f and all its derivatives satisfy (10). Assume vy and g satisfy
Condition (G). Let By be the centered Gaussian field defined on T' by (80), with its corresponding Skorohod
integration theory based on the operator K*(2) = K} ® K3 where the factors are defined in (31). Then
F1 (B9 1jo,51x[0,5) € Dom*(8), and f"(B2)Li0,s)(¥)110,5)(v)110,u) (1) 110,0)(v") € Dom*(6®)), and we have the

following Ité formula for the general two-parameter Gaussian field of Volterra type:
seen =10+ [ [ rioznas
! $ t -
/ / FBEY) ()’ () (22)' (v) dudu+ / / F(BEY)dM
w3 [ [ rwed @) @7 sy [ [0 o 6 6 by
b [ e @) 0 0 6 duas

where, by deﬁmtzon,
s pt
[ [ st = [ [ ([ [ @2001000 1000000 100085 el ) ) B e ')
0 Jo T T
and duW,f‘,;fi denotes the Skorohod differential of the one-parameter Gaussian process u — BJ7.

We leave the statement of the corresponding Tanaka formula to the reader, who will only need to apply

the substitutions given immediately preceding the above theorem to the statement of Proposition 2.
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