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Abstract

In this paper we consider the linear stochastic heat equation with additive
noise in dimension one. Then, using the representation of its solution X as a
stochastic convolution of the cylindrical Brownian motion with respect to an
operator-valued kernel, we derive It0’s and Tanaka’s type formulae associated
to X.
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1 Introduction

The study of stochastic partial differential equations (SPDE in short) has been seen
as a challenging topic in the past thirty years for two main reasons. On the one
hand, they can be associated to some natural models for a large amount of physical
phenomenon in random media (see for instance [4]). On the other hand, from a
more analytical point of view, they provide some rich examples of Markov processes
in infinite dimension, often associated to a nicely behaved semi-group of operators,
for which the study of smoothing and mixing properties give raise to some elegant,
and sometimes unexpected results. We refer for instance to [9], [10], [5] for a deep
and detailed account on these topics.

It is then a natural idea to try to construct a stochastic calculus with respect
to the solution to a SPDE. Indeed, it would certainly give some insight on the
properties of such a canonical object, and furthermore, it could give some hints
about the relationships between different classes of remarkable equations (this second



motivation is further detailed by L. Zambotti in [21], based on some previous results
obtained in [20]). However, strangely enough, this aspect of the theory is still poorely
developped, and our paper proposes to make one step in that direction.

Before going into details of the results we have obtained so far and of the method-
ology we have adopted, let us describe briefly the model we will consider, which is
nothing but the stochastic heat equation in dimension one. On a complete prob-
ability space (2, F,P), let {W™ n > 1} be a sequence of independent standard
Brownian motions. We denote by (F;) the filtration generated by {W";n > 1}. Let
also H be the Hilbert space L?([0,1]) of square integrable functions on [0, 1] with
Dirichlet boundary conditions, and {e,;n > 1} the trigonometric basis of H, that
is

e, (x) = V2sin(mnz), x€[0,1],n>1.

The inner product in H will be denoted by (, ).
The stochastic equation will be driven by the cylindrical Brownian motion (see
[9] for further details on this object) defined by the formal series

W,=> Wpe,,  tec[0,T],T>0.

n>1

Observe that Wy & H, but foranyy € H, > -, (y, e,)W;" is a well defined Gaussian
random variable with variance |y|%. It is also worth observing that W coincides with
the space-time white noise (see [9] and also (2.1) below).

Let now A = % be the Laplace operator on [0, 1] with Dirichlet boundary con-
ditions. Notice that A is an unbounded negative operator that can be diagonalized
in the orthonormal basis {e,;n > 1}, with Ae, = —\,e, and )\, = 72n% The
semi-group generated by A on H will be denoted by {e!®;¢ > 0}. In this context,
we will consider the following stochastic heat equation:

dXt - AXt dt + th7 t S (O,T], X(] - O (].].)

Of course, equation (1.1) has to be understood in the so-called mild sense, and in
this linear additive case, it can be solved explicitely in the form of a stochastic
convolution, which takes a particularly simple form in the present case:

t
X, :/ AW, =Y " X ey, t €[0T, (1.2)
0

n>1

where {X";n > 1} is a sequence of independent one-dimensional Ornstein-Uhlen-
beck processes:

t
X = / e ME=gwr > 1, t € [0,7).
0

With all those notations in mind, let us go back to the main motivations of this
paper: if one wishes to get, for instance, an It6’s type formula for the process X
defined above, a first natural idea would be to start from a finite-dimensional version
(of order N > 1) of the the representation given by formula (1.2), and then to take
limits as N — oo. Namely, if we set

XM =3"Xle,, t€10,7T],

n<N



and if Fiy : RN — R is a O2-function, then X is just a N-dimensional Ornstein-
Uhlenbeck process, and the usual semi-martingale representation of this approxima-
tion yields, for all ¢ € [0, T,
t t
1
Fy (Xt(N)> =Fy(0)+ ) / Oy, Fn (XM dx™ + = / Tr (Fp(X™M)) ds, (1.3)
wan 70 2 Jo
where the stochastic integral has to be interpreted in the It6 sense. However, when
one tries to take limits in (1.3) as N — oo, it seems that a first requirement on
F =limy_ o Fy is that Tr(F"”) is a bounded function. This is certainly not the case

in infinite dimension, since the typical functional to which we would like to apply
Ito’s formula is of the type F' : H — R defined by

Fo) = /0 o(U(z))é(z) dz, with o€ CX(R), ¢ € L2([0,1]),

and it is easily seen in this case that, for non degenerate coefficients o and ¢, F
is a C?(H)-functional, but F” is not trace class. One could imagine another way
to make all the terms in (1.3) convergent, but it is also worth mentioning at this
point that, even if our process X is the limit of a semi-martingale sequence X,
it is not a semi-martingale itself. Besides, the mapping ¢t € [0,7] — X; € H is only
Holder-continuous of order (1/4)~ (see Lemma 2.1 below). This fact also explains
why the classical semi-martingale approach fails in the current situation.

In order to get an Ito’s formula for the process X, we have then decided to use
another natural approach: the representation (1.2) of the solution to (1.1) shows that
X is a centered Gaussian process, given by the convolution of W by the operator-
valued kernel e*~®2.  Furthermore, this kernel is divergent on the diagonal: in
order to define the stochastic integral fot et=)2dW,, one has to get some bounds
on |lef?]|2, (see Theorem 5.2 in [9]), which diverges as t~1/2. We will see that the
important quantity to control for us is ||Ae'®||,p, which diverges as t~1. In any case,
in one dimension, the stochastic calculus with respect to Gaussian processes defined
by an integral of the form

t
/K(t,s)st, t>0,
0

where B is a standard Brownian motion and K is a kernel with a certain divergence
on the diagonal, has seen some spectacular advances during the last ten years, mainly
motivated by the example of fractional Brownian motion. For this latter process,
It6’s formula (see [2]), as well as Tanaka’s one (see [7]) and the representation of
Bessel type processes (see [11], [12]) are now fairly well understood. Our idea is then
to adapt this methodology to the infinite dimensional case.

Of course, this leads to some technical and methodological problems, inherent
to this infinite dimensional setting. But our aim in this paper is to show that this
generalization is possible. Moreover, the Ito type formula which we obtain has a
simple form: if F'is a smooth function defined on H, we get that

F(x) = FO)+ [ (PX.0X) + / T PU(X))ds, € 0.T], (14)
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where the term f(f (F'(X,),0Xs) is a Skorokhod type integral that will be properly
defined at Section 2. Notice also that the last term in (1.4) is the one that one could
expect, since it corresponds to the Kolmogorov equation associated to (1.1) (see, for
instance, [9] p. 257). Let us also mention that we wished to explain our approach
by taking the simple example of the linear stochastic equation in dimension 1. But
we believe that our method can be applied to some more general situations, and
here is a list of possible extensions of our formulae:

1. The case of a general analytical operator A generating a Cy-semigroup S(t)
on a certain Hilbert space H. This would certainly require the use of the
generalized Skorokhod integral introduced in [6].

2. The multiparametric setting (see [19] or [8] for a general presentation) of
SPDESs, which can be related to the formulae obtained for the fractional Brow-
nian sheet (see [18]).

3. The case of non-linear equations, that would amount to get some Ito’s repre-
sentations for processes defined informally by Y = [ u(s,y)X (ds, dy), where
u is a process satisfying some regularity conditions, and X is still the solution
to equation (1.1).

We plan to report on these possible generalizations of our Ito’s fomula in some
subsequent papers.

Eventually, we would like to observe that a similar result to (1.4) has been
obtained in [21], using another natural approach, namely the regularization of the
kernel e’ by an additional term €2, and then passing to the limit when ¢ — 0.
This method, that may be related to the one developped in [1] for the fractional
Brownian case, leads however to some slightly different formulae, and we hope that
our form of 1td’s type formula (1.4) will give another point of view on this problem.

The paper will be organized as follows: in the next section, we will give some
basic results about the Malliavin calculus with respect to the process X solution to
(1.1). We will then prove the announced formula (1.4). At Section 3, we will state
and prove the Tanaka type formula, for which we will use the space-time white noise
setting for equation (1.1).

2 An Ito’s type formula related to X

In this section, we will first recall some basic facts about Malliavin’s calculus that
we will use throughout the paper, and then establish our Ito’s type formula.

2.1 Malliavin calculus notations and facts

Let us recall first that the process X solution to (1.1) is only (1/4)” Hoélder con-
tinuous, which motivates the use of Malliavin calculus tools in order to get an [to’s
type formula. This result is fairly standard, but we include it here for sake of
completeness, since it is easily proven in our particular case.



Lemma 2.1 We have, for some constants 0 < ¢; < cq, and for all s,t € [0,T]:
alt — |2 <E[|X, — Xof3] < eoft — 5|2

Proof. A direct computation yields (recall that A, = 72n?):

[|Xt X |H Z/ e 2n2(t—u) —7r n?(s— u) du‘l’Z/ —272n?

n>1 n>1
1 _ 677r2n2( —s) 1 — 67271' n? s 7271’ n?(t—s)
-3 e
n>1 27T n n>1 27T n
) (1 —e T 222 (t— s)) 1 _ 6—271'21’2(15—8) 12
< /0 52,3 dx + i 52,2 dr = cst (t —s)"/7,

which gives the desired upper bound. The lower bound is obtained along the same
lines.

0

2.1.1 Malliavin calculus with respect to W

We will now recall some basic facts about the Malliavin calculus with respect to
the cylindrical noise W. In fact, if we set Hy := L*([0,T]; H), with inner product
()Hy, then W can be seen as a Gaussian family {W(h); h € Hy }, where

W(h) = / (h(t),dW,),, = Z/ AW
0 n>1
with covariance function
E [W(hl)W(hQ)] - <h1, h2>'Hw . (21)

Then, as usual in the Malliavin calculus setting, the smooth functionals of W will
be of the form

F:f<W(h1>77W(hd))7 d217 hlyahdeHW7f€O§O(Rd)7

and for this kind of functional, the Malliavin derivative is defined as an element of
Hw given by

DXVF: Zaif (W (h1), ..., W(ha)) hi(?).

It can be seen that DV is a closable operator on L?(Q), and for k > 1, we will call
D2 the closure of the set S of smooth functionals with respect to the norm

k
|Fllke = IFllz2 + > B [[ID™ Pl
j=1

If V is a separable Hilbert space, this construction can be generalized to a V-valued
functional, leading to the definition of the spaces D¥2(V) (see also [13] for a more
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detailed account on this topic). Throughout this paper we will mainly apply these
general considerations to V' = H,,. A chain rule for the derivative operator is also
available: if F' = {F™;m > 1} € D"?(Hy) and ¢ € C}(Hy), then p(F) € D'? and

DY (9(F)) = (Ve(F), DI'F),, = 3" DV F"0,0(F). (2:2)

m>1

The adjoint operator of D" is called the divergence operator, usually denoted by
6", and defined by the duality relationship

E[F&"(w)] =B [(DVF, u), |, (2.3)

for a random variable u € Hy. The domain of 6" is denoted by Dom(6"), and we
have that D*?(Hy) C Dom(6").

We will also need to consider the multiple integrals with respect to W, which
can be defined in the following way: set Ior = 1, and if h € Hy, I1 (k) = W(h).
Next, if m > 2 and hy, ..., hy, € Hy, we can define I,,, 7(®7L, h;) recursively by

Lnr(®7L1hy) = Lip(u™Y), where w1V (t) = [Ln—1,4(R75h;)] ham, t < T
(2.4)
Let us observe at this point that the set of multiple integrals, that is

M = {Im,T(®;n:1h]), m 2 O,hl, RN ,hm € HW} s

is dense in L*(Q) (see, for instance, Theorem 1.1.2 in [15]). We stress that we use a
different normalization for the multiple integrals of order m, which is harmless for
our purposes. Eventually, an easy application of the basic rules of Malliavin calculus
yields that, for a given m > 1:

DY L, 7(h®™) = L, 1 7(h¥™ 1)h. (2.5)

2.1.2 Malliavin calculus with respect to X

We will now give a brief account on the construction of the Malliavin calculus with
respect to the process X: let C(t,s) be the covariance operator associated to X,
defined, for any y,z € H by

E(X,y)y (Xs,2) | =(C(t,s)y,z2)y, t,s > 0.
Notice that, in our case, C(t,s) is a diagonal operator when expressed in the or-
thonormal basis {e,;n > 1}, whose n'" diagonal element is given by

e~ (Vs) sinh(\, (t A 5))
2\,

[C<t7 S)]nﬂq, = 9 t7 S > 0

Now, the reproducing kernel Hilbert space Hy associated to X is defined as the
closure of
Span {1jqy; t € [0,T],y € H},

with respect to the inner product
(Logy, 1[0,S]Z>HX = (C(t,s)y,z)y -
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The Wiener integral of an element h € Hy is now easily defined: X (h) is a centered
Gaussian random variable, and if hy, hy € Hy,

E[X(h) X(ha)] = (b1, ha)yy, -

In particular the previous equality provide a natural isometry between Hy and the
first chaos associated to X. Once these Wiener integrals are defined, one can proceed
like in the case of the cylindrical Brownian motion, and construct a derivation
operator D*, some Sobolev spaces Df{Z(HW), and a divergence operator 6*.
Following the ideas contained in [2]|, we will now relate 6* with a Skorokhod
integral with respect to the Wiener process W. To this purpose, recall that Hy =
L?([0,T); H), and let us introduce the linear operators G : Hy — Hy, defined by

¢
Gh(t) = / IR (u)du, h € Hy, t € [0,T] (2.6)
0
and G* : Dom(G*) — H,y defined by

G*h(t) = e D2 (t) + / ' AR h(u) — h(t)]du, h € Dom(G¥), t € [0,T]. (2.7)

t

Observe that .
|Ae™®|op < supae ™ = — forall t € (0, 7]
a>0 et

and thus, it is easily seen from (2.7) that, for any € > 0, C*([0,7]; H) C Dom(G*),
where C*([0,T]; H) stands for the set of e-Holder continuous functions from [0, 7]
to H. At a heuristic level, notice also that, formally, we have X = GW, and thus,
if h:[0,T] — H is regular enough,

55(h) = /0 (h(t), 6X,) = /0 (h(t), GW(dt)), (2.8)

Of course, the expression (2.8) is ill-defined, and in order to make it rigorous, we
will need the following duality property:

Lemma 2.2 For everye >0, h,k € C°([0,T); H) and t € [0,T], we have:

/O<G*h(s),k:(s)>Hds:/0 (h(s),Gk(ds)) - (2.9)

Proof. Without loss of generality, we can assume that h is given by h(s) = 1j9 ;(s)y
with 7 € [0,¢] and y € H. Indeed, to obtain the general case, it suffices to use the
linearity in (2.9) and the fact that the set of step functions is dense in C¢([0,7T]; H).
Then we can write, on one hand:

[ )Gt = [ (ol Gras),
= (v [[@ha) = Ghn = [ ek



On the other hand, we have, by (2.7):
t
| (@ns) s s
e T
= / <e(TS)Ah(s) + / Ae""92[h(0) — h(s)]do, k(s)> ds
0 s

H
T T

—/ <e(T_S)Ay—/ A"y do, k(5)> ds
0 T H

_ / (e93y k(s)), ds = / (y, eIk (s)) ds,
0 0

where we have used the integration by parts and the fact that, if h(t) = ey, then
h'(t) = Aet?y for any t > 0. The claim follows now easily.
0

Lemma 2.2 suggests, replacing k by W in (2.9), that the natural meaning for the
quantities involved in (2.8) is, for h € C*([0,T]; H),

55(h) = /O LG, amy

This transformation holds true for deterministic integrands like h, and we will now
see how to extend it to a large class of random processes, thanks to Skorokhod
integration.

Notice that G* is an isometry between Hy and a closed subset of Hy, (see also
2] p.772), which means that

Hy = (G*)H(Hw).

We also have Dy*(Hy) = (G*)"1(D“*(Hy)), which gives a nice characterization of
this Sobolev space. However, it will be more convenient to check the smoothness
conditions of a process u with respect to X in the following subset of Dy*(Hy): let
D?(Hx) be the set of H-valued stochastic processes u = {uy, t € [0,T]} verifying

T
E/ |G w7 dt < o0 (2.10)
0
and
T T T T
E/ dT/ dt | DY G2, :E/ dT/ dt |G DY |2, < oo, (2.11)
0 0 0 0

where || Ao, = supyy,,—1|Ay|n. Then, for u € Dy?(Hy), we can define the Sko-
rokhod integral of u with respect to X by:

/OT (ug, 0X,) = /OT (Grug, 6W,) (212)

and it is easily checked that expression (2.12) makes sense. This will be the meaning
we will give to a stochastic integral with respect to X. Let us insist again on the
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fact that this is a natural definition: if g(s) = Z?Zl 1jt,4,,1)(8)y; is a step function
with values in H, we have:

/0 (9(s),0X,) = Z <yj7th+1 - th>H‘

Indeed, if y € H and t € [0,7], an obvious computation gives G*(1jqy)(s) =
Ljo4(s)e=2y, and hence we can write:

T t
/0 (L0 ()y, 6X,) = / (=9%y div,), = / (y, eI = (y, X))y

2.2 1Itd’s type formula
We are now in a position to state precisely and prove the main result of this section.

Theorem 2.3 Let FF : H — R be a C* function with bounded first, second and
third derivatives. Then F'(X) € Dom(6%) and:

F(X;) = F(0) + /Ot (F'(Xs),0Xs) + % /Ot Tr(e*2F"(X,))ds, t € [0,T]. (2.13)

Remark 2.4 By a standard approximation argument, we could relax the assump-
tions on F', and consider a general Cf function F': H — R.

Remark 2.5 As it was already said in the introduction, if Tr(£”(x)) is uniformly
bounded in x € H, one can take limits in equation (1.3) as N — oo to obtain:

F(Xy) = F(0)+ /Ot (F'(Xs),dXs)y + %/Ot Tr(F"(X))ds, t € [0,T]. (2.14)

Here, the stochastic integral is naturally defined by

t
/0 (F'(X,),dX,), = —1313;02/ O F(X,)dXT.

In this case, the stochastic integrals in formulae (2.13) and (2.14) are obviously
related by a simple algebraic equality. However, our formula (2.13) remains valid
for any C? function F, without any hypothesis on the trace of F”.

Proof of Theorem 2.3. For simplicity, assume that F'(0) = 0. We will split the
proof into several steps.

Step 1: strategy of the proof. Recall (see Section2.1.1) that the set M is a total
subset of L?(2) and M itself is generated by the random variables of the form
SW(R®™), m € N, with h € Hy. Then, in order to obtain (2.13), it is sufficient to
show:

E[Y, F(X,)] =E [Ym /Ot (F’(XS),5XS>]+%E [Ym /tTr(eZSAF"(XS))ds ., (2.15)

0



where Yy = 1 and, for m > 1, Y,, = ¢"(h®™) with h € Hy,. This will be done in
Steps 2 and 3. The proof of the fact that F'(X) € Dy*(Hy) is postponed at Step 4.

Step 2: the case m = 0. Set ¢(t,y) = E[F(e'®y + X;)], with y € H. Then, the
Kolmogorov equation given e.g. in [9] p. 257, states that

O = 5 Tr(Bly0) + (Ay, Byp) (216)
Furthermore, in our case, we have:
Oyl y) = *2E[F"("y + Xy,
and since " is bounded:

| Tr (82, ¢(t,y) |<cstZe 2’\"t< forallt>()

n>1
which means in particular that fot Tr (af,ygo(s, y)) ds is a convergent integral. Then,
applying (2.16) with y = 0, we obtain:

¢
BIP(X)] = (t.0) = | 0up(s,0)ds
10 t 1 t
= 5/ Tr(85,¢(s,0))ds = 5/ E[Tr(e*2F"(X,))]ds, (2.17)
0 0
and thus, (2.15) is verified for m = 0.

Step 3: the general case. For the sake of readability, we will prove (2.15) only for
m = 2, the general case m > 1 being similar, except for some cumbersome notations.
Let us recall first that, according to (2.4), we can write, for ¢ > 0:

Yy = 6% (hS?) = /OT (g, W), = 0%(u)  with = (/Ot (h(s),5Ws>H) ht).

(2.18)
On the other hand, thanks to (1.2) and (2.2), it is readily seen that:

DYF(X,) =) e 79, F(X,)1p(s1) en (2.19)

n>1

and

DY(DYF(Xy)) = Y et 2092 P(X))1(s1)10.4(52) € ® €y, (2.20)

n,r>1

where 02F(y) is interpreted as a quadratic form, for any y € H. Now, set

(GE2h) (1) = % ( /0 t h”(sl)e_A”(t_sl)dsl> ( /0 t hr<52>e—kr<t—82>ds2) @1

10



Putting together (2.18) and (2.19), we get:
EIVF (0] = B F 0] = [ o B (s DYF(X0)
= [ s B 6 Gaagih(on). DYF(XO),.)

= / Ay E[5™ (10,0 )" (5) DY F(X,)]

n>1

—Z/ ds1E [/ ds3 (Ljo.6,)(s2)h(s2), W™ (s1) D3 (D:{WF(Xt)»H ’

n>1

where we have written D7,V F'(X;) for the n" component in H of D} F'(X;). Thus,
invoking (2.20) and (2.21), we obtain

Z / dSl/ dSQ hT 82 hn 81) —An(t—s1) —)\rt $2) [82 ( )]
0

n,r>1 (222>
_Z (G22h)(t)E[02, F(X,)].

n,r>1

Let us differentiate now this expression with respect to ¢: setting i,,.(s,y) =
E[02 F(e**y + X;)], we have

EY2F(X:)] = Ay + As,

where

=) / N(GE2h)(ds) and Ay := ) / (G52h)(5)0stnr (s, 0)ds

n,r>1 n,r>1

Let us show now that
T ~
Al = E |:Yé/ <F,<XS)1[0¢](S),5XS>:| = Al.
0

Indeed, assume for the moment that F'(X) € Dom(d). Then, the integration by
parts (2.3) yields, starting from A;:

~

A = E{Y2 /0 T(G*F'(Xs)yo,t](s),5WS>H]
= [ [0 6 s

11



and according to (2.5), we get
A, = E[éw(h) /0 T(h(s),G*F’(Xs)1[07t}(s)>Hds}
= [ (Gh(as). B 0P X
- > [[Gwrse [ [ 462, DE 0, ]

n>1

= > / X.,)|Gh™(dsy) / W' (s2)e (172 ds,
0

n,r>1

Now, symmetrizing this expression in n,r we get

Z / [Gh”(dsl) / BT (s2)e M (172)ds,
0

nr>1

+Ghr(dsl)/ h”(sz)e_A"(Sl_SQ)dsz ,
0

and a simple use of (2.21) yields
A=Y [ B FOGIGE ) = A 223
0

Set now

t
A, =E [Yg / Tr(eQSAF”(XS))dsl :
0

and let us show that 24, = A,. Indeed, using the same reasoning which was used
to obtain (2.22), we can write:

Ay = Tr ( /0 te2SAE[Y2F”(XS)]ds)
_ ( / 28§ (GE20)(5)B[02, F(X )]) _24,, (2.24)

n,r>1

by applying relation (2.17) to 92, F. Thus, putting together (2.24) and (2.23), our
Ito type formula is proved, except for one point whose proof has been omitted up
to now, namely the fact that F’'(X) € Dom(d%).

Step 4: To end the proof, it suffices to show that F'(X) € ]13%1{2(HX). To this purpose,
we first verify (2.10), and we start by observing that

T T
E / |G F'(X,)|%ds gcst< / E [l 2 F (X,)|3] ds
0 0

v ' [( / A9 () - F’<X3>>1Hdt) ] ds-)

12



Clearly, the hypothesis “F” is bounded” means, in our context, that:

sup | F'(y ]H—supz (0. F(y

yeH yeH n>1

Then, we easily get

/ [le(T SAF/< ’H ds—/ ZeiZA"T s) [(8 F( ))2] ds < oo.

n>1

On the other hand, we also have that

[ACIMF (X)) = FI(XO) = D Ae 00,7 (X,) — 0, F(X,))?

n>1
< Sglg{aQB‘Q"‘(t‘s)}|F’(Xt) — F'(X)|%
< est(t— )72 | Xy — X3 sup |[F7(y)[12,
yeH

Thus, we can write:

E /0 ' [( / ) A (F(X,) — F’<X5>>|Hdt> 2] ds < cst /O ' fr(s)ds

with fr given by

fr(s):=E { (/ST(t —5) X - Xs!Hdt)Q} : (2.25)

Fix now € > 0 and consider the positive measure v,(dt) = (t — s)~'/2725d¢t. Invoking
Lemma 2.1, we get that

fr(s) = E { </8T(t — ) VHEX, — Xl Vs(dt))g}

T
< estg([s, TY)) / (t — s)_1+4€E(|Xt — XS]%,)I/S(dt)

’ T
< est (T — 3)1/2_25/ (t — s)_1+25dt = cst (T — 8)1/2.

Hence, fr is bounded on [0,7] and (2.10) is verified.

We verify now (2.11). Notice first that F'(X;) € H, and thus DVF'(X;) can be
interpreted as an operator valued random variable. Furthermore, thanks to (1.2),
we can compute, for 7 € [0, T):

DYF'(X;) =Y DY[0.F(Xy)len = > e ™02 F(X)1p(7) e, @ e,.

n>1 n,r>1

13



Hence || D} F'(X,)[[3, < [|F"(X,)[I3, and

T T 2
E/ dr (/ ds\|e<T-S>ADZVF’(XS)||Op)
0 0
T T 2
< [ar ([ dsleT S DY X)) < 0. 220

according to the fact that ||e?=*4||,, < 1. On the other hand, since X; is F;-
adapted, we get

T T T 2
B[ ar [as ([T atiac S0 ) - DY X)) =81+ B
0 0 s
(2.27)
with

T T T 2
mo= w5 [ar [Cas( [ anacp e,
0 0 T
T T T 2
B, == E / dr / ds ( / dtHAe@s>A<D¥VF’<Xt>—DZVF’(XS»HOP) -
0 T s

Moreover, for y € H such that |y|g = 1 and ¢ > 7, we have:

DD P (X, )yl = DXL e (Z e DR )

n>1 r>1

<Sup{a e —2a(t— S}Z =2\ (t— 7') ZYT <

(t—s)?
az0 n,r>1 r>1

and thus
||Ae(t_s)ADXVF'(Xt)||Op < cst(t —s)7,

from which we deduce easily

T T T 2
:E/ dT/ ds </ dtHAe(tS)ADf"F’(Xt)HOp) < 00. (2.28)
0 0 T

We also have, for y € H such that |y|gp =1 and t > s > 7:

|Ae(t—S)A(DZVF’(Xt) — DY F'(X,))yli

2
_ Z A2 g 2An(t=s) [Z (e—)\r(t—T)a’ZrF(Xt> _ e—Ar(s—T)awa(Xs)) yr]

n>1 r>1

<sup{a?e 0} 37 (MR (X, - e 2 F(XL))

a0 n,r>1

14



But, F” and F"" being bounded, we can write:

Z (e—AT(t—T)aELTF(Xt) . e—Ar(s—T)airF(Xs))Q

n,r>1
<cst Z —Ar(t=7) _ AT(H))Q((‘372W1«"()(t))2
n,r>1
+ cst Z 82 ( ))2 6—2)\7‘(8—7)
n,r>1

<cst sup (efoz(tfﬂ') . efa(sf‘r))2 HF//(Xt) 2

Sup o

<cst {(t —s)> + | X, — X4},

+ cst[|F"(Xy) — F"(X,)llop

and consequently,
|A® (DY F'(Xy) = DY F'(X))[lop < est(t — )7 [X; = Xi|u

and
T T T 2
B,—E / dr / ds < / dt||Ae(t_s)A(DZVF’(Xt)—DXVF'(XS))Hop)
0 T s

< cst /T dr /T dsfr(s) (2.29)
0 T

with fr given by (2.25). By boundedness of fr, and putting together (2.26), (2.27),
(2.28) and (2.29), we obtain that (2.11) holds true, which ends the proof of our
theorem.

0

3 A Tanaka’s type formula related to X

In this section, we will make a step towards a definition of the local time associated to
the stochastic heat equation: we will establish a Tanaka’s type formula related to X,
for which we will need a little more notation. Let us denote C,(]0, 1]) the set of real
functions defined on |0, 1], with compact support. Let {Gy(z,y);t > 0,2,y € [0,1]}
be the Dirichlet heat kernel on [0, 1], that is the fundamental solution to the equation

Oh(t,z) = 92, h(t,x), t€[0,T),z€][0,1], h(t,0) = h(t,1) =0, te[0,T].

Notice that, following the notations of Section 1, G¢(z,y) can be decomposed as

Ze nt e, (y). (3.1)

n>1

Now, we can state:

15



Theorem 3.1 Let ¢ € C.(]0,1[) and F, : H — R given by F,({) = fol [0(z)|p(x)dz
Then:

R0 = [ (RL0.0X0) + 17, (32

where [F;(f)](g) = fol sgn(0(z))e(x)l(x)dz and LY is the random variable given by

/ / 5o(X,(2)) Gos(2, ) p(z)dz ds, (3.3)

where 0y stands for the Dirac measure at 0, and §o(Xs(x)) has to be understood as
a distribution on the Wiener space associated to W.

3.1 An approximation result

In order to perform the computations leading to Tanaka’s formula (3.2), it will be
convenient to change a little our point of view on equation (1.1), which will be done
in the next subsection.

3.1.1 The Walsh setting

We have already mentioned that the Brownian sheet W could be interpreted as
the space-time white noise on [0, 7] x [0, 1], which means that W can be seen as a
Gaussian family {W(h);h € Hy}, with

T M
= / / h(t,z)W (dt,dx), h € Hy
o Jo

[W hl hg / / hl t, .2? h2 t, 37) dtd.lf hl,hg € HW,

and

and where we recall that Hy, = L2([0, T] x [0, 1]). Associated to this Gaussian family,
we can construct again a derlvatlve operator, a divergence operator, some Sobolev
spaces, that we will simply denote respectively by D, §,D%2. These objects coincide
in fact with the ones introduced at Section2.1.1. Notice for instance that, for a
given m > 1, and for a functional F' € D™2, D™F will be considered as a random
function on ([0,77] x [0,1])™, denoted by Dz y . F. We will also deal with
the multiple integrals with respect to W, that can be defined as follows: for m > 1
and f,, : ([0,7] x [0,1])™ — R such that f,,(t1,x1,...,tm, Ts) is symmetric with
respect to (ty,...,t,), we set

Im(fm):m!/ / F(tr st 2 )W (dbs day) - W (dtyn, di).
0<t1<...<tm<T J[0,1]™

Eventually, we will use the negative Sobolev space D=2 in the sense of Watanabe,
which can be defined as the dual space of D"? in L?(2). We refer to [15] or [14] for
a detailed account on the Malliavin calculus with respect to W. Notice in particular
that the filtration (]—})te[O,T] considered here is generated by the random variables
{W(1ps x 14); s < t, A Borel set in [0,1]}, which is useful for a correct definition

16



of I,(fm). Then, the isometry relationship between multiple integrals can be read

as:
0 ifm#p

. , mpeN
m!(fm,gm>H%%m if m=p,

E [Im<fm)jp(9p)] = {

where HZ™ has to be interpreted as L*(([0,T] x [0, 1])™).
In this context, the stochastic convolution X can also be written according to
Walsh’s point of view (see [19]): set

Gt,x(sa y) = Gt—s(fﬁa y)l[o,t](5)7 (3-4)

then, for t € [0,7] and x € [0, 1], X(x) is given by
T 1
Xo) = [ [ Guals)Wids.dy) = 1 (G, (35
o Jo

3.1.2 A regularization procedure

For simplicity, we will only prove (3.2) for ¢t = 7. Now, we will get formula (3.2) by
a natural method: we will first regularize the absolute value function |- | in order
to apply the It6 formula (2.13), and then we pass to the limit as the regularization
step tends to 0. To complete this program, we will use the following classical bounds
(see for instance [3], p. 268) on the Dirichlet heat kernel: for all n > 0, their exist
two constants 0 < ¢; < ¢ such that, for all x,y € [n,1 — 7], we have:

et ™V < Gy(z,y) < etV (3.6)

from which we deduce that uniformly in (¢,2) € [0,7] x [,1 — 7],

t 1-n
ot'? < / / Go(z,y)2dsdy < cat'/?. (3.7)
0 Jn

Fix ¢ € C.(]0,1]) and assume that ¢ has support in [n,1 — n]. For ¢ > 0, let
F. : H — R be defined by

1
F.(0) = / o.(l(x))p(x)dr, with o.: R — R given by 0. = | - | * p,,
0

For t € [0, 7], let us also define the random variable

7 = T (P2 FY(X,)) = /0 G, 2) ()0 (X () . (3.9)

We prove here the following convergence result:

Lemma 3.2 If Z¢ is defined by (3.8), fOT Zedt converges in L?, as € — 0, towards
the random variable LY. defined by (3.3).

17



Proof. Following the idea of [7], we will show this convergence result by means of

the Wiener chaos decomposition of fOT Z7dt, which will be computed firstly.
Stroock’s formula ([17]) states that any random variable F' € N> D"? can be

expanded as

1 m
F = mem(E[D F)).
m=0
In our case, a straightforward computation yields, for any t € [0, 7] and m > 0,
E';Ll»yl) ~~~~~ (s’mmym)Z;:
1
B / G2, )P (@)GE (51, 31), -, (500, )0 (X ()
0
Moreover, since o = p., we have

E [0 (X,(2))] = m! (e + v(t, 2)) ™™ peyu(im (0) Hm (0),

where v(t,z) denotes the variance of the centered Gaussian random variable X;(z)
and H,, is the m" Hermite polynomial:

Hy(z) = (~1)™es d‘f:; (e—é) ,

verifying H,,(0) = 0 if m is odd and H,,(0) = —2,7(5212:172)!

Wiener chaos decomposition of fOT Z;dt is given by

T
| za
0

= Z/o dt/o dr Goy(w, 2)p(x) (2 + v(t, )™ Peru(tay (0) Hin (0) L (GT2)

m>0

if m is even. Thus, the

s /OT it /0 i G (6, 2) T (G, (3.9)

m>0
with
ﬂm,s(t: m) = th(l’, x)gp(x) (5 + U(ta x))_m/Q ps—i-v(t,ﬂ?)(O)Hm(O% m > 1.

We will now establish the L?-convergence of fOT Zgdt, using (3.9). For this purpose
let us notice that each term

T 1
0 0

converges in L?(Q), as € — 0, towards

T 1
/ dt / 0 Gy, 2) ()0 (t, 7)™y (0) Hin (0) T (GE).
0 0
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Thus, setting

_E{(/ dt/ dx B (1, )1 (G®’”)> }

the L2-convergence of fOT Z;dt will be proven once we show that

lim sup Y o =0, (3.10)
and hence once we control the quantity o, . uniformly in e. We can write

Oém,e = / dtldtz/ , dl‘ldl’g 6m,5(t17 J?l)ﬁmﬁ(t% IQ)E{] (G%@J (Ggrg2)}
[0,T7] [0,1]

Moreover

Ggm

ti,x1? Tt2,w2 / 12(]0,T]%x[0,1])™

= m! </ th—s(mla y)l[O,tﬂ(S)Gtz—s(IQ? y)l[O,tz}(S)dey)
[0,77x[0,1]

=:m! (R(t1, x1, 12, 22))™"

E{L,(GZ" VL. (GEm )} = ml (GE™

t1,21 t2,r2

Using (3.6), we can give a rough upper bound on (3, (¢, x):

1 cst < cst ()|

m,e\Yy _Gt ) +1 M = m 1 m+1 °
et )] < |G PO 52y < S oy )P

Then, thanks to the fact that ¢ = 0 outside [n,1 — 7], we get

R(t t m
Qe < Cm/ dt dtodz des 1/|2 1(/21,$1, 2, T2)|" [p(x1)] [p(22)] :
(10,7]x[n,1-n))? £t 20 (ty, 2y D2y (ty, 2y ) (MHD)/2

with
cstm! cst

< )
2 ((m/2) P~ Vm
by Stirling formula. Assume, for instance, ¢; < t5. Invoking the decomposition (3.1)
of Gy(x,y) and the fact that {e,;n > 1} is an orthogonal family, we obtain

Cm =

t1 1
R(tlaxlyt%xQ) :/ dS/ dyGt1—8<x1ay)Gt2—s(x27y>

[ o (S i) (S i)

n>1 1
2

= Z e, (z1)e,(22) / ds e~ nlti=s)+{t2=s)] — Z )\—en(x1)en(x2)e_“‘t2 sinh(A,t1),
n>1 0 n>1 n

and using the same kind of arguments, we can write, for k =1, 2:

2
v(tg, Tp) = Z )\—en(:1:;9)26_)‘"75’c sinh(\,t).

n>1 """
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Now Cauchy-Schwarz’s inequality gives

R(tla X, t27 x?)

1/2 12
2 : 2 e
< {Z )\_en@l)%dm Slnh()‘nt1>} {Z )\—nen(xz)Qe Antz smh()\ntl)}
n>1

n

1/2
2 .
< {Z )\_en<x1)267)\nt2 Slnh()\nt1> } U(tz, ;1:2)1/2.
n>1

n

Introduce the expression
2 _ ) f
Aty to,my) := Z )\—en(xl)Qe Ant2 sinh(A,t1) = / Giy1ty—2s(T1, 71)ds.
n>1 " 0

We have obtained that R(t1, x1, o, 29) < A(ty, ta, 11)?0(ty, 2)"/2. Notice that (3.7)
yields ¢t/ < wv(t,x) < cot?/? uniformly in = € [, 1 — n]. Thus, we obtain

t to, 1) 2 A(ty, t, 21)™/
O e < il / dt dtadzdxs ( 3}3?32 ( 1y 2"%1) |‘:0($1)| |<,0(:E2)|
\/_ ([0,7)x[n,1—n))* 1ty v (ty, ) (D 20ty ) (MH1)/2

and hence

cst tm/ 4

Oy, S — dt1dt2d$1dl‘2
€ \/ﬁ (0.7 X[ 1—n])? t}/ztl/Q §m+1)/2t§m+1)/2

t1 m/2
</ Gt1+t2—2s<x17xl>d8) .
0

Hence, according to (3.6), we get

o, < S Tt_(m+3)/4dt1 /T £ [ty + 1)Y2 = (b — 1) 2] " dity
e \/m 0 ! t1 2

t - t t (T T dt t
cs t )[4 gy / 2523/4 1 dt2 < o 1 3)/4dt1/ ( 2 _ o8
t1 t1 t

\/_ \/— 2m+3)/4 = m3/2°

Consequently, the series Emzo Qe converges uniformly in € > 0, which gives im-
mediately (3.10).
Thus, we obtain that fOT Zedt — Z in L*(Q), as € — 0, where

Z = Z/ dt/ dx Gor(x, x)p(z )v(t,x)_mﬂpv(m)(O)Hm(O)Im(Gf?;I).

m>0

To finish the proof we need to identify Z with (3.3). First, let us give the precise
meaning of (3.3). Using (3.5), we can write

o 1 T 1
Le=2 /O /0 5o(W (Gi))Gos () () davdlt,
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where we recall that dp stands for the Dirac measure at 0, and we will show that
L?. € D2 (this latter space has been defined at Section 3.1.1). Indeed, (see also
[16], p. 259), for any random variable U € D2, with obvious notation for the
Sobolev norm of U, we have

|U]]1,2 1U]|1,2
— < cst 1
|Gt,$|7'{w 13 /

|E (Udo(W(Gta)))| <

using (3.4) and (3.7). This yields

o T U e
BOLp <ot [ [ S Gu(. o) [p(w)ldudt < o
n

according to (3.6). Similarly, fOT Zgdt € D712 since

/OT Zydt = /OT /01O—;,(W<Gt,l‘))G2t($,x)%@(iﬂ)diﬁdt

and the same reasoning applies. Moreover 3 fOT Zidt — L in D' as ¢ — 0.
Indeed, for any random variable U € D2,

B {U (% /OT Zedt — L;a)} _ %/OT /01 dedtG(x, 2)p(x)

x B {U [O-;/<W<Gt,z)) - §O<W(Gt,x>)]}
and, as in [16],

E {U [U;/(W<Gt,m)) - (5O<W(Gt,x>>]}

1 Wi 1
_k { G PV (Gu) — s (G Gt,mw}

1

B |Gt,x|$-[w

By Cauchy-Schwarz inequality, the right hand side is bounded by

E {(0; - sgn)(W(GtvI))5W(UGt7z)} )

1

Gial {E (0l — Sglfl)(W(Gt,x))IQ}5 {E UW/(Gha) — (Gra DWU>HW‘2}§
| Hyw

and the conclusion follows using again (3.6) and (3.7), and also the fact that o/ —
sgn, as € — 0.
Finally, it is clear that L% = %Z. The proof of Lemma 3.2 is now complete.

OJ

3.2 Proof of Theorem 3.1

In order to prove relation (3.2) (only for t = T' for simplicity), let us take up our
regularization procedure: for any £ > 0, we have, according to (2.13), that

FL(Xr) = /0 T(F;(Xt),éXt>+% /0 "zt (3.11)

21



We have seen that %fOT Zgdt — L7 as e — 0, in L*(Q). Since it is obvious that
F.(Xr) converges in L*(Q) to F,(Xr), a simple use of formula (3.11) shows that

f0T<FE’(Xt), dX;) converges. In order to obtain (3.2), it remains to prove that
T

im [ (F/(X,),6X,) = / CFL(X0),6X). (3.12)

e—0 0

But, from standard Malliavin calculus results (see, for instance, Lemma 1, p. 304
in [7]), in order to prove (3.12), it is sufficient to show that

G*'VE — G*V ase — 0, in L*([0,T] x Q; H), (3.13)

with
VE(t) = FUX,) = ol(Xy)p € H and V(1) = sgn(X;)p € H.

We will now prove (3.13) through several steps, adapting in our context the approach
used in [7].

Step 1. To begin with, let us first establish the following result:
Lemma 3.3 For s,t € (0,T), x € [n,1 —n] and a € R,

P (X, (x) > a, X,(z) < a) < cst (t — 5)/ 45712, (3.14)
where the constant depends only on T',a and 7.

Proof. The proof is similar to the one given for Lemma 4, p. 309 in [7]. Indeed, the
first part of that proof can be invoked in our case since (X;(z), Xs(z)) is a centered
Gaussian vector (with covariance w(s,t,x)). Hence we can write

1 V2 t,
P (X,(2) > a, X,(z) < a) < — ‘“'p ”\/U( Dols,@) (3.15)
w(s,t,x)?

where —_— ¥ )

2 B[(X(2) - Xs(2))7] (3.16)
U(t7 l’)U(S, ZE') - UJ(S, t, x)2

Furthermore, it is a simple computation to show that

w(s,t,z) = B[X,(2)X,(x)] > cst '/, (3.17)

Indeed, using again (3.6) we deduce that

Ewmwmma[wémmmum&umw

zfmﬂwwaamm@mszAiﬂf%;m

t/ du - /t—s/tss du t\/§> 63
= CS —— ~ CS — = CS — =2 CS S.
o VI +ww t Jo Vu t
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Moreover, one can observe, as in [7], that
ot 2)uls,2) — (s, 0 < B [(Xila) - Xy(0))] B [X,(@)7].

Consequently,

\/w —1 < st (t—s) /s,

w(s,t,z)?

since it i1s well-known that
E [(Xy(z) — X(2))?] < est(t— )12,

Eventually, following again [7], we get that

w(s,t,x)? B w(s,t,x)

, \/v(t ep(s,e) | VE[Xi@) - X7

Inequality (3.14) follows now easily.
0J

Step 2. We shall prove that G*V € L*([0,T] x Q; H). First, using the fact that
He(T_t)AHop < 1, we remark that

T T
E {/ }G(T_t)Asgn(Xt)go‘iIdt] <E [/ HG(T‘“AH; |sgn(Xt)gp|§{dt} < 0.
0 0
Now, let us denote by A the quantity
T 2
A=E / dt| .

0 H

We have

T T 2
A<E [/ (/ HAe(r—t)AHOp sgn(X, ) — sgn(Xe)e|y dr) dt] ;
0 ¢

sgn(X,.(z)) — sgn(X;(z (th x))

T
/ Aelr—tA (sen(X, ) — sgn(Xy)p) dr
t

with

where U;;(ZL‘) = ]_{)(T(a;)>()7 X¢(z)<0} and Ur’t(fb) = 1{Xr(x)<0,Xt(:r:)>0}- Thus

A < st /OTth (/tTTd_Tt(/Olda:[(Uf,t(x)—UEt(fC))w(x)f)l/Q)Q

o /OTth (/tT Td_rt (/OldIU:t(x)SO(JCP)l/?)z
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Then A < cst fOT Adt with

T T 1 1/2
A = / dr, / ar E[ (/ U t(m)(p(xfdx)
t TQ - t t 7“1 - t 0 b

([ vidwrsteras) W] ,

which gives

Ay

g er r d7’1 1/2
< / / < / dardrap(z1) o (22)°E [U;;t(xl)U;;t(@)})
t t ™ — t [071]2

T’Q—t

T d?“g T dT1 ! 1/2 12
d ’E [UF
/t rg—t/t -t (/0 P () )

( / ' dryp(a)°E [U;t(xg)]”?) "

_ [/tT dr (/Oldq:go(x)QP[Xr(x)>O, Xt(a:)<0]1/2>

Plugging (3.14) into this last inequality, we easily get that G*V € L2([0,T] x

IN

1/272

), H). The remainder of the proof follows now closely the steps developed in [7] and

the

details are left to the reader.
O
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