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Rate of convergence for Wong-Zakai-type
approximations of Ito stochastic differential equations

Bilel Kacem Ben Ammou* Alberto Lanconellif

Abstract

We consider a class of stochastic differential equations driven by a one di-
mensional Brownian motion and we investigate the rate of convergence for Wong-
Zakai-type approximated solutions. We first consider the Stratonovich case, ob-
tained through the point-wise multiplication between the diffusion coefficient and
a smoothed version of the noise; then, we consider It6 equations where the diffu-
sion coefficient is Wick-multiplied by the regularized noise. We discover that in
both cases the speed of convergence to the exact solution coincides with the speed
of convergence of the smoothed noise towards the original Brownian motion. We
also prove, in analogy with a well known property for exact solutions, that the so-
lutions of approximated It6 equations solve approximated Stratonovich equations
with a certain correction term in the drift.

Key words and phrases: stochastic differential equations, Wong-Zakai theorem, Wick
product

AMS 2000 classification: 60H10; 60H30; 60H05

1 Introduction and statement of the main results

From a modeling point of view, the celebrated Wong-Zakai theorem [24],[25] provides
a crucial insight in the theory of stochastic differential equations. It asserts that the
) (n ) . } )
solution {X;" }c(0,7] of the random ordinary differential equation

dB™
dt

ax™
dt

= b(t, X\") + o (t, X") - (1.1)

where {B,F") }eepo,r 1s a suitable smooth approximation of the Brownian motion { B, }icpo.1,
converges in the mean, as n goes to infinity, to the solution of the Stratonovich stochastic
differential equation (SDE, for short)

dX, = b(t, X,)dt + o(t, X;) o dB,. (1.2)
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At a first sight, it may look a bit surprising the fact that the sequence {Xt(")}te[oﬂ does
not converge to the It0’s interpretation of the corresponding stochastic equation, i.e.

dXt = b(t, Xt)dt + O'(t, Xt)dBt (13)

What makes the sequence {Xt(")}te[o,T] prefer to converge to the Stratonovich SDE ([L.2])
instead of the It6 SDE ([L3)) is the presence of the point-wise product - appearing in (L.1))
between the diffusion coefficient o and the smoothed noise. In fact, Hu and ksendal
[T4] proved, when the diffusion coefficient is linear, that the solution of

dB™
dt

dY;(n)
dt

=b(t, V") + o)V, o (1.4)
where ¢ stands for the Wick product, converges as n goes to infinity to the solution of
the It6 SDE

dY, = b(t,Y;)dt + o(t)Y,dB,. (1.5)

Along this direction, Da Pelo et al. [5] introduced a family of products interpolating be-
tween the point-wise and Wick products and proved convergence for Wong-Zakai-type
approximations toward stochastic differential equations where the stochastic integrals
are defined via suitable evaluation points in the Riemann sums.

Approximation procedures based on Wong-Zakai-type theorems have attracted the at-
tention of several authors. First of all, Stroock and Varadhan [22] proved the multidi-
mensional version of the Wong-Zakai theorem. Then, generalizations to SDEs driven
by different type of noises and to stochastic partial differential equations have been the
most investigated directions. For instance, Konecny [I7] proved a Wong-Zakai-type the-
orem for one-dimensional SDEs driven by a semimartingale, Gyoiigy and G. Michaletzky
[6] considered d-martingales while Naganuma [20] examined the case of Gaussian rough
paths. In the theory of stochastic partial differential equations, Hairer and Pardoux [9]
proved a version of the Wong-Zakai theorem for one-dimensional parabolic nonlinear
stochastic PDEs driven by space-time white noise utilizing the recent theory of regular-
ity structures; Brezniak and Flandoli [2] proved almost sure convergence to the solution
to a Stratonovich stochastic partial differential equation; Tessitore and Zabczyk [23] ob-
tained results on the weak convergence of the laws of the Wong-Zakai approximations
for stochastic evolution equations. We also mention that Londono and Villegas [19] pro-
posed to use a Wong-Zakai type approximation method for the numerical evaluation of
the solutions of SDEs.

The aim of the present paper is to compare the rate of convergence for approximations
of Stratonovich and It6 quasi-linear SDEs and to investigate whether the connection
between exact solutions of the two different interpretations can be restored for the cor-
responding approximating sequences (see the discussion after Corollary below).

We remark that the rate of convergence for Wong-Zakai approximations, in the
Stratonovich case, has been already investigated by other authors. We recall Hu and
Nualart [13] dealing with almost sure convergence in Hélder norms; Hu, Kallianpur and
Xiong [12] studying approximations for the Zakai equation and Gyongy and Shmatkov
[7] and Gyongy and Stinga [§] treating general linear stochastic partial differential equa-
tions. We also refer the reader to the book by Hu [11] where Wong-Zakai approximations



are considered in the framework of Euler-Maruyama discretization schemes.We will dis-
cuss in Remark [[.4] below the details of the comparison between our convergence rate
for Stratonovich equations and the one in [L1].

While Wong-Zakai-type theorems for Stratonovich SDEs have been largely investi-
gated, approximations for It6 SDEs are very rare in the literature. In fact, as the paper
by Hu and @ksendal shows, to recover the It6 interpretation of the SDE one has to deal
with the Wick product and in most cases this multiplication is not easy to handle. This
is the reason why we focus on equations with linear diffusion coefficient (it is in fact not
known whether the fully non linear version of (L4]) admits a solution [I4]). Nevertheless,
to find the speed of convergence of the approximation to the solution of the It6 equation,
we had to utilize some tools from the Malliavin calculus (see Lemma below). The
present paper can be considered as a continuation of the work presented in Da Pelo et
al. [5], where the issue of the rate of convergence has not been studied.

To state our main results we briefly describe our framework. Let (W, A, i) be the classi-
cal Wiener space over the time interval [0, 7], where T" is an arbitrary positive constant,
and denote by {B,}icjo,7] the coordinate process, i.e.

B, W — R
w = Bi(w)=w(t).

By construction, the process { B; }icjo,1) is, under the measure /i, a one dimensional Brow-
nian motion. We now introduce a smooth (continuously differentiable) approximation of
{B:}ico,r) by means of a kernel satisfying certain technical assumptions. In the sequel,
the symbol |f| will denote the norm of f € L*([0,T]) while || X|, will denote the norm
of X € £P(W, p) for any p > 1.

Assumption 1.1 For anye > 0 let K. : [0,T]*> — R be such that
e the function t — K_(t,s) belongs to C'([0,T]) for almost all s € [0,T];
o the functions s — K_(t,s) and s — 0;K_(t, s) belong to L*([0,T]) for all t € [0, T).

Moreover, we assume that

lim sup |K.(t,) — 1og(-)] = 0 (1.6)

=07 4e(0, 77
and

M :=sup sup |K.(t,")] < +o0.
e>0 ¢€[0,T

Now, if we let
T
B ;:/ K.(t,s)dB,, te[0.T),
0

and recall that B, = fo s)dBs, then Assumption [T implies that {Bj}icpo,r) is a
continuosly differentiable Gauss1an process and that B; converges to B; in £2(W )
uniformly with respect to ¢ € [0, 7. In fact, condition (m) is equivalent to

lim sup ||Bf — Byl = 0.

e—=07" 4e(0, 77



Therefore, we deal with a quite general class of smooth approximations of the Brownian
motion {B;}i>o. In the sequel we will be studying SDEs of the type (L) both in the
Stratonovich and Ito senses. We now state the assumptions on the coefficients b and o
which are supposed to be valid for the rest of the present paper.

Assumption 1.2 There exist two positive constants Cy and Cs such that for all t €
[0,T] and x,y € R one has

bt ) = b(t, y)| < Cile —y|  and  [b(t, 2)] < Co(1 + |x]). (1.7)
Moreover, the function o belongs to L>([0,T7).
For f € L?([0,T]) we denote

€U):wmp{ATf@MBy—%Kff%$¢%

and we call it stochastic ezponential. The set {E(f), f € L*([0,T])} turns out to be total
in LP(W, i) for any p > 1. Given f, g € L*([0,T]), the Wick product of E(f) and E(g) is
defined to be

E(f)o&(g):==E(f +9)

This multiplication can be extended by linearity and density to an unbounded bilinear
form on a proper subset of LP(W, u) x LP(W, 1) (see Holden et al. [10] and Janson [15]
for its connection to It6-Skorohod integration theory). For g € L?([0,T]) we also define
the translation operator T, as the operator that shifts the Brownian path by the function
Jy 9(s)ds; more precisely, the action of T, on stochastic exponentials is given by

TE(f) = £(f) - exp{(f. )}

where (-,-) denotes the inner product in L?([0,T]) (see Holden et al. [I0] and Janson
[15] for details).

We are now ready to state the first two main theorems of the present paper. The proofs
are postponed to Section 2 and Section 3, respectively.

Theorem 1.3 Let {X;}icjor) be the unique solution of the Stratonovich SDE
dX, = b(t, X,)dt + o()X; 0dB,, 1€]0,T]  Xo=ua (1.8)

and for any € > 0 let { X }ejo,r be the unique solution of

d‘)(t6 € € € __

Then, for any p > 1 there exists a positive constant C' (depending on p, |z|, T, Cy, Cy
and M) such that for any q greater than p

dB;

sup || X7 — Xy, <C- S, ( sup |K.(t,-) — 1[o,ﬂ(-)\> (1.10)
te[0,T) t€[0,T
where
S,(A) == Xexp {g)\’} +exp{N\*/2} =1, A€eR (1.11)

4



Remark 1.4 In Theorem 11.6 of [11] it is proved that

9 iy 1
< Cpr(log |m|)|m[2 "ozl (1.12)
p

sup | X{" — Xi
te[0,7

where m is a partition of the interval [0, T], |w| denotes the mesh of the partition = and
{ X7 Yo, stands for the solution of

dXT
dt

dBr
dt

= b(t, X[) +o(t, X7) -

with {B] }iepo,m being the polygonal approximation of {B;}icor) associated to the par-
tition w. The above result is stated and proved for general nonlinear systems of SDEs
driven by a multidimensional Brownian motion. Moreover, the topology utilized in (1.13)
is stronger than the one in (I.10) (where the supremum is outside of the LP(W, u)-norm).
It is not difficult to see that the polygonal approximation { B[ }icor) s included in the
family of approximations { By }com) considered in the present paper (the parameter e
reduces to the mesh of the partition |r|) and in that case we get

sup ||B?—Bt||2=ts[lépT [Kix(t, ) = Lo ()] = /|-
€|0,

te[0,T] ]

Substituting in (I10) we obtain

sup ||Xt7r - Xt”p <C- Sq(c\/ |7)

te[0,T

which behaves like \/W for |m| going to zero. A comparison with (I.12) shows that
Theorem provides a highest rate of convergence, at the price of a weaker topology
and more restrictive conditions on the class of the SDFEs considered.

The result and proof of Theorem[1.3 are however necessary for the comparison proposed
i the present paper.

Theorem 1.5 Let {Y;}ico1 be the unique solution of the Ito SDE
dY, = b(t,Y,)dt + o()Y,dB,, t€)0,T] Yo=u (1.13)
and for any € > 0 let {Y hico,r) be the unique solution of

dYy
dt

45;
dt’

=b(t,Yy)+o(t)Y o Yy = . (1.14)
Then, for any p > 1 there exists a positive constant C (depending on p, |z|, T, C;, Cy
and M ) such that for any q greater than p

Yy =Yill, <C- 5, <\/§ sup | K (L, -) - 1[o,t1(')\)

up
T te[0,7)

S
te[0,T

where S is the function defined in (I.11).



Corollary 1.6 In the notation of Theorem[L.3 and Theorem[L.d, we have for anyp > 1
that

lim sup [[X7 — Xi[[, = lim sup [[Y7 —Yifl, =0
e=07" (0,77 e=07% (0,7

where both limits have rate of convergence of order

sup |K.(t,) —1pg()] as e tends to zero.
te[0,T

Proor. It follows from

i S1M

= 1. 1.1
A—0t A ( 5)

for all ¢ > 1. |

It is well known (see for instance Karatzas and Shreve [16]) that the Ito6 SDE (ILI3]) can
be reformulated as the Stratonovich SDE

dyY; = (b(t, Y:) — %U(t)Y;) dt + o(t)Y;odBy, t€]0,T] Yo == (1.16)

The next theorem provides a similar representation for the approximated Ito equation
(LI4) in terms of a suitable approximated Stratonovich equation. The proof can be
found in Section 4.

Theorem 1.7 For any € > 0 let {Y }iepo,r) be the unique solution of

dYe . ;.
dtt =b(t,Y7) +o(t)Y, Od—tt’ X5 = .
Then, for any t € [0,T] we have
YE =T k.5, (1.17)
where {55 }icp ) is the unique solution of
Sy Ld|K.(t, ) dBy
RN — b t € [ R A N £ t e, 7t e _
dt (7St)+2 dt St_'_U( )St dt ) SO z

The paper is organized as follows: Section 2 and Section 3 are devoted to the proofs of
Theorem and Theorem [LL5], respectively. Both sections also contain some preliminary
results and estimates utilized in the proofs of the main results, which are divided in two
major steps. Section 4 contains two different proofs of Theorem [I.7, the second one
being a direct verification of the identity (LI7).



2 Proof of Theorem [1.3

2.1 Auxiliary results and remarks: Stratonovich case

The proof of Theorem will be carried for the simplified equation where b does not

depend on t and o is identically equal to one. Straightforward modifications will lead to
the general case.
The existence and uniqueness for the solutions of (L9) and (L8] follow, in view of
Assumption [[.T] and Assumption [I.2] by standard results in the theory of stochastic and
ordinary differential equations. We also refer the reader to Theorem 5.5 in [5] for a proof
using the techniques adopted in this paper. To ease the notation we define

E.(t) == exp{6(—K.(t,-))} and Ey(t) :=exp{d(—1py(-))}

Here and in the sequel the symbol §(f) stands for fOT f(s)dBs. We begin by observing
that (see the proof of Theorem 5.5 in [3]) the solution { X} }.cjo,r) from Theorem [[.3] can
be represented as

X =2 ()

where
dz;
dt

The same holds true for {X;},cp,r); more precisely,

=0(Z; - EZ'(t) - Ec(t), Z5 =1

Xy =2 Ey(t)™*
where
dz
Wz B 0) Blt), Zo=n
Moreover, we have the estimates
t
2 < fol+ [ W B9 ) - Eulo)lds
0
t
< ol +/ Cy (14122 Eu(s)™)) - E-(s)ds
Ot t
= |LL" —|—/ CQEE(S)CZS +/ CQ‘ZS‘CZS
0 0
T t
S |£L’| +/ CQEE(S)dS +/ CQ|Z§|dS
0 0
By the Gronwall inequality,
T
|Z7| < (|x| +/ CgEa(S)dS) e2t,
0
This shows that for any ¢ > 1 we have the bound

T
< (|x\+ / 021|E5<s>r|qu) O
0

sup |Z;]|
te[0,7




T
_ q NE CoT
— <|a:| +/0 C’gexp{2|KE(s, )| }ds) e

< <|x|+czTexp{§ sup |Ka<s,->|2}>eCZT. (2.1)
]

s€[0,T
To prove Theorem [I.3] we need the following estimate which is of independent interest.

Proposition 2.1 Let f,g € L*([0,T)). Then, for any p > 1 we have
[ exp{d(f)} — exp{d(g)}], < CSy(|f — gl)

where
Sy(A) == Xexp {pA*} + exp{N\?/2} =1, A€eR
and C' is a constant depending on p and |g|.

ProOOF. The proof involves few notions of Malliavin calculus. We refer the reader
to the books of Nualart [21] and Bogachev [1]. Let f € L?*([0,7]) and p > 1; then,
according to the Poincaré inequality (see Theorem 5.5.11 in Bogachev [1]), we can write

lexp{d(f)} =1, < llexp{0(f)} — Elexp{d(f)}llp + [Elexp{d(f)}] — 1
— Jexp{a(f)} — expllf /2]l + exp{l f2/2} — 1
C) 1D oA izoi ], + espllF2/2} — 1

= C(p) H| eXP{5(f)}f|L2([o,T])Hp + eXp{\f|2/2} —1
C(p) f11l exp{d ()l +exp{l fI/2} =1
= C)lflexp {21712} +exp{lf1/2} —1

IN

where D denotes the Malliavin derivative and C(p) is a positive constant depending only
on p. Therefore, for any f,g € L*([0,T]) and p > 1 we have

lexp{d(f)} —exp{d(g9)}, = I[lexp{d(g)} (exp{d(f—g)}—1) |,
< [[exp{d(g) }Hlopll exp{o(f — g)} — 1ll2p
< e (C2p)|f — glexp {p|f — gI*} + exp{|f — g[*/2} — 1)
< CS(If —9l)

where we utilized the Holder inequality. |

2.2 Proof of Theorem 1.3

The proof is divided in two steps.

Step one: We prove that for any p > 1 there exists a positive constant C' (depending
on p, |z|, T, C1, Cy and M) such that for any ¢ greater than p

sup |Z; — Zy

t€[0,7) s€[0,T]

<C- Sq ( sup |K€(87 ) - 1[0,8}(')|> (22)

8



We begin by using the equations solved by Z; and Z; and the assumptions on b to get

t

Z5— 7| = ) /0 tb(Zan(s)‘l)EE(s)ds— / b(ZSEO(s)‘l)EO(s)ds‘

0

< ‘ /0 t b(Z2E.(s) V) E.(s) — b(ZsEO(s)‘l)Ee(s)ds‘

+| /Ot b(Z,Eol(s) ) Bu(s) — b(ZsEy(s) ") Eo(s)ds|

IN

/0 N ZEE(s)™") — B(ZuEo(s)™)|Ex(s)ds

) [6(ZsEo(s) ™| Ee(s) — Eo(s)|ds

IA

/ CLZEE.(s)"" — Z.Fo(s) | Bu(s)ds
0

T / Col1 + | Z.Eo(s) )| Ex(s) — Bo(s)|ds

0
t
|
0

IA

C, Z:Eg(s)_1 — ZSEE(S)_I‘Eg(S) + |ZSE€(S)_1 — ZSEO(S)_l\Eg(s)ds
t
—I-Cg/ (1+ |Z8|E0(S)_1)|EE(S) — Ey(s)|ds
0
t t
_ 01/ 75— Z.lds + 01/ \ZLl1 ()" — Fo(s)"|E.(s)ds
0 0

+02/0 (14 |Z4|Eo(s) )| Eo(s) — Eo(s)|ds

IA

t T
01/ \Z§—Zs\ds+01/ ZL1Eo(5)") — Bo(s)"|E-(s)ds
0 . 0
+02/ (14 |2 Bo(s)~1) | E-(s) — Eo(s)|ds
0
t
_ A5+01/ 125 — 7Z.|ds
0
where
T
A = 01/ | Z1Ba(5)~" — Eo(s)"|E.(s)ds
0
T

+02/0 (14| Zs|Eo(s) ™M) E.(s) — Eo(s)|ds.

By the Gronwall inequality we deduce that
|Z8 — Z,| < Ae®'t, te|0,T)

and hence for p > 1 the inequality

sup |Z; — Zy|

te[0,7

< 601T||A€||p-

p




We now estimate ||A.||, by writing A, = Al + A? where

T
Al cl/ Zul 1 E(s)" — Fo(s)~)| B (s)ds
0
and
T
A? = 6’2/ (14| Z|Eo(s) )| E(s) — Eo(s)|ds.
0
Applying the triangle and Holder inequalities we get

T
A2, < Cv | NZIE(s)™ = Eo(s) ™ [ Ex(s)llpds
0

T
< / 1 Zullpu 1 E=(5) ™ — Eo(5) " lpall B=(5) o5

where py, pe, p3 € [1,+00] satisfy pil + p% + p%, = %. From the estimate (2.]) and the
identity

p3
1B(3)ll = exp { 221K (s, )2
we can write
T
1 -1 -1
Ay < C [ IE) ™ = Bole) s
where C' denotes a positive constant depending on Cy, Cy, |z|, T, p and M (in the sequel
C' will denote a generic constant, depending on the previously specified parameters,

which may vary from one line to another). Moreover, employing Proposition 2] with
f(-) = K.(s,-) and g(-) = 1jo,5(-) we conclude that

T
A, < C / Spu(lK-(5,) — Lo())ds

< C-S, ( sup |K.(s,-) — 1[078](-)0 . (2.3)

s€[0,7T

Note that for any p > 1 the function A — S(A) is increasing on [0, +o00]. Let us now
consider AZ; if we apply one more time the triangle and Holder inequalities, then we get

T

A2, < G / 1L+ 1 23| Bo(s) ™) E=(s) — Eo(s)|lods
T

e / 11+ 1 Zo| Bo(s) Mop 1 E-(s) — Eols)l|mds

< 02/0 (1 + 11 Zs| Bo ()" la) | Ee(s) — Eo(s)llnds

where q1, g2 € [1, +o0[ satisfy qil + q% = %. We observe that

L+ I1Z:Eo(s) " oy < 14 11 Zellry - 1 Eo(s) ™I, (2.4)

10



1 . L i . . . . .
where .- = - + ;- and that, according to estimate (2.]), the right hand side of (2.4) is

bounded uniformly in s € [0, 7] by a constant C' depending on Cy, Cs, |z|, T, p and M.
Therefore,

A2, < C- S, ( sup [Kc(s,-) = 1[0,5](')\> : (2.5)
s€[0,7T

Here we utilized Proposition 2.1l with f(-) = —K.(s,-) and g(-) = —1jp4(-). Finally,

combining (2.3) with (2.5) we obtain

sup |Z; — Zy|
te[0,T

<c-s, ( sup |K.(s,) - 1[o,s]<->|2> -
p

s€[0,7T

Step two: We prove that for any p > 1 there exists a positive constant C' (depending
on p, |z|, T, C1, Cy and M) such that for any ¢ greater than p

sup || Xy — Xy, <C- S, (Sup IKE(S,')—l[Ovs}(')I)
(0,77 s€[0,17]
We first note that

Xf—X, = ZE-E.(t)' = Z - Eo(t)
Z5 B(t)™ = Z5 - Eo(t) " 4+ Z - Bo(t) ™t — Zy - Eolt) !
= Z; - (B(t)"' = Bo(t)™Y) + (Z; — Zi) - Eo(t)™

E.
E.

Now we take p > 1 and apply the triangle and Holder inequalities to get
1XF = Xillp < N ZEllp - 1B = Bo(®) " lps + 1125 — Zillay - 1E0 ()™l

where % = + - = —1 + qi?. From estimate (2.I) we know that ||Z;||,, is bounded

uniformly in t € [0 T for any p; > 1 while Proposition 2] ensures that

1E=(6) ™" = Eo(t) Ml < CSpy (IK:(t,7) — Lio.g(1)])

with a constant independent of t € [0, 7]. Moreover, inequality (2.2) from Step one gives
forr > ¢

12 = Zilly <C- s ( sup K (s, ) — 1[0,31(-)|) :

s€[0,7T

These last assertions imply

te[0,T) s€[0,T]

sup || X7 — Xifl, <C- S, ( sup [Ke(s,-) — 1[0,8}(-)|> :

The proof is complete.

11



3 Proof of Theorem

3.1 Auxiliary results and remarks: Ito case

The proof of Theorem will be carried for the simplified equation where b does not
depend on t and o is identically equal to one. Straightforward modifications will lead to
the general case. To ease the notation, we denote for ¢ € [0, T]]

E.(t) = E(Iult ) = exp {0 K1) - IR0

and
£ult) = £(- 1) = exp {3~ 1() - £ |

The existence and uniqueness for the solutions of (LI4)) and (LI3]) can be found in
Theorem 5.5 from [5]. There it was observed that the solution {Y},c07) of (I14]) can
be represented as

Y;a — Vta Oge(t)o—l

where

avg
dt

=b(Vio (&) ) o&(t), V5=x (3.1)
while the solution {Y;}cpo,r of (LI3) can be represented as
Y, = V0 &)

where
Vi
dt
Here, for f € L*([0,T]) the symbol £(f)°~! stands for the so called Wick inverse of E(f)

which, in this particular case, coincides with £(—f). The next lemma will serve to write
equations ([B.)) and ([B.2) in a Wick product-free form.

= b (Vo (&)™) 0 &olt), Vo= (3.2)

Lemma 3.1 If F' € LP(W, ) for somep > 1 and ¥ : R — R is measurable and with at
most linear growth at infinity, then for all h € L*([0,T]) we have:

U (Fo&(h)o&(=h) =V (F-&(—h)™")-E(=h).
ProOF. We apply twice Gjessing’s lemma (see Holden et al. [10]) to get:

U(Fo&(h)o&(=h) = U (T_LF-E(h))o&E(—h)
= T, (Y(T-nF - E(h))) - E(—h)
= U (F-T,E(h))-E(—h)

U (F-&(=h)")-E(=h).

12



Here we utilized the identities

T,E(h) = 5(h)exp{ /0 Th(s)st}

— exp { /0 ' h(s)dB, +% /0 ' h(s)2ds}

= &(—h)"L.
The proof is complete. |

Therefore, by Lemma [B.I] we can rewrite equation (B31)) as

d‘/;e _ € -1
dt =b (V;t ’ (ge(t)) ) 'ge(t)

and equation ([3.2)) as

dV, -1
= b(Vi- (&)™) - &olt)

since, as we mentioned before,
E)°P=E(K.(t,)) and &)= E(Lp,g(+)).

The following two propositions are the stochastic exponential’s counterparts of Propo-

sition [2.1]
Proposition 3.2 Let f,g € L*([0,T)). Then, for any p > 1 we have
1ECS) =€l < C-Spllf —9l)

where, as before,
Sp(A) = Xexp {pA\’} +exp{A?/2} =1, A€R
and C' is a constant depending on p and |g|.

PROOF. Let f € L?([0,T]) and p > 1; then, according to the Poincaré inequality
(see Theorem 5.5.11 in Bogachev [I]), we can write

1ES) =1l < COIDEP) zqomp]],
= C(P) H|5 f|L2(0T H
= COINEWNIp

I
aQ

e {257}

where D denotes the Malliavin derivative and C(p) is a positive constant depending only
on p. Therefore, for any f,g € L*([0,T]) and p > 1 we have

1ECS) =€, = [IE(g) o (E(f =9) =Dl

< lEV29ILIIEV2(f = 9)) = 1y
< PEC(p)|f — glexp {(p = 1)If — g}
< CS(f—9l)
where we utilized an inequality for the Wick product from Da Pelo et al. [4]. i
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Proposition 3.3 Let f,g € L*([0,T)). Then, for any p > 1 we have
IEH) ™ =E(9) 7l < C- S (V2f = gl)

where C' is a constant depending on p and |g|.

PROOF. Denote by I'(1/4/2) the bounded linear operator acting on stochastic
exponentials according to the prescription

D(1/V2)E(f) = E(f/V2).

This operator coincides with the Ornstein-Uhlenbeck semigroup {P;};>¢ for a proper
choice of the parameter ¢ (see Janson [I5] for details) and therefore it is a contraction
on any LP(W, u) for p > 1. Moreover, by a direct verification one can see that

E(f)7 =T(1/V2)exp{-3(vV2/)}. (3.3)
Hence, we can write
1€ =€) = ITA/V2)exp{=6(V2/)} = T(1/V2) exp{—6(v29)} I,
< Jlexp{=06(v2/)} = exp{=6(vV29)} |,
Therefore, by means of Proposition 2.1l we can conclude that
1€ =€) < [lexp{=6(V2/)} — exp{-5(v29)} I,
< C-S,(V2If —gl).
i
Remark 3.4 The idea of the proof of the previous proposition, and in particular identity
(3.3), is inspired by the investigation carried in Da Pelo and Lanconelli [3], where a new
probabilistic representation for the solution of the heat equation is derived in terms of
the operator T'(1/+/2) and its inverse.
3.2 Proof of Theorem
As before, we divide the proof in two steps.

Step one: We prove that for any p > 1 there exists a positive constant C' (depending
on p, |z|, T, C1, Cy and M) such that for any ¢ greater than p

sup |V — Vi

te[0,7T

s€[0,7T

<C-: Sq <\/§ sup ‘Ke(sv ) - 1[0,8}(')‘) : (34)

The proof can be carried following the same line of the proof of Step one of Theorem
[L.3; we have simply to replace {Zt}te[O,T] and {Zf}te[o,ﬂ with {V;f}te[O,T} and {‘/ta}tE[O,T}a
respectively. Moreover, the exponentials {E.(t)}ico,r) and {Ey(t)}iep,r) have to be re-
placed by {&.(t) }icjo,r1 and {Eo(t) }eejo,, respectively. The estimate (2ZI) changes to

—1
< |(|o|+ CoTexp{ L= sup |Ko(s, )2 b | e
‘ 2 s€[0,T
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We remark that for all » > 1 we have
_ r NE
|ED]) = exp { 51K.(s, )}
while
r _ r+1
|w;@nn:=exp{ e(&-ﬂ2} and €00 1m~=exp{ K (s >\}.

Moreover, we utilize Proposition and Proposition with f(-) = K.(s,-) and
g(+) = 1jo,5(+) instead of Proposition 211

Step two: We prove that for any p > 1 there exists a positive constant C' (depending
on p, |z|, T, Ci, Cy and M) such that for any ¢ greater than p

sup [[Y7 = Yifl, < C- S, (\f sup |K.(s, )—108}()I>-
te[0,T) 5€[0,T]

We first note that
VY= Vi o £t~ Vio &olt)!

To ease the readability of the formulas we will adopt, only for this part of the proof, the
notation

E():=E0)° Y and & (t) := E (1)}
Then, by mean of Gjessing’s Lemma we have

YE—Y, = Vio&(t)—Vio&(t)

= VEoL(t) = VFo&(t) +VEiok(t) — Vio&(t)

= Toi)Vi - Et) = Tory g0 Vi - Eolt) + (V7 = Vi) 0 Eo(t)

= _Ks(t,.)Vf CE(t) = Toge Vi - Eolt) + Toieo) Vi - Eo(t)
T,V - Eolt) + (V7 = Vi) o &o(t)

= T—Ks(t,-)vf . (ga(t) - éo(t)) + (T—Ks(t,-)vf - T—l[o’ﬂ(-)‘/f) . go(t)
+T_1[0,t](') (Vt€ - V;) ’ go(t)

= FA+F+F;

where we set

Fr=T k. )Vi <~s(t) - 5o(t)> Fo = <T—Ks<t,-)Vf - T—l[om-)Vf) ~&o(t)
and
-7:31:T10t] (V Vi) 5()
Hence, for any p > 1 we can write

Yy =Yill, < Al + (1520 + 1 Fsllp-
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We recall (see Theorem 14.1 in Janson [15]) that for any g € L%*([0,7]) the linear
operator T, is bounded from L£Y(W, u) to LP(W, u) for any p < ¢q. Therefore, by the
Holder inequality and Proposition B.2] we deduce

A T R CORETON
< Tk Vi, ’ (t) — Eo(t) )
< IVl - & - &)

< C'qu <\/§ sup |Ke(8’ ) - 1[0,5}(')|) :

s€[0,7T

where p < ¢; < r, C is a constant depending on the parameters appearing in the
statement of the theorem and % = qil + q%. The term || F3]|, is treated similarly with the
help of inequality (4. Let us now focus on || Fzl|,. We first observe that

1Bl = [T Vi = TV - Eol®)

p

< HT ket Ve = Toag Vs

0

According to Theorem 14.1 in Janson [15] the map 7,X is jointly continuous in the
variables (g, X) from L?([0,T]) x L9(W,u) to LP(W, u) for p < q. Therefore, the first
term in the last member of the previous inequality tends to zero as ¢ — 0*. However,
we need to know the speed of such convergence. The following lemma will help us in
this direction.

Lemma 3.5 For any X € DY and h € L*([0,T]) with |h| < § one has
17X — X|l, < ClAl[| X |pra
where p < q and C' depends on §, p and q.

PROOF. Since the linear span of the stochastic exponentials is dense in LP(W, u)
and in DM, we will prove the lemma for X = 7" a;E(f;) where ay, ..., a, € R and
f1y -y fu € L*([0,T]). By the mean value theorem we can write for 6 € [0,1] that

T oE(f) =Y allfy) = Z% (f;) (e™F? —1)
j=1 j=1
Zajg(fj)ewh’f”(h’fﬁ
j=1

= TonDn ) ;€ (f;)

J=1

where Dy, stands for the Malliavin derivative in the direction 6h. We now take the
LP(W, 1) norm to get

T aE(f) = > aE(f)
j=1 J=1

TonDi Y € (f;)
j=1
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< )| Dn Y i€ ()
j=1
< C(h)[h| iDZO‘jg(fj)
=1 r2([o,m)ll4
< C)R{D aE(f)
j:l Dl.g

We now continue the analysis of the term

HT K, V —-1- 10t]()‘/E

q

It is not difficult to see that Assumption implies that for any ¢ > 0 and ¢t € [0,7]
the random variable V° belongs to D' for all ¢ > 1. Moreover, the D"9-norm of
V¢ is bounded uniformly with respect to € (observe that V;, which corresponds to the
case ¢ = 0, is related to an Itd type SDE which possesses the required smoothness).
Therefore,

Ve =T ,0V7

HT—l[Ot ' (Tl[o,t](-)—Ks(tr)VtE - Vf)

o e Al
< CIELt )~ LogOlIVE o

q q

IN

for r > g. Combining all the estimates above we conclude

Iy =Yillp < [Allp + [ F2llp + [ Fsll
< C <3q <\/§ sup |K(s, ") — 1[0,3](')|> + [KL(t,-) — 1[0,t}(')|)

s€[0,T

IN

< <\f sup | K. (s, )—1[0,s](')|> + sup |Ke(t,')—1[o,t](')|)

5€[0,T] te[0,T]

< CS, <\/§ sup \Ke(s,~)—1[0,s](-)\).

s€[0,7T

The proof of Theorem is now complete.

4 Proof of Theorem 1.7

We first note that the solution {A;};c0,7) of

4
dt

where ¢ : [0,7] — R is a continuous function, can be represented as

Ay = Gy - exp {/Otg(s)ds} (4.1)

17
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where {G/}iejo,r) solves

osfovm{[on]) ol o).

Moreover, recalling the argument from the previous section, we know that the solution
{Y e, of (K1) can be represented as

Y;e — Vf o ga(t)o—l

where

dVg
dt

= b (V- (E(0))7") - E-0).

Since by definition

e = ew{ [ TKE<t,s>st+§|Ka<t,->|2}

= o { B+ gl
o[ (1))

a comparison with (4.1]) and (4.2]) shows that, by choosing

1d dB;
“ LKL ()2 t

9(t) =
we can write
Vi =57 - &(1)
where {5} }1c(0,7] is the process defined in the statement of Theorem [I.7. Therefore,
Yo = Vio& (1)

= (57 -&(1) o &(1)°
= Torew) (S ())-«‘Te(f/)“1

T k. 1,)S; - TKE(t ) - E(t)°H
1
= TS e {- / Rt )0, = IR + IR - 607
= T xS

Here, in the third equality, we utilized Gjessing Lemma. The proof of Theorem [I.7] is
complete.

4.1 Alternative proof

We are now going to prove a technical result of independent interest that will be
used to obtain a different and more direct proof of Theorem [L.71

Proposition 4.1 Let {X;}ic0m be a stochastic process such that:
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e the function t — X, is differentiable

e the random variable X; belongs to LP(W, u) for some p > 1 and all t € [0,T]
If the function h : [0, T)> — R is such that
o for almost all s € [0,T] the function t — h(t, s) is continuously differentiable

e for allt €[0,T] the functions h(t,-) and d;h(t,-) belong to L*([0,T])

then
CZ(Th VX)) = T )dXt+Th(t / B:h(t, s)d
T X o / Dih(t, s)dB,.
0
Proor. To simplify the notation we set

T
d(h(t,-)) ::/0 h(t,s)dBs and  §(0:h( /8t (t,s)dBs.

According to Gjessing Lemma we know that

Th(t,-)Xt <& 5(h(t, )) = Xt : g(h(t> ))

or equivalently,
T Xi = (Xi- E(h(t, ) o (=1, ). (4.3)

We now use the chain rule for the Wick product to get
d

C Ter X = (X E((1,) 0 E(h(t, ) + (X, - E(h(t, ) o LE(~h(t, )
= (% e ) ottt + (X ZEhe D) o £l-hit. )
(X0 E(h(t, ) o TE(~h(t, )
= (% e ) o)
(e bt - 5 (3069) = (e R ) ) o £, )

(X, E(h(t, ) 0 E(=h(t, ) o a(~h(t, )

Observe that according to identity (4.3]) we can write
dXt

dX,
(5 £, ) 0 E(-hl0,) = Tuen -
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Therefore, the last chain of equalities becomes

d dXt

(Xt E(h(t,-)) - (0(Beh(t,-)) — (h(t,-), Oeh(t,
—Tht, X;00(0:h(t,-))

= Tain G Tac) (X @A) — (ALt ), 801, )
—Th,) X0 6(9h(t,))

= Tay S, T Ko T (O(E, ) = (h(t, ), (e, )
—Tht,) Xt © 0(Oh(2,-))

= Tigey T 4 T Xe - 8(0(E, ) — Taie Koo 600N

The proof is complete.

By means of Proposition [4.1] we are now able to prove identity (LI7) from Theorem
L7 via a direct verification. More precisely, let {57 };c[0,7] be the process in the statement

of Theorem [.7l Then, using equation (L.I6) we get

dt dt

T
+T—Kg(t,~)StE 0/ 8tKE(t,S)dBS

= T <b(S€) S

dB: dB;
T €
o IR Se g

1d )
ST T

_T—Kg(t,~) StE

= (T k.t)55) +

+T_K5(t7.)55 . (dB / 8t t S t S)d )

. dB; dB;

T k(1,955 - e + T k. 1,)57 © — 7
dB¢
= b (T_Ks(t,)S ) + T g t,)S; © dtt.

This is imply that {T_g.(,.)SF }repo,m solves equation (L.I4]).
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