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Abstract

In this article, a class of second-order differential equations on [0, 1], driven by a y-Holder continuous
function for any value of y € (0, 1) and with multiplicative noise, is considered. We first show how to solve
this equation in a pathwise manner, thanks to Young integration techniques. We then study the differentia-
bility of the solution with respect to the driving process and consider the case where the equation is driven
by a fractional Brownian motion, with two aims in mind: show that the solution that we have produced
coincides with the one which would be obtained with Malliavin calculus tools, and prove that the law of the
solution is absolutely continuous with respect to the Lebesgue measure.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

During the past few years, a growing activity has emerged, aiming at solving stochastic
PDEs beyond the Brownian case. In some special situations, namely in linear (additive noise)
or bilinear (noisy term of the form u B) cases, stochastic analysis techniques can be applied [15,
29]. When the driving process of the equation exhibits a Holder continuity exponent greater
than 1/2, Young integration or fractional calculus tools also allow us to solve those equations in
a satisfactory way [11,17,22,7]. Eventually, when one wishes to tackle non-linear problems in
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which the driving noise is only Holder continuous with Holder regularity exponent < 1/2, rough
paths analysis must come into the picture. This situation is addressed in [5,12,27].

It should be mentioned however that all the articles mentioned above only handle the case of
parabolic or hyperbolic systems, leaving aside the case of elliptic equations. This is of course
due to the special physical relevance of heat and wave equations, but also stems from a specific
technical difficulty inherent to elliptic equations. Indeed, even in the usual Brownian case, the
notions of filtration and the adapted process are useless for solving non-linear elliptic systems,
so Itd’s integration theory is not sufficient in this situation. A natural idea in this context is then
to use the power of anticipative calculus, based on Malliavin type techniques (see e.g. [18]). This
method has however a serious drawback in our context, mainly because the Picard type estimates
involve Malliavin derivatives of any order, and cannot be closed. To the best of our knowledge, all
the stochastic elliptic equations considered up to now involve thus a mere additive noise. Let us
mention for instance the pioneering works [3,19] for the existence and uniqueness of solutions,
the study of Markov’s property [6,19], and the numerical approximations of [16,25,28], as well
as the recent and deep contribution [4], which relates stochastic elliptic systems, anticipative
Girsanov transforms and deterministic methods.

With these preliminary considerations in mind, the aim of the current paper is twofold:

(1) We wish to solve a non-linear elliptic equation of the form
Oz =0 (@)%, t€[0,1],z0=2 =0, )

where o is a smooth enough function from R to R, and x is a Holder continuous noisy input with
any Holder continuity exponent y € (0, 1). With this purpose, we shall write Eq. (1) in a variant
of the so-called mild form, under which it becomes obvious that the system can be solved in the
space C* of k-Holder continuous functions, for any 1 —y < k < 1 (see Section 2.1 for a precise
definition of this space).

Let us observe however that, when dealing with a non-linear multiplicative noise, one is not
allowed to use the monotonicity methods invoked in [3]. This forces us to use contraction type
arguments, which can be applied only provided the Holder norm of x is small enough. In order
to overcome this restriction, we shall introduce a positive constant M, and replace the diffusion
coefficient o by a function ops : R x C¥ — R such that y — oy (y, x) is regular enough and
om (-, x) = 0 whenever |x]l, = M + 1. We shall thus produce a local solution to Eq. (1), in
the sense given for instance in [18] concerning the localization of the divergence operator on the
Wiener space. Once this change is made, a proper definition of the solution plus a fixed point
argument leads to the existence and uniqueness of the solution for Eq. (1).

(i1) Having produced a unique solution to our system in a reasonable class of functions, one may
wonder whether this solution could have been obtained using Malliavin calculus techniques,
in spite of the fact that a direct application of those techniques to our equation does not yield
a satisfactory solution in terms of fixed point arguments. In order to answer this question, we
shall prove that, when x is a fractional Brownian motion (fBm in the sequel), the solution is
differentiable enough in the Malliavin calculus sense, so the stochastic integrals involved in the
mild formulation of (1) can be interpreted as Skorohod integrals plus a trace term, or better, as
Stratonovich integrals. This will be achieved by differentiating the deterministic equation (1) with
respect to the driving noise x and identifying this derivative with the usual Malliavin derivative,
as was done in [2,14,21]. As a by-product, we will also be able to study the density of the random
variable z; for a fixed time ¢t € (0, 1).
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We shall thus obtain the following result, which is stated here in a rather loose form (the reader
is sent to the corresponding sections for detailed statements):

Theorem 1.1. Consider x € C¥ for a given'y > 0, a constant M > 0 and a C*(R) function o,
such that ||o s < ML—J’FI for any j = 0, 1,2 with some small enough constants c;. Let oy
be the localized diffusion coefficient alluded to above (see Definition 2.6 for more details).
Then:

(1) The equation

02z, =oy(x, 20k, te€[0,1],z0=2=0 2)

admits a unique solution, lying in a space of the form C* forany 1 —y <k < 1.

(2) Assume x to be the realization of a fractional Brownian motion with Hurst parameter
H > 1/2. Then for any t € [0, 11, z; is an element of the Malliavin—-Sobolev space D2 and the
integral form of (2) can be interpreted by means of Skorohod integrals plus trace terms (see
Section 4 for further definitions).

(3) Still in the fBm context, with a slight modification of our cutoff coefficient oy and under the
non-degeneracy condition | (y)| > o9 > 0 forall y € R, one gets the following result: for any
t € (0,1) and a > 0, the restriction of L(z;) to R\ (—a, a) admits a density with respect to
Lebesgue’s measure.

The reader might wonder why we have made the assumption of a small coefficient o here,
through the assumption [0 < MC J’rl This is due to the fact that monotonicity methods,
which are essential in the deterministic literature (see e.g. [8]) as well as in the stochastic
references quoted above, are ruled out here by the presence of the diffusion coefficient in front
of the noise x. We have thus focused on contraction type properties, which are also mentioned
in [19]. Let us also say a word about possible generalizations to elliptic equations in dimension
d = 2,3: the main additional difficulty lies in the fact that the fundamental solution to the
elliptic equation exhibits some singularities on the diagonal, which should be dealt with. In
particular, if one wishes to handle the case of a general Holder continuous signal x, rough paths
arguments in higher dimensions should be used. This possibility goes far beyond the current
article.

At a technical level, let us mention that the first part of Theorem 1.1 above relies on an
appropriate formulation of the equation, which enables one to quantify the increments of the
candidate solution in a reasonable way, plus some classical contraction arguments. As far as
the Malliavin differentiability of the solution is concerned, it hinges on rather standard methods
(see [14,21]). However, our density result for £(z;) is rather delicate, for two main reasons:

e The lack of a real time direction or filtration in Eq. (2) makes many usual lower bounds on the
Malliavin derivatives rather clumsy.

e One has to take care of the derivatives of our cutoff function o), with respect to the driving
process, for which upper bounds are to be provided and compared to some leading terms in
the Malliavin derivatives.

Solutions to these additional problems are given at Section 4, which can be seen as the most
demanding part of our paper. It should also be pointed out that we are able to solve Eq. (2) for
any Holder regularity of the driving noise x, while our stochastic analysis part is devoted to fBm
with Hurst parameter H > 1/2. This is only due to the fact that Malliavin calculus is much easier
to handle in the latter situation, and we firmly believe that our results could be generalized to
H < 1/2.
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Here is how our article is structured. Our equation is defined and solved in Section 2.
Differentiation properties of its solution with respect to the driving process are investigated in
Section 3. Finally, the Malliavin calculus aspects for fractional Brownian motion, including the
existence of a density, are handled in Section 4.

Unless otherwise stated, any constant ¢ or C appearing in our computations below is
understood as a generic constant which might change from line to line without further mention.

2. Existence and uniqueness of the solution

Recall that we wish to solve the one-dimensional second-order differential equation (1).
Towards this end, we shall change its formulation a little using some heuristic considerations,
and introduce our localization coefficient o,. We will then be able to solve the equation thanks
to a fixed point argument.

2.1. Heuristic considerations

Assume for the moment that x is a smooth function defined on [0, 1]. Hence, if o is small
and regular enough, it is easily shown (see [19] for similar arguments) that Eq. (1) can be solved
thanks to contraction arguments.

It is also well-known in this case that Eq. (1) can be understood in the mild sense. Specifically,
let the kernel K : [0, 11> — [0, 1] be the fundamental solution of the linear elliptic equation with
Dirichlet boundary conditions, and notice that this kernel is explicitly given by

Kt,&)=tNE—1tE, t,E€]0,1]. 3)

Then {z;, ¢ € [0, 1]} solves (1) if it satisfies the integral equation

1
= /0 K(t,&)o(zg)dxg, te][0,1], “)

where the integrals above are understood in the Riemann sense as soon as x is continuously
differentiable.

Still assuming that x is continuously differentiable, let us retrieve some more information
about the increments of the solution z to our elliptic equation. In order to do so, set first

stt:ft_fm 0<s=<t=<l1,

for any continuous function f. Let us also give an expression for the increments of K, by noticing
that this kernel can be differentiated with respect to its first variable. Indeed, one has

t
8K (u.6) = Lyyeg) — & => K(1.6) — K(s.£) =/ (Luze) — &) du.

Then, thanks to an obvious application of Fubini’s theorem, the increments of z can be written as

1 t
(52)ys = /0 ( / (1{u<g}—é>du>a<zs>dxg

t 1
:[ du/o (Lu<gy — §)o (zg)dxe

1 1 1
= [ du (/ G(Zg)d)ﬁg) —( —S)/ §o (zg)dxs.
s u 0
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The latter equation is the one which is amenable to generalization to a non-smooth setting,
and we will thus interpret our elliptic system in this way: we say that a continuous function
z:[0,1] — Ris asolutionto (1) if, forany 0 <s <t < 1,

t 1 1
S2y = / du ( / U(Zs)dxs)—(f—s) / Eo(ze)dxe, s)
K u 0

where the integrals with respect to the driving noise x are interpreted in the Young sense.
2.2. Holder spaces and the cutoff

Though it could be intuited from the original equation, our formulation (5) of the elliptic
system indicates clearly that the candidate solution should be x-Hélder continuous for any « < 1,
independently of the smoothness of x.

More precisely, let C¥ be the space of continuous functions f € C([0, 1]) such that || f,, <
+00, where

185t
1Ay =1 fllec + sup ,
v * 0<s<t<1 |t — 5|V

and where we recall that § f;; = f; — f;. We shall define the integrals in (5) thanks to the following
classical proposition (see [30]):

Proposition 2.1. Let f € C¥, g € C¥ withy +«x > 1, and 0 < s <t < 1. Then the integral

f; ged fe is well-defined as a limit of Riemann sums along partitions of [s, t]. Moreover, the
following estimate is fulfilled:

t
/ ged fe fcy,/c||f||y”g”/(|t_5|y, (6)
s

where the constant ¢, . only depends on y and k. A sharper estimate is also available:

t
/ gedfe| < lgsl1fllylt = sI” 4 cycll Fllylglele = s+ (N
s

The following straightforward property will also be used in the sequel: if f, g € C?, then the
product fg defines an element in C” such that || fgll, < | fll,lIglly-

Remark 2.2. It might be clear to the reader that the solution to our elliptic system will live in
fact in a space of Lipschitz functions. We have chosen here to work in the Young setting because
this does not induce any additional difficulty, and is more likely to be generalizable to higher
dimensions of the parameter ¢.

The following Fubini type theorem for Young integrals is a slight modification of
[14, Proposition 2.6] and will be needed in the sequel:

Proposition 2.3. Consider y;, A; € (0,1),i = 1,2, such that y; +1; > 1foralli, j =1,2. Let
geland f € C”?,and h : {(t,s) € [0, 110<s<rt< 1} = R be a function such that
h(-,t) (resp. h(t, -)) belongs to C* ([t, 1]) (resp. C*2([0, t])) uniformly in t € [0, 1], and

Ih(ri, ) — h(ra, Y, < Clrr =2 hGour) = b u2)lla, < Clur —ual*. (8)
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Then

//h(r u)dg,df, = //h(r u)dfrdg,, 0<s<rtr<T, )]

//h(ru)dfrdgu // h(r,u)dg,df,, 0<s<t<T.

We also label the following three-dimensional Fubini type relation for further use:

Proposition 2.4. Let k be a k-Hélder function with k > 1/2 and ¥ : [0, 11> — R be a measur-
able and bounded function. Then we have

1 14 e 1 r 1
/dg/ dm/fg,,/ dk,:/ dk,/ d;/ dn e, (10)
0 0 n 0 0 r

Proof. Let us approximate v and k by two sequences {y", k"*; n > 1} of smooth functions, such
that lim,,— o ¥" = ¥ in L°°([O0, 1]2) and lim,,_, oc k" = k in C*. For a fixed n, relation

1 ¢ ¢ | . 1
d dnyl dkf 2/ dkf/ d f dn ¢! 11
/(; g/() nw;n/?; ) 0 e : 7’/1#;,7 (11)

is an immediate consequence of Fubini’s theorem. In addition, one is allowed to take limits in
the left-hand side of (11) by a simple application of the Dominated Convergence Theorem.
In order to take limits in the right-hand side of (11), set

r 1
a:[0,1] > R, rr—>/d§/ dn Ve,
0 r

which means that the right-hand side of (11) can be written as fol dk, a,. It is then readily
checked that a is a Lipschitz function, and thus fol dk, a, can be interpreted as a Young integral.

Furthermore, defining the function a” by ! = [; d¢ frl dn ¢7,. we have lim, a" = a in the
space of Lipschitz functions. Therefore, owing to the fact that lim,,_, oc k" = k in C*, we have

1 1
lim dk! a! = / dk, a,.
In other words, we are allowed to take limits in the right-hand side of (11).

In conclusion, one can pass to the limit in relation (11), which yields our claim (10). [

Let us describe now our cutoff procedure for the coefficient o. Recall that we wish to produce
a smooth function oy : R x C¥ — R such that o (-, x) = 0 whenever |x||,, > M + 1. This
also means that the Holder norm of x should enter into the picture in a smooth manner. With this
purpose, let us consider the Sobolev type norm

1, _ 2p %
1fllyp = (fo 0 Mdgdn> Cforp .

¢ — n|2Pr+2

It will be seen below that | f ||12,‘f7 p can be differentiated with respect to f in a suitable sense.
Furthermore, if one assumes that fy = 0, Garsia’s lemma (see e.g. [10, Lemma 1]) lets us infer
that, whenever 2py > 1, we have || fll,, < C| fll,,,. Otherwise stated, we have the following:
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Remark 2.5. Let y € (0, 1). Assume that ¢ > 0 and p > 1 satisfy ¢ > ﬁ, and fo = 0. Then,
feC™ = | fll.p < oo

This property will play an essential role in the sequel. For this reason, without loss of
generality, we assume that the driving noise x in Eq. (5) satisfies xg = 0 (this will be the case for
the fractional Brownian motion). In fact, we will consider such a hypothesis also in Section 3 for
all functions acting as controls in the equations appearing therein.

This being said, our local coefficient is built in the following manner: let M > 0 be an arbitrary
strictly positive number. We introduce a smooth cutoff function ¢, satisfying:

Definition 2.6. We consider a function ¢y € Cp°((0, 00)) such that ¢y (r) = 0 for all r >
M +1,and ¢y (r) = 1 forr < M. For any x : [0, 1] — R for which ||x|, , < oo, for some
y € (0,1)and p > 1, set

2
Gu () = om(Ix1;7p). (12)
Eventually, for such x and any y € R, we define
oy (x,y) :=Gyx)o(y). (13)

Hence, in particular, if we choose M large enough, op(x, y) = 0 whenever ||x||)2,{y » = M
+ 1.

We shall consider now the modified elliptic integral equation:

t 1 1
5151=f du (/ oM(x,z.g)dx.g)—(r—s)/ Eoy(v.ze)dxe, 0<s<i<l. (14)
K u 0

That is, we will solve Eq. (5) for any control x € C? such that ||x ||}2,{’ p < M. Notice in particular
that the solution z to (14) depends on all the parameters involved in the cutoff procedure, though
we have avoided most of the explicit references to this fact for the sake of the notation.

2.3. The fixed point argument

Following the preliminary considerations of Sections 2.1 and 2.2, we now consider a driving
signal x in a Holder space CV satisfying xo = 0, and we will seek for a unique solution to
Eq.(14)inC* with1 —y <k < 1.

As will be illustrated in the proof of Theorem 2.8, we will need some regularity properties of
o when considered as a map defined on C* with values in itself. More precisely, we will make
use of the following result:

Lemma 2.7. Suppose that o : R — R is a bounded function that belongs to C*(R) and has
bounded derivatives. Then, for any k € (0, 1), 0 : C* — C* satisfies the following properties:
forally,z € CX,

llo Ml < llo"loollyllc + 1o lloo,
llo () =0 @l < Clly = zlle {I6"lloc + 1o lloo Uy lle + 11y = zlle)} -

Proof. The first part in the statement is an immediate consequence of the fact that o and ¢’ are
bounded functions.
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For the second part, let us fix s, # € [0, 1] and y, z € C*, so we need to analyze the increment
8o (y) —0(@)st =0 (y1) —0(z1) —0(ys) +0(2s).
To this end, let us consider the following path: for any A, u € [0, 1], set
a(k, m) =ys +Azs = ys) + 1 (e — ys) + An(ys — yr — 25 + 21).

Notice that, in particular, a(0, 0) = ys, a(0,1) = y;, a(1,0) = z; and a(l, 1) = z;. Then, we
can write

8(0(2) —a(¥))st

1 1
0 0

= /Old)»/oldﬂ [0/ (@, W) 3dualh, w) + 0" (@@, 1)drah, )duah, W].  (15)

On the other hand, we have the following estimates:

[05.0pa(h, | < Iy — zllelt —sI%,

[0ra(, 1)dpa(rh, Wl < Clly — zlleUlylle + 11y =zl — s]*.
Using these bounds and expression (15), we end up with

180 (y) = @)stl < Clly = zllic {ll0”lloo + 6" loo Iy [l + 1y = zll) } 12 — s1<.
Therefore, we conclude the proof. [

We are now in a position to state the following existence and uniqueness result for Eq. (14):

Theorem 2.8. Let v,k € (0, 1) be such that y + k > 1. Assume that ¢ > 0 and p > 1 satisfy
& > ﬁ and let x € CY+¢ with xo = 0. Suppose that o : R — R is bounded, belongs to C*(R)

and has bounded derivatives. Suppose also that the derivatives of o satisfy the following
condition:

) d
o < ,
o oo < Ml
for a small enough constant c; < 1. Then, there exists a unique solution of Eq. (14) in C*.
Moreover, it holds that

lzlle = C, a7

Jj=0.12, (16)

where C is a positive constant depending on M and o.

Remark 2.9. It would certainly have been possible to handle Eq. (14) by means of fractional
calculus techniques, as was done in for instance [20]. It seemed however easier to invoke Holder
spaces and Young integration tools (look e.g. at the simple form of our basic estimates (6) and
(7)), and this is why we have chosen to work under this framework.

Proof of Theorem 2.8. As mentioned above, we will apply a fixed point argument. Let us thus
consider the following map on C¥: for any z € C¥, I'(z) is the element of C([0, 1]) given by

t 1 1
I'(2); =/ du (/ (TM()C,ZS)d)Cg) —t/ Eopm(x,zg)dxe, te]0,1].
0 u 0
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Owing to Lemma 2.7 and the definition of oy, one easily proves that, for all z € C*, I'(z) is
well-defined and belongs to C*. We aim to prove that I" : C* — C* has a unique fixed point. For
this, we will find an invariant ball in C¥ under I" and check that I", restricted to that ball, defines
a contraction.

To begin with, let us fix a real number K > 1 and consider the following closed ball in the
Holder space C*:

Bk = {z € C*, llzll« < K}.

Next, for z € Bk, we are going to analyze the norm || I'(z)||,. Indeed, for any s, € [0, 1],s < t,
we have that

1 1
/ om(x, zg)dxg | + [t — 5] / §om(x, zg)dxe
u 0

= CiGu ) xllyllo@llelt = s
< CIGu@xly (o'l lizlle + llolloo) It = 1,

t
@) < / du

where in the last inequality we have applied Lemma 2.7 and C; denotes a positive constant.
Furthermore, the above estimate lets us also infer that

I7@ oo < C1Gu@)Ixlly (oo Nzl + 1o lloo)-
Hence,

IT@ e < C1Gu)lIxlly (1o lloollzlle + llolloo)- (18)
Since z € Bg and Gy (x)||x|l, < M (fixing M large enough if necessary), we get

I7@e < CIM(K 10" lloo + o lloc) < Cre1(K + 1),

thanks to (16). Moreover, recall that we have chosen a constant K > 1. Therefore, by the hypo-
thesis on o, if we take for instance ¢; < (2C;)~!, we obtain 1"l < (K 4+ 1)/2, and thus

II'(@) |l < K whenever |z, < K.

This implies that B is invariant under I".

Let us now prove that I By - Bx — Bk is a contraction. For this, it suffices to show that
I By is Lipschitz with a Lipschitz constant smaller than 1. Namely, we shall prove the existence
of a constant L < 1 such that, for all y, z € Bg,

I —T'@Dlle < Llly — zll-
Lets,t €[0,1],s < t,and y, z € Bk. Then,

t 1
S(I'(y) — P(2))y = f du ( / [oM<x,yg>—aM(x,Zg>]dxg>

1
- —S)fo Elom(x, ye) —om(x, zg)]dxe. 19)

By Lemma 2.7 and the properties of the Young integral, it turns out that the absolute value of
both terms on the right-hand side of (19) can be bounded, up to some positive constant, by

Gu)Ixlly Iy = zllie {llo"lloo + o oo Uy lle + NIy — zll) } 17 = s1.



L. Quer-Sardanyons, S. Tindel / Stochastic Processes and their Applications 122 (2012) 466—497 475

We have a similar bound for || I"(y) — I'(z)]|eo as well. Thus, because y, z € By, we eventually
end up with

I7() = @l < C2MK (10" loo + 16" 1) 1y = 2l

It suffices now to consider that ||0’||s and ||c” ||« are sufficiently small (that is we can take
c1 < (C2K +1)"' A (2C1)™!, where C is the constant of the first part of the proof) so that the
right-hand side above is bounded by L||y — z||,, with L < 1. Therefore, I" has a unique fixed
point in Bg, which means that Eq. (14) has a unique solution in C*.

Eventually, using (18) one proves that

lzle < CiM (0" loollzllk + llolloo)-
In addition, invoking (16) and the fact that ¢; < (2C 1”1, we obtain
CiMl|lo ||
lzlle £ ——————
I = CiMllo’ oo

which concludes the proof. [

=CM),

Remark 2.10. Having been able to solve Eq. (14) in C* for any x € (1 — y, 1), one can now
apply the Fubini type Proposition 2.3 in order to establish that z is the unique solution to the
integral equation

1
o= [ Ko©outrzde. relo.n)
0
where we recall that the kernel K (¢, £) is defined by K(¢,&) =t A& — ¢§.
3. Differentiability of the solution with respect to the control

This section is devoted to showing that the solution of Eq. (14) is differentiable, in the sense
of Fréchet, when considered as a function of the control x driving the equation. For this, we need
two auxiliary results.

Let us recall that the diffusion coefficient under consideration (see Eq. (14)) is introduced in
our Definition 2.6. Moreover, as mentioned in the previous section, in all results of the present
one we assume that any function acting as a control of any equation considered here vanishes at
the zero. We make this hypothesis without further mentioning.

The following differentiation rule holds true:

Proposition 3.1. Let y,k € (0,1) be suchthat y +« > 1, p > 1l and ¢ > ﬁ. Assume that

o € C*(R) is bounded together with all its derivatives and let oy be given by Definition 2.6.
Consider x an element of C? ¢ and define the following map:

F:CVT¢ x C* — C*,

where, for all h € C? ¢ and 7 € C¥,

t 1
F(h,2); =z — / du </ om(x +h, zg)d(x —i—h)g)
0 u

1
+l‘/ Eom(x +h, zg)d(x + h)g.
0
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Then, the map F is Fréchet differentiable with respect to the first and second variable and the
Fréchet derivatives are given by, respectively: forallt € [0, 1], k € CY ¢ and g € C¥,
(D1F(h,z) - k)

t 1 1
=—f du U oM(x+h,15)dkg+/ (DGM(x+h)-k)(r(zg)d(x+h)g:|
0 u u

1 1
+1t |:/ & op(x +h, zg) dke +/ EMDGu(x+h) k)yo(ze)d(x +h){| ,  (20)
0 0
and

t 1
(DzF(h,zyg)f:gz—/O du [/ GM<x+h>o/<zs>gsd<x+h>s}

1
+t/ EGy(x+h)o'(ze) ge d(x + h)e. 21
0

Remark 3.2. In the above formulae (20) and (21), the Fréchet derivative of G (-) is well-
defined and can be computed explicitly. Indeed, G is defined on the Holder space CY e,
takes values in R and is defined by Gy (x) = gpM(||x||]2,f7,,), with some p > 1. Moreover, ¢y
is a smooth function which fulfills the hypotheses of Definition 2.6. Hence, the Fréchet deriva-
tive DGy (x) at any point x € C”T¢ defines a linear map on C” ™ with values in R, and it is
straightforward to check that it is given by

2p—1
(X; _x77) b (kf _kn)dé—dn, k e C)/-I-E.

1 1
DGy (x) -k = 2p<og4<||x||§{’p)/0 /O

& —nl?rp+2
Moreover, we have that
2p—1
IDGy )|l == IDGu)lccrve;ry < C lxll5e (22)

where the norm on the left-hand side denotes the corresponding operator norm.

Remark 3.3. As in Remark 2.10, one can apply Fubini’s theorem for Young integrals in order to
obtain some more compact expressions for the derivatives of F. Indeed, it is readily checked that

1
(D1F(h,z)-k); = _GM(x+h)/0 K(r,8)o (z¢) dkg

— (DG y(x + h) -k)/1 K(1,6)0(zz) d(x + h)e (23)
and 0
(D2F(h,2) - &) = & — Gu(x +h) /01 K(t.£)0"(z5)g d(x + h)g,
where K is the kernel defined by (3).

Remark 3.4. As will be explained later on in the paper, we will apply the results of this section
to the case where x is a fractional Brownian motion with Hurst parameter H > %, defined on a
complete probability space ({2, F, P). In particular, the paths of x are almost surely y-Holder
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continuous for all y < H, with y-Holder norm in L?({2) for any p > 1. Thus, if we fix y < H,
we will be able to find ¢ > 1/(2p) satisfying y + ¢ < H. This opens the possibility of applying
the results of the current section to this particular case.

Proof of Proposition 3.1. Though the following considerations might be mostly standard
(see [14,21] for similar calculations), we include most of the details here for the sake of clarity.
We will develop the proof in several steps.

Step 1. First of all, let us prove that F is continuous. For this, let 7, heCrteandz, z € C, so
we need to study the increment §(F (h, z) — F(h, 2))s, for 0 <s < t < 1. Indeed, we have that

I8(F(h,z) — F(h,2))s| < A1 + As + A3, 24)
where
Al = 18(z — Dl
t 1 1 ~ .
A2=/ du / ch(x—i—h,zg)d(x—i—h)g—/ omx +h,Zg)d(x + h)g|,
S u u

Az = (t —5) .

1 1
/ Eom(x +h,zg)d(x + h)e —/ EGM(x—I-E,Zg)d(x—i-ﬁ)g
0 0

It is clear that
Ap < lz = Zlle(r — ) .

On the other hand, the term A, can be decomposed as A, < A1 + Ajp, with

t
A :/ du
s

1
f (aM(x +h.ze) — ou(x + Zg)) d(x + h);

' 1
A12=/ du / oy + i, Ze) d(h — e . (25)
s u
In addition, our bound (6) on Young type integrals easily yields
A £ Gu& + 1) (10" lcollZlle + o llc) 1B = Ally4e(t — ). (26)

We still need to bound the term A1 by a sum By + Bj, where the latter terms are defined by

t
Blzfdu
s
t
Bz:/du
s

Now, invoking Lemma 2.7, we get

)

1
f (UM(x +h,ze) —om(x +h, Zg:)) d(x + h)e

1
/ (oM(x +h,Ze) —om(x + h, Zg)) d(x + h)e

Bl = CGux+h)lx + hlly+ello(@) — o @l — )
< CGux +m)llx +hllyte(llo’lloo + lo" oo (12l
+liz = zZlleDllz = Zlle & — ). 27
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Concerning the term Bj, notice that we clearly have

/

= |Gu e+ ) = GG+ | 1 + Al (0l lEl + o llo0) @ = ).

1
/ o (Ge) dx + he | du

u

B, < ‘GM(x +h)—Gulx+h)

Let us finally analyze the difference |Gy (x + h) — Gy (x + l~z)| on the right-hand side above:
by definition of G and the properties of ¢j summarized in Definition 2.6, we can argue as
follows:

Gy (x +h) — Gu(x + )| = lom(lx + 213 — o (lx + 7127
Cu plllx +hlly,p — llx + 2l |
Cupllh —hlly,p (28)

IA

IA

and this last term may be bounded, up to some constant, by |4 — | y—+¢»> because we have chosen
& to be small but verifying ¢ > ﬁ (see Remark 2.5). This implies that

By < Cllh = hlly+ellx + hlly+e (1o lsolZllc + o lloo) (t — 5). (29)
Plugging the bounds (26), (27) and (29) in (25), we obtain that

Ay < C1(l10"loollZlle + 1o llo)(Gar (x + ) + [1x + Rllyte) |2 — hlly e (t — 5)
+C2Gux +mlx + hllyte(llo’ Nl
0" looUlzlle + Iz = ZlleD Iz = Zlle t = 5), (30)
where Cy, C, denote some positive constants.
The analysis for the term A3 is very similar to that of A, and, indeed, for the former we end

up with a bound similar to that in (30). Therefore, going back to expression (24), we have proved
that

|F(h,z) — F(h, Dl < CM,0,x,2,% h, )1z = Zlle + I1h — Rlly4e),

which implies that F' is continuous.

Step 2. Let us prove now that the Fréchet derivative of F' with respect to 4 is given by (20). First
of all, let us check that D1 F (h, z) : C¥*¢ — C¥, as defined by expression (20), is a continuous

map. Indeed, owing to inequality (6) and Remark 3.2, one can easily check from expressions
(20) and (22) that

IDVF (h,2) - klle < Cllo"loollzllie + 101100} (G aa Cx + h) + l1x + AL ) 1Kl +e

which implies that D F (h, z) is continuous.
In order to prove that (20) also represents the Fréchet derivative of F with respect to the first
variable, we fix h € C¥¢ and z € C*, so we need to prove that

|F(h+k,z)— F(h,z) = D1 F(h,z) -kl
llklly+e—0 l&lly +e

=0. 31)

For this,let 0 <s <t < 1, h,k € CY¢ and z € C¥, and we proceed to analyze the increment

[6(F(h+k,z) —F(h,z) — D1F(h,2) - k)sl. (32)
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According to (20), the above increment can be split into a sum of four terms, which we denote
by E;,i = 1,...,4, and are defined as follows:

t 1
E1=/ du/ [Gu(x+h) — Gy(x+h+k) + DGy(x+h) -klo(ze) d(x + h)e.
St Ml
E2=f du/ [Gy(x +h) — G (x + h + k)] o (z¢) dke,
1
E3=(t—s)/ [Gr(x+h+k) —Gu(x+h) — DGy(x + h) - k1& o/(z¢) d(x + h)e.
0

1
Eys=(— s)/ [Gu(x+h+k)—Gy(x+h)]&o(ze)dke.
0

We will only deal with the study of the terms E; and Ej, since the remaining ones involve
analogous arguments. First, note that we have the following estimates:

t 1
/du/ o(zg)d(x + h)e

ClGu(x+h+k)—Gu(x+h)—DGy(x+h) -kl
X x4+ hlly+e (o lloolzlle + llolloc) (2 = $). (33)

By Remark 3.2, the map Gy : C¥™® — R is Fréchet differentiable and its derivative can be
computed explicitly. Hence,
IGu(x+h+k)—Gu(x+h)—DGy(x+h) k|l
IKlly+e—0 l1Klly+e

|Eq]

IA

IGu(x+h+k)—Gux+h)—DGy(x +h) -kl

IA

07

and this implies that the contribution of | Ey| is of order o([|k||, 1¢).
On the other hand, using the same arguments as in (28), we have

|E2| < CIGu(x +h) = Gu(x +h + 0] klly+e(llo”lloollzlle + o lloc)(t = 5)
CIKIS 4 (lo” oo llzlle + o lloo) (2 = s), (34)

which is obviously also of order o(||k|l} +¢).
For the terms |E3| and |E4| we obtain, respectively, the same bounds as in (33) and (34).
Eventually, plugging all these estimates in (32), we end up with the limit (31).

IA

IA

Step 3. In this part, we prove that the Fréchet derivative of F' with respect to the second variable
is given by (21). The continuity of D, F'(h, z) in (21) can be proved as we have done in Step 2
for D F (h, 7). Hence, we will check that, for all 4 € C¥ ¢ and z € C*, it holds that

|Fh,z+8) — F(h,z2) — D2F(h,2) - gl
lglle—0 gl

0. (35)

Throughout this step we will use the fact that o, considered as a map defined on and taking values
in C*, is Fréchet differentiable and its derivative is given by (see Lemma 3.5 below)

(Do(z)-8) = 0/(Zt)gta 7,8 €Cr.
This means that, for all z € C¥,

lo(z+g) —o(z) — Do (z) - gl
lglle—0 llgll

=0.
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In order to prove (35), letus fix 0 < s < ¢t < 1 and observe that

|8 (F(h,z+g) — F(h,2) — D2F (h,2) - g)g| < Fi + Fa,

where
Fi o= f /ul G (x + Mo (2 + ge) — 0/(ze) — 0" (ze)ge G + ) du
< COux+Wx + hllyelo G+ 8) — 0(2) — 0/ @gllet — 5)
and
Fy=(t—5) /01 Gu(x +h)é [0(ze + ge) — 0 (ze) — o' (ze)geld(x + h)e |,

for which the same inequality as for F] is available. Therefore, we obtain that
[F(h,z+g) = F(h,z) = D2F(h,2) - gl
S CGux +M)x +hllytello(z+g) — o (2) — o' (@gll

and the latter x-norm, as we have mentioned above, is of order o(]|g|l,) whenever | g, tends to
zero. This implies that (35) holds, and ends the proof. [J

Let us quote now the relation needed in the previous proof in order to compute the Fréchet
derivative of the process o (z):

Lemma 3.5. Let 0 € C*(R) be a bounded function with bounded derivatives. Then o, under-
stood as a map o : C* — C¥, is Fréchet differentiable and its derivative is given by

(Do(z) - 8)¢ =o' (z)g, 2,8 €C~.

Proof. We refer the reader to [14, Proposition 3.5] for the proof of this fact, and in particular for
the identification of (Do (z) - g); with the quantity o'(z;) - g,. O

As in [21], a crucial step for differentiating z with respect to the driving noise x is solving
the following class of linear elliptic PDEs. The proof of this result is very similar to that of
Theorem 2.8 and, therefore, it will be omitted.

Proposition 3.6. Let y, k € (0, 1) be such that y + k > 1. Assume that we are given x € CY+¢
with xg = 0 and w, R € C* such that the k-norm of R verifies

c
< —’
M+1
for some small enough constant cy < 1. Then, there exists a unique solution {y;,t € [0, 1]} in
C* of the following linear integral equation:

1Rl (36)

1
Vi =w; — GM(X)[ K(t,§)Rs ye dxg, 1 €][0,1].
0

Moreover, there exists a positive constant c(M) that only depends on M such that

Iyl < c(M)llwlle- (37)
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At this point, we can proceed to state and prove the main result of the section.

Theorem 3.7. Let y, k € (0, 1) be such that y +«k > 1. Let ¢ > 0 and a sufficiently large p > 1
be such that ¢ > ﬁ Assume that o € C*(R) is a bounded function with bounded derivatives
such that
Dy < _ 3
lo™ Moo < TR
for some constant c3 < Héﬁ A c1, where ¢y and C(M) are the constants in the statement
of Theorem 2.8, and c; the one of Proposition 3.6.

Let 7(x) = {z;,t € [0, 1]} be the solution of Eq. (14) with control x € CY ¢ and diffusion
coefficient oy (see (12) and (13)). Then, the map x +— z(x), defined in CY ¢ with values in
C¥, is Fréchet differentiable. Moreover, for all h € CY*E, the Fréchet derivative of z(x) is given
by

j=01,2, (38)

1
(Dz(x) by = [ oo, (39)
where the kernels ®;(t) satisfy the following equation:
1
Dy(1) = Ws(t)-irGM(X)/O K(1,8)0" (z¢) D5 (§) dxg, (40)
with
Us(t) = Gu(x)o(z) K(t,5) + 2(;0;1/[(”)6”)2/{717) s Zt, 41
and
= " perdcan, wh _pp e =m0 o)
N«s-—/o ‘/A pendsdn,  where pry = PW- (42)

Proof. We will adapt the arguments used in the proof of Proposition 4 in [21]. That is, we
will apply the Implicit Function Theorem to the functional F defined in the statement of
Proposition 3.1. For this, notice first that we have proved there that, for any 4 € C¥*¢ and z € C¥,
F(h, z) belongs to C* and F is Fréchet differentiable with partial derivatives with respect to &
and z given by (20) and (21), respectively. Moreover, since z is the solution of (14), we have that
F0,z) =0.

We need to check now that D; F (0, z) defines a linear homeomorphism from C* into itself for
which, by the Open Map Theorem, it suffices to prove that it is bijective (we already know that
it is continuous). For this, we apply Proposition 3.6 to the case where Rz = ¢”(z¢), so

1
(DrF(0,2) - ) = g — Gu(x) /0 K (1, £)0" (ze)ge dxe 43)

defines a one-to-one mapping. Indeed, observe that condition (38) guarantees that (36) in
Proposition 3.6 is satisfied. On the other hand, if we fix w € C*, applying again Proposition 3.6
we deduce that there exists g € C* such that w = Dy F (0, z) - g, which implies that D, F (0, z)
is onto and therefore a bijection.

Hence, by the Implicit Function Theorem, the map x + z(x) is continuously Fréchet differ-
entiable and

Dz(x) = —D2F(0,2) ' o D F(0, 7). (44)
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Moreover, by (43), for any h € CY*¢, Dz(x) - h is the unique solution to the differential equation

1
(Dz(x) - h)y = w; + GM(X)/O K (t,6)0"(ze)(Dz(x) - h)g dxe,
with wy = _(DlF(O, Z) . h)t

Let us proceed to prove (39). Consider Eq. (40) and integrate both sides with respect to some
h e Crre:

1 1 1 1
/ &,(t)dhy = / W, (1) dhs + G (x) / [/ K(t,é)a’(zg)%(é)dxs}dhs. 45)
0 0 0 0

At this point, we can use the same arguments as in the proof of Proposition 4 in [21]: we
apply our Fubini type Proposition 2.3 to the last term in the right-hand side of (45), which
yields

1 1 1 1
/ &,(1)dhy = / 7, (0)dhs + Gy (x) / Kt &)o' (z¢) [/ czﬁs(s)dhs]dxg. (46)
0 0 0 0

In order to conclude the proof, thanks to the uniqueness part of Proposition 3.6, it is now suffi-
cient to show that w = — D1 F (0, z) - h can be represented in the form

1
w, = / o, (1)dh,. @7)
0

For this, let us observe that, by (23), it holds that

1
(D1F(0,z2)-h); = —GM(X)/O K(t,8)o(zg)dhe — (DG y(x) - h) z;.

Hence, owing to Lemma 3.8 below, we obtain the representation (47) with &,(¢) given by (41),
which concludes the proof. [

We close this section by giving an expression for DG y;(x), which has already been used in
the proof above.

Lemma 3.8. For all h € CY1¢, it holds that

1
DG (5)+h =203y 130y) [ s 48)
where the function | is defined at Eq. (42).

Proof. As we have mentioned in Remark 3.2, the map G : C” ¢ — R is Fréchet differentiable
at any point x € C¥*¢, and its Fréchet derivative is given by

¢ — x) P ke — ky)
g — n|2rr+2

1 1
(x
DGy (x)-k=2p cpjw(uxn’;,p)/o /0 dedn, keCrte.

According to the definition of p;, this derivative can be written in the form

1 1
DGy (x) -k = ¢y (%12, /0 /0 pen (ke — k)dzdn. 49)
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Then, invoking relation (10), one can argue as follows:

1,1
//p;n(k;—kn)dédn
0o Jo
1 pl 14 L rl n
=/ / Pen (/ dkr>1{nsz}d§dn+f / Pen </ dkr)h;sw}d{dn
0 Jo n 0 Jo ¢
1 r 1 1 r 1
:/ |:/ dg[ dn,ogn:|dk,+f |:/ dn/ d;p;,]]dk,
0 0 r 0 0 r
1 r 1
2 [/ i ]
0 0 r

Plugging this expression in (49) we obtain (48) and we conclude the proof. [J
4. Stochastic elliptic equations driven by a fractional Brownian motion

Let us first describe the probabilistic setting in which we will apply the results obtained in the
previous section. For some fixed H € (0, 1), we consider ({2, F, P), the canonical probability
space associated with the fractional Brownian motion with Hurst parameter H. That is,
2 = Cy([0, 1]) is the Banach space of continuous functions vanishing at 0 equipped with the
supremum norm, J is the Borel sigma-algebra and P is the unique probability measure on {2
such that the canonical process B = {B;, t € [0, 1]} is a fractional Brownian motion with Hurst
parameter H. Recall that this means that B is a centered Gaussian process with covariance

1
Ry(t,s) = E(SM + 27— — 52,

In particular, the paths of B are y-Holder continuous for all y € (0, H). Then, we consider
Eq. (14) where the driving trajectory is a path of B. Namely,

t 1 1
5Zst:/ du (f UM(B,Zg)dB§> —(l—S)/ §oy(B,zg)dB:, 0=<s<t=<1,
K u 0

which can be written in the reduced form

1
% = GM(B)/ K(t,&)o(zg)dB:, t€]0,1]. (50)
0

Assuming that o € C%(R) is bounded, has bounded derivatives and satisfies (16), Theorem 2.8
implies that Eq. (50) has a unique solution z = {z;, ¢ € [0, 1]} such that z € C* for any x €
(1 — y, 1), and almost surely in w € (2.

4.1. Malliavin differentiability of the solution

This subsection is devoted to presenting the Malliavin calculus setting which we shall work in,
so that we will be able to obtain that the solution of (50) belongs to the domain of the Malliavin
derivative. Notice that, in spite of the fact that we can solve Eq. (50) driven by a fBm with
arbitrary Hurst parameter, our Malliavin calculus section will be restricted to the range H €
(1/2, 1). This is due to the fact that stochastic analysis of fractional Brownian motion becomes
onerous for H < 1/2, and we have thus imposed this restriction for the sake of conciseness.
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Consider then a fixed parameter H > 1/2, and let us start by briefly describing the abstract
Wiener space introduced for Malliavin calculus purposes (for a more general and complete
description, we refer the reader to [21, Section 3]).

Let £ be the set of R-valued step functions on [0, 1] and H the completion of £ with respect
to the semi-inner product

(1[0’[], 1[0,5]>H = Ry(s,t), s,te]l0,1].

The space H may contain distributions. Then, one constructs an isometry K}, : H — L%([0, 1])
such that K7, (1j0,)) = 1j0,/) K (¢, -), where the kernel K is given by

t
Ky(t,s) = cHséfH / (u— s)Hfgqu% du
S
and verifies that Ry (t,s) = OSM Ky (t,r)Kg (s, r)dr, for some constant cg. In fact, let us
observe that, for any element ¢ € H which defines a function on [0, 1], K };go can be represented
in the following form:

1
(Kol = f 000y Ky (r, 1) dr.
t

The fractional Cameron—Martin space can be introduced in the following way: let Ky
L2([0,1]) = Hy := Kz (L2([0, 1])) be the operator defined by

t
[Kuhl@) = / Ky(t, $)h(s)ds, h e L%([0, 1]).
0

Then, H g is the reproducing kernel Hilbert space associated with the fractional Brownian motion
B. Observe that, in the case of the classical Brownian motion, one has that Ky (¢, s) = 1j0.1(s),
K }k{ is the identity operator in L%([0, 1]) and Hy is the usual Cameron—Martin space.

In order to deduce that ({2, H, P) defines an abstract Wiener space, we remark that H is
continuously and densely embedded in (2. In fact, one proves that the operator Ry : H — Hpy
given by

Ry = fo K (o )[K 5 ](s) ds

defines a dense and continuous embedding from H into (2; this is due to the fact that Ry is
H-Holder continuous (for details, see [21, p. 9]).

At this point, we can introduce the Malliavin derivative operator on the Wiener space
(£2,’H, P). Namely, we first let S be the family of smooth functionals F of the form

F = f(B(h1), ..., B(hy)),

where hy, ..., h, € H,n > 1, and f is a smooth function having polynomial growth together
with all its partial derivatives. Then, the Malliavin derivative of such a functional F is the H-
valued random variable defined by

"9
DF = Zl a—)];(B(hl), ey B(hp))hi.

For all p > 1, it is known that the operator D is closable from L?({2) into L?({2; H) (see e.g.
[18, Section 1]). We will still denote by D the closure of this operator, whose domain is usually
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denoted by D!-7 and is defined as the completion of S with respect to the norm
1
. P\\p
IFll1.p = (E(FI?) 4+ E(IDFI}))" .

The local property of the operator D allows us to define the localized version of D7 as follows.
By definition, F € ]D)llof if there is a sequence {({2,, F,), n >}in F x D! such that {2, increases
to {2 with probability 1 and F = F, on {2,. In this case, one sets DF := DF,, on (2,.

We will first prove now that the solution of (50) at any ¢ € [0, 1] belongs to ]D)ll Of . For this, we
need to introduce the notion of differentiability of a random variable F' in the directions of H,
and we shall apply a classical result of Kusuoka (see [13] or [18, Proposition 4.1.3]). Indeed, a
random variable F' is H-differentiable if, by definition, for almost all w € {2 and for any & € H,
the map v — F(w + vRpyh) is differentiable. Then, the above-mentioned result of Kusuoka
states that any H-differentiable random variable F belongs to the space D7

loe» fOT any p > 1. We
have the following result:

Proposition 4.1. Let v,k € (0, 1) be such that y + k > 1. Let ¢ > 0 and a sufficiently large
p > 1 be such that ¢ > zl and y + & < H (this latter condition guarantees that B € C? %),
Assume that o satisfies the hypotheses of Theorem 3.7.

Let z = {z;, t € [0, 1]} € C* be the unique solution of Eq. (50). Then, for any t € [0, 1],
it € Dl'z

loc

(Dzs, hyn = [Dz(B)(Ruh)],, he™H. 619

and we have

Proof. Recall that the process B is y-Holder continuous for any y € (0, H). Hence, in the
statement of Theorem 3.7, we will be able to find & (choosing p therein sufficiently large) such
that y + & < H and || B||,,, is finite almost surely.

On the other hand, note that for all 7 € H, we have

1
(Ruh)(®) = Ruh) )] = (E(B; = BiD)” allze < 1t = 51 Il

Consequently, by Theorem 3.7 and Lemma 4.2 below, we can infer that z, is H-differentiable.
Therefore, Kusuoka’s result implies that z; € ]D)ll (’)3 and we have

a.s., (52)
v=0

which, together with Lemma 4.2, allows us to conclude that

(Dz;, hyn = Dz;(B)(Ryh) = [Dz(B)(Rph)] (r). U

d
(Dzy, hyw = azz(a) +vRyh)

Lemma4.2. Let y < H and ¢ > 0 be such that y +¢ < H, as in the statement of Theorem 3.7.
Let z be the solution of (50) and t € [0, 1]. Then x > z;(x) is Fréchet differentiable from CY ¢
into R. Furthermore, for x € CY*¢, it holds that

Dz, (x)(k) = [Dz(x)(K)],, k€ V™.
Proof. It is very similar to that of [14, Lemma 4.2]. Indeed, the following estimates are readily

checked:

l2(x +k)r — 2(x)r — [Dz(x)k];| < llz(x + k) — 2(x) — [Dz(x)k]llo
< llz(x + k) — z2(x) = [Dz(x)k]lly +e-
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In addition, Theorem 3.7 ensures that the latter term is of order o(||k ||, 4 ), from which our claim
is easily deduced. [J

At this point, let us go a step further and prove that the solution z; of Eq. (50) does indeed
belong to D12,

Proposition 4.3. Let v,k € (0, 1) be such that y + k > 1. Let ¢ > 0 and a sufficiently large
p > 1 be suchthat ¢ > % and y+¢& < H. Assume that o satisfies the hypotheses of Theorem 3.7.

Let 7 = {z;,t € [0, 1]} be the unique solution of Eq. (50). Then, for any t € [0, 1], z; belongs
to D2,

Proof. By (51), formula (39) and the definition and properties of Ry, we have the following
equalities: for any h € H,

1
<mmm=ummmmm=ﬁémmmmx

1 K
:/ b, (1) </ ag(H(s,r)(K;}h)(r)dr)ds
0 0 s

1
=/(; (K 2.(0)($)(Kyh)(s)ds = (D.(t), h)y.

This implies that, as elements of H, Dz; = D.(¢).

On the other hand, let us observe that L%([O, 1]) C H continuously (see e.g. [18, Lemma
5.1.1]), and clearly any Holder space C* is continuously embedded in L7 ([0, 1]). Therefore,
if we aim to prove that E(||Dz,||%_[) < 400 (see [18, Lemma 4.1.2]), it suffices to verify that
E(||9.(1)]1?) < oo, for any « € (0, 1).

Taking into account that & (¢) satisfies the linear equation (40), we are in position to apply
Proposition 3.6, so we end up with

2.l = CADNP(D) ]| (53)

where we recall that ¥, () has been defined in (41). By the boundedness of G s and ¢}, the fact
that K (¢, -) is Lipschitz with Lipschitz constant bounded by 1 — ¢, Lemma 2.7 and estimate (17),
we can infer that

7.l = CA+ lplo), (54)

for some constant C depending on M and o. Hence, it remains to study the x-Holder regularity
of u (recall that this process is defined by (42)). Namely, for any 0 < s; < s < 1, one easily
verifies that

52 1 S1 52
Hsy — Mgy = / f pey dgdn _/ / Peydgdn.
S1 52 0 S1

At this point, let us observe that, in the statement, the condition relating p and ¢ is slightly
stronger than the one considered in Proposition 4.1. In fact, the former allows us to infer that

2p—1
pey < CIIBILS

yte » almost surely, which guarantees that p € C¥ and

2p—1
Il < CIBILY, - (55)
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Plugging this bound in (54) and using (53), we end up with
E(ID=13) = EA20ID) = € (14 EQBILY) .

and the latter is a finite quantity since y + & < H and ||B|, 4. has moments of any order by
Fernique’s lemma [9, Theorem 1.2.3]. This concludes the proof. [l

4.2. The Stratonovich interpretation of the fractional elliptic equation

Up to now, we have succeeded in solving Eq. (50) by interpreting any integral with respect
to B in the Young (pathwise) sense. In this particular situation, it is a well-known fact [23] that
our approach is equivalent to Russo—Vallois kinds of techniques. Namely, if for a process V the
integral fOT Vs dB; can be defined in the Young sense, then one also has almost surely

T 1 T
/ Vs dBs; = lim —/ Vs (Bs+e — Bys—¢) ds.
0 e—02¢ Jy

The latter limit is usually called the Stratonovich integral with respect to B (see [18, Definition
5.2.2]), and is denoted by [ Vy o dB.

Our point of view in this section is slightly different: we wish to show that the integrals with
respect to B in Eq. (50) can also be interpreted as the sum of a Skorohod integral and a trace term.
As we shall see below (see Proposition 4.4), this gives another definition of the Russo—Vallois
symmetric integral in the particular case of smooth integrands in the Malliavin calculus sense. In
particular we shall see that, at least a posteriori, Malliavin calculus might have been applied in
order to solve our original elliptic equation, though a direct application of these techniques leads
to non-closed estimations.

Let us thus introduce the space |H|, which is composed of measurable functions ¢ : [0, 1] —
R such that

1 1
ol = an /0 /0 o llgullr — uPH=2drdu < +oo,

where ay = H(2H — 1), and we denote by (-, -} the associated inner product. We define
Stratonovich integrals thanks to the following result, borrowed from [1, Proposition 3]:

Proposition 4.4. Let {u;,t € [0, 11} be a stochastic process in DV2(|H|) such that
1 1
/ / |Dyuyl|t — s|2H72dsdt <400 a.s. (56)
0 JO
Then, the Stratonovich integral fol u; o dB; exists and can be written as

1 1 1
/u[odB[:8(u)+/ / Dyu,lt — s/ 2dsdt, (57)
0 0 0

where §(u) stands for the Skorohod integral of u.

We are now in a position to apply this result to our elliptic equation:

Proposition 4.5. Let z = {z;,t € [0, 1]} be the solution to Eq. (50). Under the same hypothesis
as in Proposition 4.3, the process 7 belongs to DV2(|H|) and also satisfies the equation
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1
o= Gu®) [ K.o0Goodb, 1el0.1] (58)
0
where the Stratonovich stochastic integral with respect to B is interpreted as in (57).
Proof. Note first that the norm of z in D12(|H|) is given by

12131234y = EUzlfrg) + EADZ g g)-
By Theorem 2.8 (see (17) therein), we have

1 1
E(lIlif) = /0 fo E(1zrzu)lr — ul*2drdu

1,1
< CE(||z||§o)/ / Ir —u|?~2drdu < C. (59)
0 Jo
On the other hand, owing to (53)—(55) we can infer that, for any r, u € [0, 1],
E(IDyzr) = C,
for some positive constant C. Thus
2
E(”DZ”|H|®|H|) (60)
1 pl 1 pl
= / / dridry [y — r2|2H_2/ / duidus E (lDr1Zu1| |Drzzu2|) luy — un |72
0 JoO 0 JO
1 ,l 1,1
< c/ / dridry |1y —r2|2H_2/ f durdus lup — us)?7? < o0. (61)
0 JO 0o JO

Putting together (59) and (61), we have seen that z € ]D)1’2(|H|), and one also deduces that (56)
holds. By Proposition 4.4, this implies that z belongs to the domain of the Stratonovich integral.
Therefore, thanks to the regularity properties of o and the fact that K (z, -) is a deterministic
function, we obtain that the Stratonovich integral fol K (t,&)o(zg) o dBg is well-defined. By
Russo and Vallois [24, Section 2.2, Proposition 3], this Stratonovich integral coincides with the
pathwise Young integral on the right-hand side of (50), for which we can conclude that z solves
(58). O

4.3. A modified elliptic equation

One of the major obstacles on our way to get the absolute continuity of £(z;) is the following:
associated with Eq. (50) is the process u defined by (42), appearing in the expression for Dz;.
This process happens to have some fluctuations around s = 0 which are too high for guaranteeing
the strict positivity of Dz; at least in a small interval. This is why we consider in this section a
slight modification of our elliptic equation (50) and we will prove that its solution, at any instant
t, has a law which is absolutely continuous with respect to the Lebesgue measure. Specifically,
the cutoff term Gy (B) in Eq. (50) will be replaced by a new G y(B), whose motivation relies
on a variation of Garsia’s lemma given below:

Proposition 4.6. Let f be a continuous function defined on [0, 1]. Set, for p > 1,

WAl 5p 2P 1/2p
Uy p(f) = < / / v'_f u|2|VP ) du) , (62)
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and assume U, ,(f) < oo. Then f € CY ([0, 11); more precisely,
I/1ly = CUy p(f), (63)

for some positive constant C.

Proof. Let 0 <s <t < 1. We wish to show that

[8fsel < C Uy p(f) |t —s]”. (64)
To this end, let us construct a sequence of points (sx)r>0, sk € [0, 1], converging to ¢ in the
following way: set so = s, suppose by induction that sg, ..., sy < ¢ have been constructed, and
let

Sk +t

Vi = lak, br], with ay = 2s; A ( ) , by =3sp A L. (65)

Notice that the main differences between our proof an the original one by Garsia (or better, the
one given by Stroock in [26]) stems from this definition of ai, bx. Indeed, in the classical proof,

ay = ‘Y"; ! and by = t. Define then

2p
6U.
Ar={ve V| I > 6yl (66)
v — si]
and
18f sl ?? 61 (st)
By == v 67
S R T Ty ©n

where we have set

tA4v 2
) P
1(v) :_—/ 18/ vl
v

——= au.
v — u|2vp+2

Let us prove now that Vi \ (A; U By) is not empty: observe that, for ¢ € [0, 1],

4unl 2 4unt 2

8 p ) P
/‘ 8 wl™ >/ 181 o du = 1(v),
v v

|v _ u|2yp+2 - |v _ u|2yp+2
and thus
2p
2 60U, »(f)
Uyl (f) = / I(v)dv > —E=Z 0 (Ap).
Ax |bx — k|

Moreover,
WAL |8f 2P 187 spul*”
I(s) = 1y — o 12vp+2 du = 1 — < 12vp+2 du
Sk |M_Sk| rp By |M—Sk| vp

>/ 61(sk) (oo 61w
B

u >
|1 — gl |br — skl

w(Bg).

Altogether one has obtained p(Ag), w(By) < V”‘é;“"l, so w(Ag) + u(By) < “”‘3;”"
Next we show that |by — si| = 2 (Vi) = 2|by — ax|. This study can be separated into two
cases:
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() If sy < t/3, then ay = 2sy and by = 3s. Thus by —ax = s and by — s = 2sy. This obviously
yields |by — si| = 2 (V).

(ii) If s > t/3, then qx = "‘% and by = t. Thus by — a; = t?" and by — sy =t — si. Here
again, we get |by — si| = 2 (Vi).

We have thus proved that w(Ax) + u(Byr) < w, which means that Vi \ (Ax U By) is not
empty. Let us thus choose sy arbitrarily in this set. Note that, by construction, s — ¢ while
staying inside [s, ¢].

Now, for an arbitrary n > 1, decompose §f ,; into

n
stt = st,,_,_]t + Z SfSkSk-H . (68)
k=0
Applying (67); and (66)_1, one gets
2 2
s el cUb()

ISkt — sk 12PH2 7 s — skl ISkt — skllse — sk—1]

and hence
2 [Sk+1 — Sk
18f sesein |77 < € Qk Uyl (f) Isksr — sk|P7P, - where Oy = m (69)

Notice that in our definition (65), we have a; = 2s; instead of (sx +1)/2 iff s < t/3. Therefore,
we can distinguish three cases in order to bound the quantity Q4 above:
(1) If sg—1 > t/3, then sp41 — s <t — s and s — sg—1 > (t — sx)/4. Thus Oy < 4.
(1) If s < t/3, then sg1 — sk < 35k — sk = 25, and sk — Sg—1 > Sk — Sk /2 = sx /2. Thus Qp < 4
again.
(iii) If sx—1 <t/3 and sy > t/3, then sgy1 — sk <t — sk < 35k — Sk = 25, and sx — Sk—1 > Sk /2.
Thus Qy < 4.

Putting those estimates together, we end up with Q; < 4 in all cases, and plugging this
inequality into (69), we obtain

2 2p 2
|8kask+]| b S c U)/,p(f) |Sk+1 - Skl yp‘

Now (68) reads

S ‘stn+1t

n
AT + Uy p () Ister — il (70)
k=0

n

+ Z ‘afskskﬂ

k=0

It remains to bound >y _ |sk+1 — sx|” for an arbitrary n. This is achieved by separating cases
again:
(1) If s > ¢/3, then it is easily shown that a; = sk; ! and by = ¢, for all k, for which we have
Sk+1 € [(sx 4+ t)/2, t]. This implies that ¢t — sx1 < (¢t — sx)/2 and hence t — s; < 27k — ),
for any k > 0. Therefore

4+ Sk—1 I — Sk—1 r—s
Sk+1 — Sk =1 — = < .
+ 2 2 2k

Plugging this into (70),

n
1
18fstl < 18F 5,10l + Uy.p(f) g Sl = sl



L. Quer-Sardanyons, S. Tindel / Stochastic Processes and their Applications 122 (2012) 466—497 491

Let n — oo and use the continuity of f and the fact that 5,1 — ¢. Then
[8fs:| < CUy,p(f)” - S|y,

where C denotes a positive constant which may depend on y. This concludes the proof in the
case s > t/3.

(ii) If s < ¢/3, then by definition of s we will have, for small enough k, that sy11 = Br415k
for some By € [2, 3]. Thus

k
Sk = (1_[ ﬂj) S.
Jj=1

Set M := inf{k € N; ]_[I;zl Bj = t/(3s)}, so we wish to evaluate Z,ivl:f)l |Ska1 — Skl”:

M—1 M—1 k 14 M—1 k 4
RTITEE, (H ﬂ) Bt~y <2 3 (m) -
k=0 k=0 \j=1 k=0 \j=1

Notice that by == ]_[y:f)l Bj < t/(3s), by definition of M, and

M-1 [ k 14 MY
>, (]_[ ﬂ,;) <Y sty < Cbh = C/sy
k=0 \j=0

I=1
and
M—1
D Isket —sel” <2757 CGt/s)” < Ct.
k=0
Observe that t — s > 2¢/3 whenever s < t/3. Therefore t < %(t —s) and

M—1

D sk — s’ < Ct—s)7.
k=0

Let us go back now to (70) and write

M—1 n
+Uy.p(f) (Z skt — sV + Y sk —sw)
k=0 k

=M

87 sl = |8Fsre

= ‘(stn-%—lt

We have just seen that Ay; < C(t —s)?, and one can also prove that By; < C(t —s)” uniformly

in n by means of the same kind of argument as for step (i). This ends the proof on taking limits
in(71). O

+ Uy p(f) (Au + Bum) . (71)

We will now take advantage of the previous proposition in order to build a slight modification
of our elliptic equation which is amenable to density results. Namely, as before, let M > 0 be
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any real number and ¢y € Cp°((0, 00)) such that gy (r) = 0forallr > M + 1, and gy (r) = 1
forr < M. For any x : [0, 1] — R for which U, ,,(x) < 0o, for some y € (0, 1) and p > 1, set

Gu(x) = ou (U, p(x)*P),

and, for such x and any z € R, we define

Gm(x,2) = Gy (x)o(2). (72)

We shall thus consider another kind of modified elliptic integral equation driven by the fractional
Brownian motion B:

t 1 1
(SZ”:/ du (/ 5M(B,Z§)ng> —(I—S)/ §opm(B,zg)dBs, 0=<s=<t=<1.(73)
s u 0

This equation can be equivalently formulated in its compact form:

t
ztzéM(B)/ K(t,&)o(z¢)dBs, te[0,1]. (74)
0

We will prove that the probability law of the solution to (74) taken at ¢t € (0, 1) is absolutely
continuous with respect to the Lebesgue measure.

First of all, let us point out that the results of Sections 2.3 and 3 remain valid for the solution
of Eq. (74). Moreover, using exactly the same arguments as in the proof of Proposition 4.3, one
obtains that, for all # € [0, 1], the solution z; belongs to the domain of the Malliavin derivative.
Combining all of this, we can state the following result:

Theorem 4.7. Let y, k € (0, 1) be such that y +k > 1. Let ¢ > 0 and a sufficiently large p > 1
be such that ¢ > % and y + ¢ < H. Assume that o satisfies the hypotheses of Theorem 3.7.

Then, there exists a unique solution 7 = {z;, t € [0, 11} of (74), which is an element of C*.
For any t € [0, 1], z; belongs to D" and the Malliavin derivative Dz; satisfies the following
linear integral equation:

Dz = Uy(t) + GM(B)/O1 K(t,£)0(z¢)Dsze dBe, 5 € [0, 1], (75)
with
Uy (1) = Gy (B) 0 (z5) K(t,5) + 20, (Uy p(BY?P) fis 2., (76)
and
Rs = /S f4nA1pgnd§dn where pgy = (2p — 1)M. (77)
‘ s Js ’ & — nl?rpt2

Remark 4.8. The term i in (76) comes from the fact that, as one can easily verify, the Fréchet
derivative of G at x € C¥ ¢ is given by

1
DGy(x)-h= 2¢;V,(Uy,p(x)21’)/ fisdhs, heCVTE
0

We can now give the technical justification for our change in the elliptic equation that we
consider: the lemma below (whose proof can be immediately deduced from (77)) shows that &
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can be made of order s? for an arbitrary large g and s in a neighborhood of 0. This simple fact
will enable us to upper bound |Dsz,| for s — 0 in a satisfactory way. The following result will
thus be important in the sequel:

Lemma 4.9. Assume that the hypotheses of Theorem 4.7 are satisfied. Then, for all s € (0, A—IL)
and p > 1,

~ 2p—1
s < IBIY, 5P as., (78)

where B = 2p — 1)e — y.

Fix ¢t € (0, 1), and consider z;, the solution to (74). Observe that the random variable z; cannot
have a density p;(y) at y = 0, since P(z; = 0) > 0 due to our cutoff procedure. Hence we will
prove the existence of density for the law of the random variable z; on the subset of (2 defined
by (2, := {|z;| > a}, for all a > 0. The fact that we are restricting our analysis to {2, implies the
following simple but useful properties:

Lemma 4.10. On (2, we have

IBll, <Ci and Gu(B)> Ca,as.
where C1, Cy denote some positive constants depending on a and M.
Proof. Note that on {2, we must clearly have that

Gu(B) = om(Uy »(B)*P) > 0 as.

Thus, by definition of @y, we get Uy, (B)2” < M+1 as. in {2, and the first part of the statement
follows after applying Proposition 4.6.

Let us also estimate the integral appearing in Eq. (74): by (6), Lemma 2.7, Theorem 2.8, and
the first part of the lemma, on {2, we have

1
/0 K(t,&)0(z¢)dBg| < CIK (1, )llc(llo' s lzllic + llo o) IBlly < C,  as. (79)

where the constant C is positive, depends on M, o, k,y and indeed can be small enough
whenever ||o||o and ||o”||oo are small. Note that here we have used the fact that | K (z, )|, <
Ct'~*, which can be easily deduced from the explicit expression for the kernel K.
On the other hand, still playing with Eq. (74),
Gy (B) >a as.on f),.

1
/0 K(t,&)o(zg) dBs

Hence, (79) yields G m(B) > % almost surely on (2,, which concludes the proof. [

4.4. The absolute continuity of the law

With the previous changes in the equation that we are considering, we are now ready to state
and prove our result concerning the density of the law for z;:

Theorem 4.11. Assume that o satisfies the hypothesis of Theorem 3.7 and that |6 (y)| > o9 > 0
forall y € R, for some constant o¢. For any t € (0, 1), we consider the random variable z;
e DY2 and a > 0. Then, we have that | Dz; |1 > 0 a.s. on £2,.

As a consequence, the law of z; restricted to R\ (—a, a) is absolutely continuous with respect
to the Lebesgue measure.
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Let us say a few words about the methodology that we have followed in order to prove the
result above: as in many instances, our density result will be obtained by bounding the Malliavin
derivatives from below. Let us go back thus to Eq. (75), which is the one satisfied by the Malli-
avin derivative Dz;. We wish to prove that a density exists for the random variable z; under a
non-degeneracy condition of the form o (y) > op for any y € R; we can assume, without los-
ing generality, that ¢ is positive. Our strategy will be based on the fact that Dz, is a continuous
function, and we will prove that, almost surely on f2,, the Malliavin derivative is negative on
some non-trivial interval. This necessarily implies that the norm ||Dz; |7y cannot vanish. Let us
however make the following observations:

(i) We will take advantage of the leading term W(z) in Eq. (75) and we will analyze its
increments. According to expression (76), these can only be assumed to be strictly negative
when s is small enough: we have not imposed any condition on fi, and thus we can only rely on
the upper bound (78), which is valid for s close enough to 0. Let us insist again here on the fact
that our change of cutoff in the elliptic equation that we consider is meant to have fi; very small
in a neighborhood of 0.

(ii) The estimation of the integral part in Eq. (75) involves some Holder norms of the function
& — Dyze. It is thus natural to think that the same should occur on the left-hand side of this
equation. Therefore, we are induced to consider increments of the form D, z;, — Dy z;, and perform
our estimations on these quantities.

(iii) We shall tackle those increment estimates in a slightly more abstract setting, similar to that
of Proposition 3.6: consider a function (¢, ) + w;', depending on two parameters ¢, 1 € [0, 1].
For n € [0, 1], let z7 be the solution to

1
7 = w,"—GM(B)/O K(1,§) Re z{ dBe. (80)

In the equation above, w" and R satisfy some suitable Holder continuity assumption, and we
assume the increments of w” to be also bounded from below. Notice that, for n < ¢, the function
t — Dz, satisfies an equation of the form (80). Our aim is then to get an appropriate lower
bound on the increments of z”7. This will be a consequence of the following lemma:

Lemma 4.12. Let y < H and k € (0, 1) be such that y +« > 1. Forany n € [0, 1], let w" be a

Sfunction in C* satisfying the relation |8w;71,2| <cilh—tilnforanyn <ty <thpb <landcy <1

small enough. Moreover, let R € C* be such that
2

M+1

for a small enough constant ¢y < 1 (see Proposition 3.6). Then the solution 7" to Eq. (80) is such

that foralln <t <t <1,

1827, 1| < lt2 — 111 m. (82)

IRl =

@1

If we further suppose that 8wt"1 f
then we also get the bound

< —ciltr —ti|nforanyn <t <t <1 and c| large enough,

]
Szflyfz =< _CltZ - t1| n, (83)
foralln < t; <ty <1 and a small positive constant c.

Proof. Let us start by proving (82): the solution z" to Eq. (80) is obtained as the fixed point
of an application © constructed as in the proof of Proposition 3.6. Namely, let us define the
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map O : C — C* by

t 1 1
W), = w," — GM(B)/ du (/ Rg ygng) +1t GM(B)/ SR& ygng.
0 u 0

Then under our standing assumptions, z7 can be seen as the fixed point of the map ©. It is thus
enough to check that, if y verifies |8y;,;,,| < [t —t1|nforalln <1 <1, < 1,theny = O(y)
fulfills the same condition.

Let us write then

5)’1112 = Alltz - Ct[lz + Dtltz’

with A;y, = 8w;7] r, and

- 15 1 ~ 1
Cipy = GM(B)/ du (f R ygst) , Dy, = (tr — tl)GM(B)f € Rg yzdB:.
n u 0

We shall bound those three terms separately forn <t < < 1.
| At 1,| is bounded by assumption by ¢y |t; — 71| n. Furthermore, |C,4,| is easily estimated as
follows:

[Crin|l < RNk Iyllee ey imM 12 — t1] < (IRl M |12 — t1] 1,
thanks to our induction hypothesis. Hence, by (81), we have
|Cl‘1,t2| = CQ,'ZZ - t1|77

Some similar considerations also yield |Dy, ;,| < c3lt2 — t1|n for a small enough constant c3.
In order to complete the proof of (82), it suffices thus to consider ¢y, ¢ small enough that
cir+ecy+ce3 <1,

Let us turn now to the proof of (83): it is sufficient to go through the same computations as for
(82) and take into account the lower bound on Swz 1,- The details are left to the reader. We only
note that the constant c¢; has to be taken such that ¢; > ¢p + ¢3, where the ¢;, c3 are the same
constants as in the proof of (82). [

At this point, we already have the main tools for proving the main result of the section.

Proof of Theorem 4.11. Taking into account that the Malliavin derivative Dz; satisfies Eq. (75),
we will apply (83) to the following situation: z; = Dsz;, Re = 0(z¢) and wj = ¥,(t), where
we recall that

Uy (1) = Gu(B) o (z5) K(t,5) + 20 (Uy p(B)*P) fis 2

and [ig is defined by (77). We also recall that, throughout the proof, we have implicitly fixed w
belonging to (2.
First, note that the hypotheses on o guarantee that (81) is satisfied. Next, let us prove that
5w§1’,2 < —ciltr —ty|s,foralls <t <t < T withs < 1/4. To be precise, we clearly have that
Swfl,tz = Us(tr) — ¥s(t1)

= —Gu(B)o(z)(t2 — 11)s + 20} (Uy, p(B)*P) fis (821, 1r)- (84)

By Lemma 4.10 and the non-degeneracy condition on o, the first term on the right-hand side of
(84) can be bounded by —c4(t> — t1)s, where c4 is some large enough constant (see the proof
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of Lemma 4.10). We will check now that, foralls <# <t <1 withs < 1/4,

204Uy p(B)*P) fis(821,.1)) < c5(t2 — 11)s, (85)

for some (small) constant 5 (which may depend on ). For this, we use the boundedness of ¢},
apply Lemma 4.9 and take into account the fact that, as can be deduced from the existence result
Theorem 2.8, the solution z is indeed Lipschitz continuous (with Lipschitz constant depending
on M). Altogether this yields

~ 2p—1
204 Uy p(B)P)its(821,.1,) < CIIBI . 5P (12 — 1) < es(ta — 1),

with cs = C[|BII>%, (1/4)P~", where we recall that § = (2p — De — y.
Therefore, taking p large enough that c5 < c4 and plugging (85) into (84), we obtain

1
(Swtshl2 = U (t)) — Us(t1) < —ci1(tr — t1)s, foralls <t <1, <1withs < T

where ¢ can be large enough (since c4 can be as well).
Then, we are in position to apply (83) and we obtain that

N

Dyszyy — Dszyy < —(t2 —11)s, foralls <t <1t <1withs <

Thus, taking t; = ¢ and r, = 1, we obtain that Dyz; < O for all s € (0, 4—1‘ A t). Therefore, we
have that | Dz;|l > 0 a.s. on {2, by the continuity of Dz,. This concludes the proof. [J
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