MALLIAVIN CALCULUS FOR FRACTIONAL DELAY EQUATIONS

JORGE A. LEON AND SAMY TINDEL

ABSTRACT. In this paper we study the existence of a unique solution to a general class of
Young delay differential equations driven by a Holder continuous function with parameter
greater that 1/2 via the Young integration setting. Then some estimates of the solution
are obtained, which allow to show that the solution of a delay differential equation driven
by a fractional Brownian motion (fBm) with Hurst parameter H > 1/2 has a C°°-density.
To this purpose, we use Malliavin calculus based on the Fréchet differentiability in the
directions of the reproducing kernel Hilbert space associated with fBm.

1. INTRODUCTION

The recent progresses in the analysis of differential equations driven by a fractional
Brownian motion, using either the complete formalism of the rough path analysis [3, 10,
18], or the simpler Young integration setting [25, 33], allow to study some of the basic
properties of the processes defined as solutions to rough or fractional equations. This
global program has already been started as far as moments estimates [13], large deviations
[16], or properties of the law [2, 21] are concerned. It is also natural to consider some
of the natural generalizations of diffusion processes, arising in physical applications, and
see if these equations have a counterpart in the fractional Brownian setting. Some partial
developments in this direction concern pathwise type PDEs, such as heat [7, 11, 12, 30],
wave [28] or Navier-Stokes [4] equations, as well as Volterra type systems [5, 6]. As we
shall see, the current paper is part of this second kind of project, and we shall deal with
stochastic delay equations driven by a fractional Brownian motion with Hurst parameter
H>1/2.

Indeed, we shall consider in this article an equation of the form:
dy, = f(2{)dB, +b(Z])dt, t€][0,T], (1)

where B is a d-dimensional fractional Brownian motion with Hurst parameter H > 1/2,
f:Cl([~=h,0;R") — R"™4 and b : C]([~h, 0];R") — R" satisfy some suitable regularity
conditions, C; designates the space of y-Holder continuous functions of one variable (see
Section 2.1 below) and Z{ : [—h,0] — R"™ is defined by Z/(s) = y;rs. In the previ-
ous equation, we also assume that an initial condition & € C] is given on the interval
[—h,0]. Notice that equation (1) is a slight extension of the typical delay equation which
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is obtained for some functions f and b of the following form:

f:Cl([=h,0;R") — R™  with f(Z})=0 (/

—h

0

wear(@®). @

for a regular enough function o, and a finite measure v on [—h,0]. This special case of
interest will be treated in detail in the sequel. Our considerations also include a function
[ defined by f(2}) = o(Z{(—u1),..., 2/ (—ug)) foragiven k > 1,0 <u; < ... <ux <h
and a smooth enough function o : R"** — Rnx4,

The kind of delay stochastic differential system described by (1) is widely studied when
driven by a standard Brownian motion (see [20] for a nice survey), but the results in
the fractional Brownian case are scarce: we are only aware of [8] for the case H > 1/2
and f(2Y) = o(Z2Y(—r)), 0 < r < h, and the further investigation [9] which establishes
a continuity result in terms of the delay r. As far as the rough case is concerned, an
existence and uniqueness result is given in [22] for a Hurst parameter H > 1/3, and [31]
extends this result to H > 1/4. The current article can be thus seen as a step in the study
of processes defined as the solution to fractional delay differential systems, and we shall
investigate the behavior of the density of the R"-valued random variable y; for a fixed
t € (0, T], where y is the solution to (1). More specifically, we shall prove the following
theorem, which can be seen as the main result of the article:

Theorem 1.1. Assume f and b have bounded Fréchet derivatives of any order. Let
t € (0,7] be an arbitrary time, and y be the unique solution to (1) in C{(R™), for a
given 1/2 < k < H. Then the law of y; is absolutely continuous with respect to Lebesgque
measure in R™, and its density is a C*°-function.

Notice that this kind of result, which has its own interest as a natural step in the study
of processes defined by delay systems, is also a useful result when one wants to evaluate
the convergence of approximation schemes in the fractional Brownian context. We plan
to report on this possibility in a subsequent communication.

Let us say a few words about the strategy we shall follow in order to get our Theorem 1.1.
First of all, as mentioned before, there are not too many results about delay systems
governed by a fractional Brownian motion. In particular, equation (1) has never been
considered (to the best of our knowledge) with such a general delay dependence. We
shall thus first show how to define and solve this differential system, by means of a slight
variation of the Young integration theory (called algebraic integration), introduced in [10]
and also explained in [21]. This setting allows to solve equations like (1) in Holder spaces
thanks to contraction arguments, in a rather classical way, which will be explained at
Section 3.1. In fact, observe that our resolution will be entirely pathwise, and we shall
deal with a general equation of the form

dy, = F(2V)dx, + b(2V)dt, te[0,T), (3)
for a given path x € C]([0,T]; R?) with v > 1/2, where the integral with respect to = has
to be understood in the Young sense [32]. Furthermore, in equations like (3), the drift

term b(ZY) is usually harmless, but induces some cumbersome notations. Thus, for sake
of simplicity, we shall rather deal in the sequel with a reduced delay equation of the type:

t
yt=a+/f(Z§)dxs, t e [0,T].
0
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Once this last equation is properly defined and solved, the differentiability of the solution
y; in the Malliavin calculus sense will be obtained in a pathwise manner, similarly to the
case treated in [26]. Finally, the smoothness Theorem 1.1 will be obtained mainly by
bounding the moments of the Malliavin derivatives of y. This will be achieved thanks to
a careful analysis and some a priori estimates for equation (1).

2. ALGEBRAIC YOUNG INTEGRATION

The Young integration can be introduced in several ways (convergence of Riemann
sums, fractional calculus setting [33]). We have chosen here to follow the algebraic ap-
proach introduced in [10] and developed e.g. in [12, 21], since this formalism will help us
later in our analysis.

2.1. Increments. Let us begin with the basic algebraic structures which will allow us to
define a pathwise integral with respect to irregular functions: first of all, for an arbitrary
real number T' > 0, a topological vector space V and an integer k£ > 1 we denote by Ci(V)
(or by Ci([0,T]; V) the set of continuous functions g : [0, T]* — V such that g;,..;, = 0
whenever t; = t;,1 for some i < k — 1. Such a function will be called a (k — 1)-increment,

and we will set C.(V) = U>1Cr(V). An important elementary operator is ¢, which is
defined as follows on Ci(V):

k+1

0 :Cr(V) = Ca(V), (09) 11ty = Z(_l)k_igt1~~~fi--~tk+1’ (4)

=1

where ; means that this particular argument is omitted. A fundamental property of 6,
which is easily verified, is that 60 = 0, where 60 is considered as an operator from Ci (V)
to Cry2(V). We will denote ZCi (V') = Cr(V) NKerd and BCx(V') = Cr(V') N Imd.

Some simple examples of actions of 9, which will be the ones we will really use through-
out the paper, are obtained by letting g € C;(V) and h € Cy(V). Then, for any
s,u,t € [0,T], we have

(5g>st =gt — ¢s, and (6h)sut - hst - hsu - hut- (5)
Furthermore, it is easily checked that ZCy (V') = BC(V) for any k£ > 1. In particular, the
following basic property holds:

Lemma 2.1. Let k > 1 and h € ZC1(V'). Then there exists a (non unique) f € Cr(V)
such that h =0f.

Observe that Lemma 2.1 implies that all the elements h € C3(V') such that 6h = 0
can be written as h = ¢f for some (non unique) f € C;(V). Thus we get a heuristic
interpretation of d|¢,(v): it measures how much a given l-increment is far from being an
exact increment of a function, i.e., a finite difference.

Remark 2.2. Here is a first elementary but important link between these algebraic struc-
tures and integration theory: let f and g be two smooth real valued function on [0, 7.

Define then I € Cy(V') by

t v
]St:/ dfv/ dg,, for s, tel0,T].
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Then, some trivial computations show that

This is a helpful property of the operator d: it transforms iterated integrals into products
of increments, and we will be able to take advantage of both regularities of f and ¢ in
these products of the form § f dg.

For sake of simplicity, let us specialize now our setting to the case V = R™ for an
arbitrary m > 1. Notice that our future discussions will mainly rely on k-increments with
k < 2, for which we will use some analytical assumptions. Namely, we measure the size
of these increments by Holder norms defined in the following way: for 0 < ay < as < T
and f € Co([ay, as]; V), let

|f rt|
1 lsfaras) = sup === and - C5([as, aoli V) = {f € Co(V); [|llpfor ) < 00}
rt€la,az] | |
Obviously, the usual Holder spaces CY'([a1, az]; V') will be determined in the following way:
for a continuous function g € Cy([ay, as]; V'), we simply set

Hg“u,[al,az] = ||5g||u,[a1,a2]v (6)

and we will say that g € CL([ar, a3); V) ff lg]u(uves) 5 finite. Notice that | - [ju e i
only a semi-norm on C}'([a, as]; V'), but we will generally work on spaces of the type

Cg,ahaz(v) = {g : [a1’a2] - V; Ga; = U, ”g”u,[al,az} < OO} ) (7)
for a given v € V', or

Chiara(RY) = {C € CI(]

B s a1 — h,az);RY); ¢ = g on [ay — h, aq]}, (8)
where 0 < a; < ay and ¢ € C'([a; — h, a1]; RY). These last two spaces are complete metric
spaces with the distance d,(g, f) = ||g — fl|,. More specifically, the metric we shall use

on the space C*, , (R?) is:

0,a1,a2

Aya1,02 (9, f) £ ”g - f”u,[al—h,az}'

In some cases we will only write C}/ (V') instead of C([a1, as]; V) when this does not lead
to an ambiguity in the domain of definition of the functions under consideration. For
h € Cs([ay, as); V') set in the same way

(9)

||h||%p,[a1,a2} = sup |hsut|
s,u,t€lar,az) |U — 3|7|t _ U|p

HhHm[ahaQ} = inf {Z ”hz pis—pi h = Zhlv 0< pi < :u} )

where the last infimum is taken over all sequences {h; € C3(V)} such that h = ) A,
and for all choices of the numbers p; € (0, ). Then || - ||, is easily seen to be a norm on
Cs([a1, az); V), and we set

Cy([ar, asl; V) := {h € Cs([ar, az]; V); ||A]], < oo}

Eventually, let C37([ay, as]; V) = U,=1C5 ([a1, ag]; V), and remark that the same kind of
norms can be considered on the spaces ZCs([ay, az]; V'), leading to the definition of some
spaces ZCh (a1, as]; V) and ZC37 ([ay, as]; V).
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With these notations in mind, the crucial point in our approach to pathwise integration
of irregular processes is that, under mild smoothness conditions, the operator § can be
inverted. This inverse is called A, and is defined in the following proposition, whose proof
can be found in [10].

Proposition 2.3. Let 0 < a1 < ay < T. Then there exists a unique linear map A :
Z2C5* ([a1,a2]; V) — C3 ([a1, as); V) such that

(SA - [dZC§+([a1,CL2];V) .

In other words, for any h € C3"([a1,a2); V) such that §h = 0 there exists a unique g =
A(h) € Cit([ar, as]; V) such that 6g = h. Furthermore, for any p > 1, the map A is
continuous from ZCk([a, asl; V) to C4([a1, as]; V') and we have

HAh“M,[al,az] = 9 HhHM [a1,a2) h e ZC:‘;([al,aQ];V). (1())

Moreover, the operator A can be related to the limit of some Riemann sums, which
gives a second link (after Remark 2.2) between the previous algebraic developments and
some kind of generalized integration.

Corollary 2.4. For any 1-increment g € Co(V') such that 6g € C3*t, set 6 f = (Id— Ad)g.
Then

(5f st — hm th tiv1s

where the limit is over any partition gy = {to = s,...,t, =t} of [s,t], whose mesh tends
to zero. Thus, the 1-increment o f s the indefinite integral of the 1-increment g.

2.2. Young integration. In this section, we will define a generalized integral fst fudg, for
a O ([0, T); R™4)-function f, and a C] ([0, T); RY)-function g, with x+~ > 1, by means of
the algebraic tools introduced at Section 2.1. To this purpose, we will first assume that f
and g are smooth functions, in which case the integral of f with respect to g can be defined
in the Riemann sense, and then we will express this integral in terms of the operator A.
This will lead to a natural extension of the notion of integral, which coincides with the
usual Young integral. In the sequel, in order to avoid some cumbersome notations, we
will sometimes write Jy(f dg) instead of fst fudgy,.

Let us consider then for the moment two smooth functions f and g defined on [0, 7.
One can write, thanks to some elementary algebraic manipulations, that:

Ta(fdg) = | fudgy = fs(69)s + / (6f)sudgu = fs(09)st + Tst(0f dg).  (11)

Let us analyze now the term J(df dg), which is an element of Co(R™). Invoking Remark
2.2, it is easily seen that, for s,u,t € [0, T,

how = [0 (T (0 f dg))]sut (0f)su(0g)ut-

The increment h is thus an element of C5(R™) satisfying éh = 0 (recall that 60 = 0). Let
us estimate now the regularity of h: if f € Cy([0,T];R"™?) and g € C] ([0, T]; R?), from
the definition (9), it is readily checked that h € C;"(R"). Hence h € ZCJ™"(R"), and if
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Kk + v > 1 (which is the case if f and ¢ are regular), Proposition 2.3 yields that J(df dg)
can also be expressed as

J(0fdg) = A(h) = A(0f dg) ,
and thus, plugging this identity into (11), we get:
Tst(fdg) = fs(0g)st + Nt (6 dg) - (12)

Now we can see that the right hand side of the last equality is rigorously defined whenever
f € Cr([0,T);R™4), g € C7([0,T];R?), and this is the definition we will use in order to
extend the notion of integral:

Theorem 2.5. Let f € C([0,T];R™) and g € C{([0,T];RY), with k 4+~ > 1. Set

Tst(f dg) = fs(0g)st + At (6f g) - (13)
Then

(1) Whenever f and g are smooth function, T (f dg) coincides with the usual Riemann
integral.
(2) The generalized integral J(f dg) satisfies:

| Ta(f dg)l < I fllsollglls It = s + eyl fllullglly 1 = s,

for a constant ¢, whose exact value is (277% — 1)~

(3) We have
J«(fdg) = ‘Hh:r‘n Oth Gt;tiss
st|—
where the limit is over any partition Iy = {ty = s,...,t, = t} of [s,t], whose

mesh tends to zero. In particular, Ju(f dg) coincides with the Young integral as

defined in [32].

Proof. The first claim is just what we proved at equation (12). The second assertion
follows directly from the definition (13) and the inequality (10) concerning the operator
A. Finally, our third property is a direct consequence of Corollary 2.4 and the fact that
d(fdg) = —0fdg, which means that

J(f dg) = [Id — Ad] (f 69).
O

A Fubini type theorem for Young’s integral will be needed in the last section of this
paper. Its proof below is a good example of the importance of Proposition 2.3 and
Theorem 2.5.

Proposition 2.6. Assume that v > X > 1/2. Let f and g be two functions in C{([0,T] :
R) and h:{(t,s) € [0,T)*0<s <t <T} — R a function such that h(-,t) (resp. h(t,-))
belongs to C}([t, T];R) (resp. C([0,];R)) uniformly in t € [0,T], and

1R(r1, ) = h(ra, )| orinr) < Clre — 2| (14)

t pr t ot
// h(r,u)dgudfr—/ / h(r,u)df.dg,, 0<s<t<T. (15)

Then
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Proof. Fix s,t € [0,T], with s < ¢, and divide the proof in several steps.

Step 1. Here we see that ft fr h(r,u)dg,df, is well-defined. Note that we only need to
show that [ h(-,u)dg, belongs to C([s, T]; R) due to Theorem 2.5.
Let 1,79 € [s t] r1 < 1o, then Theorem 2.5.(2) gives

/ h(rs, w)dg, — / W, u)dga
s . s .
/ (h(rav ) — By, w))dga| + / h(rs, w)dg,

lglly (1(r2, ) = B(re, Yoo foray(rr = 8)7 + eyalla(ra, ) = h(re )l (r = $)7*)
Hlglls (1202, Moo fora) (r2 = 71)7 + eyallara, o) (r2 = 1)+ -

IN

IN

Hence (14) implies our claim. The definition of [ [ h(r, u)df,dg, follows along the same
lines.

Step 2. Let Iy = {tg = s,...,t, =t} be a partition of the interval [s,t]. Then, according
to Proposition 2.5, for any v € [0,t) we have

n—1

/ Bt u)dg, = lim S Bt 1) (00)unessne (16)

st =095

Our assumption (14) allows now to take limits in the equation above, so that we obtain,
forany 0 <s<t<T,

¢
e ::/s h(t,u)dg, = |HlsltI|ri>OZh (t,45) 0Gt, 4011 = sy (17)

In order to see that the relation above holds in C3 ([0, T]; R), it is now enough to check
that both ¢! and ¢* in (17) are elements of C3 ([0, T]; R).

However, the fact that ¢' € C3([0, T]; R) can be proved along the same lines as in Step 1.
The assertion ¢> € C3([0, T]; R) can be proved by observing that the limit defining ¢2 do
not depend on the sequence of partitions under consideration. In particular, consider the
sequence (1), of dyadic partitions of [0, 7], that is

T
m={0=ty <ty < <th =T}, Witht?:;—n,
and set, for all s,t € [0,T], 7% = 7" N (s,t). Then ¢% = lim,, . Ztieﬂ h(t, ) g ar.,
for all 0 < s <t < T, and the same kind of arguments as in [6, Theorem 2.2] yield our
claim ¢% € C3([0, T]; R). We have thus proved that (17) holds in C»([0, T]; R).
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Step 3. From Proposition 2.3, Step 2 and (13) we have
n—1
/ / T u dgudfT' - ‘ h-‘[‘n 0 (Z h(r7 ti)(gti+1/\r - gb/\r)) dfT’
st i=0

n—1 ¢
= lim Z/ h(r,t;) (gmlm« _gti) df
[TLst|—0 o Jti
n—1 t tiv1
= ‘Hlir‘n OZ |:(/ h(r, tz’>df7“) (gti+1 - gti) +/ h(r,t;) (gtH-l/\T - gtz‘+1) df’}
st|— i—0 ti t

i

Moreover, we have

n—1 tiv1 n—1
3 / B, 1) (g — gu)dfs| < O3 (tis — t ™ — 0
i=0 1/t i=0

as |IIs| — 0, and thus

/ / ru)dgudf, = | ljfio (/tt h(r, ti)dfr) (9101 = 91.)

Consequently, Step 2 and Theorem 2.5 imply that (15) is satisfied and therefore the proof
is complete. O

The following integration by parts and [t6’s formulas will be also needed in the last
part of this paper.

Proposition 2.7. Let f and g be two functions in C]([0,T];R), with v > 1/2. Then

t t
Juge = fogo + / Fudga + / gudfu, €[0T
0 0

Proof. Set ¢, := fig; — fot fudg, — fot Gudfu, t € [0,T]. Tt is easy to see that this funcion
belongs to C;7([0, T];R) because of the equalities

ftgt - fsgs - fs(5g)st + gs<5f>st + (5g)st(5f)st

and
/ fudgu + / gudfu - fs(ag)st + gs((;f)st + Ast<5f5.g) + Ast((sg(;f)v

which follows from (13). Now, since ¢ € C;7([0,T];R), with 2y > 1, ¢ is a constant
function. Otherwise stated, ¢; = qo = fogo. Therefore the announced result is true. O

Proposition 2.8. Let g and h be in C]([0,T],R) and f € C}(R). Also let z; = xo +
I gudh, t € [0,T]. Then

e = ) + | Fe)gudhe, te 0,7,
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Proof. Proceeding as in the proof of Proposition 2.7 and using the mean value theorem,
we can show that

t
0= 1fe) - [ Fledgdn, te0.T)
0
is a 2v-Holder continuous function. Therefore the result holds. 0

Remark 2.9. Proposition 2.8 has been proven in [33] using Riemann sums.

3. YOUNG DELAY EQUATION

Recall first that we wish to consider a differential equation of the form:

t
w o= &+ [ fE@do., te 1) (18)

0

zZy = ¢

In the previous equation, the integral has to be interpreted in the Young sense of (13), the
initial condition £ is an element of C] ([—h, 0]; R"), the driving noise z is in C] ([0, T]; RY),
with v > 1/2. We seek a solution y in the space C2 7(R") for 1/2 < A < v, and f is a
given function f : C}([—h,0];R") — R™ 4. In this section, we shall solve equation (18)
thanks to a contraction argument, and then study its differentiability with respect to the
driving noise x. Of course, the main application we have in mind is the case where x is a

d-dimensional fractional Brownian motion, and this particular case will be considered at
Section 4.

3.1. Existence and uniqueness of the solution. In order to solve equation (18), some
smoothness and boundedness assumptions have to be made on our coefficient f. In fact,
we shall rely on the following hypothesis:

Hypothesis 1. There exist a positive constant M and X € (1/2,7) such that
Ol <M, and |f(G)— f(Q)] < M sup G2(0) — G (0)]
€l-h,

uniformly in ¢, G, Gz € CY([—h, O; R").

Actually we will assume that f satisfies a stronger Lipschitz type hypothesis on the space
C}(R™). Let us state first a preliminary result before we come to this second assumption:

Lemma 3.1. Let a = (ay,as), with 0 < a; < ay < T, let also Z € C{([ay — h, as); R™) and
set
[U(Q)Z]S = f(ZSZ), S € [(ll,ag].
Then Hypothesis 1 implies that U@ is a map from C}([ay — h, as]; R™) into C([ay, asl;
R™4) | satisfying:
HU(G)ZH)\,[al,az] <M HZH)\,[al—h,az} ’

Proof. The proof of this result is an immediate consequence of the definition (6) of Hélder’s
norms on C; and Hypothesis 1.
O

With this preliminary result in hand, we can now introduce our second hypothesis on
the coefficient f.
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Hypothesis 2. Taking up the notations of Hypothesis 1, consider an initial condition
p € C}M[ays — h,a1]). We assume that, for any N > 1, there is a positive constant cy such
that:

14 (Z1) = U (Z2) || foraa) < el 210 = Zol|xfar ol

forall0 < ay <ay <T and Zy,7Z, € C), . (R"), satisfying

p,a1,a2
max {[|Z1 [l jar—nas)i 1 Z2ll5for—haa) } < N,
where X is given in Hypothesis 1.

Observe that Hypothesis 2 holds in particular if, for A > 0, the map U@ admits a
derivative which is locally bounded, uniformly in a € [0, T.

Now that we have stated our main assumptions, the following theorem is the main
result of this section.

Theorem 3.2. Under Hypotheses 1 and 2, the delay equation (18) has a unique solution
in C2op(R™).

Before giving the proof of this theorem, we establish and auxiliary result. This will be
helpful in order to get the existence of an invariant ball under the contracting map which
gives raise to the solution of our equation.

Lemma 3.3. Let x € C]([ay, as]; RY) with v > 1/2 and 0 < a; < az, A € (1/2,7) and v €
R". Set a = (a1, az), recall notation (7) and define V@ : C}([a, az); R™?) — €}, 4, (R™)
by:
[V(“)Z]s =0+ T s(Zdx), sé€lay,as),
where Ju,s(Z dx) stands for the Young integral defined by (13). Then
IV Z[xfar,a2) < 12l (112 llo0,far a2 (@2 = @1) ™ + exia | Z ] fag a) (02 = a1)7)
with ¢y = (227 —2)71,
Proof. Let a; < s <t <T. Then Theorem 2.5 point (3) implies that
V@Zz], - [V9Z], = Tu(Z dx).

Our claim is then a direct consequence of Theorem 2.5 point (2) and of the definition (6).
U

Proof of Theorem 3.2: This proof is divided in several steps.

Step 1: Ezistence of invariant balls. Let us first consider an interval of the form [0, ¢],
which means that, when we include the delay of the equation, we shall consider processes
defined on [—h,e]. More specifically, let us recall that the spaces C2,_(R") have been

defined by relation (8). Then we consider a map I : 02078 — C?,O,a’ where we have set
Cloe = C2o.(R™) for notational sake, defined in the following way: if z € C2 ., then
['(z) = z, where 2, = & for t € [—h, 0], and:

(02)st = Ta(Z dx), with Z,= f(Z7), for s,t€][0,¢]. (19)
We shall now look for an invariant ball in the space C?,O,s for the map T

So let us pick an element z, such that ||z||5 —ng < Ny and set I'(2) = 2. On [—h, 0], we
have 2 = &, and hence ||02||x [—n,00 = [|0&][x,=n,0) = Ne. We shall thus choose Ny > 2.
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On [0, ], we have now, invoking Lemma 3.3:

1621501 < 1 Z]sollzlle77* + ¢, 0l 2]

Ao llzll,e (20)

Furthermore, according to Hypothesis 1, we have ||Z||.c < M and thanks to Lemma 3.1,
we also have || Z||x 0, < M ||2]|x=he < M Ny, by assumption. Then we can recast the
previous inequality into:

16250, < M ||2]l4&7 " [1+ ey 2 Nie?] . (21)

Let us choose now ¢ and N in the following manner (notice that ¢ does not depend on
the initial condition &):

e=[AMcllzll,) AL, and Ny > 4M|z|.. (22)

With this choice of €, Ny, inequality (21) becomes |[02]/x o < /N1/2. Summarizing the
considerations above, we have thus found that:

e = [4Me,nllall,) T AL, Ny > sup {20 4M ]l }

. . Ny
= sup {[|6ln noj; 1020} < 5 (23)
Consider now s < t, with s € [—h,0] and t € [0,e]. Then, owing to the previous
relation, we have:

. . ) N
(02)st] < 1(62)s0] + 1(02)a| < 71 (s + %) < Nt — s,

which, together with the last inequality, proves that B(0, Ny) in Cg)\,o,s is left invariant by
I', under the assumptions of (23).

Assume now that we have been able to produce a solution ) to equation (18) on the
interval [—h,e]. We try now to iterate the invariant ball argument on [¢ — h;2¢]. The
arguments above go through with very little changes: we are now working on delayed
Holder spaces of the form C;\(l),g,zw and the map T is defined by I'(2) = 2, with 2 = y™)
on [e — h;e|, and §Z having the same expression as in (19) on [e,2¢]. We wish to find a
ball B(0, Ns) in CS(U@%, left invariant by the map I". With the same computations as for
the interval [—h, £], the assumptions of inequality (23) become:

e = [AMeyz|lz],) 7T AL, Ny > sup {2N,0); 4M ||, } -

Notice again that we are able to choose here the same ¢ as before, by changing /V; into N,
according to the value of ||y™")||y c_5.o. It is now readily checked that B(0, Ny) is invariant
under I', and this calculation is also easily repeated on any interval [ke — h, (k + 1)e] for
any k > 0, until the whole interval [0, T is covered.

Step 2: Fized point argument. We shall suppose here that we have been able to construct
the unique solution y to (18) on [—h;le|, and we shall build the fixed point argument on
[le — h; (I4+1)e]. On the latter interval, the initial condition of the paths we shall consider
is ¢4 = gy on [le — h;le]l. If T is the map defined on C) by (19), then we know

L1 e, (I41)e
that B(0, Ny41) is invariant by I'.

In order to settle our fixed point argument, we shall first consider an interval of the

form [le — h; le + 7], for a parameter 0 < n < ¢ to be determined. On Cglvl,la,law;v we define
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a map, called again T, according to (19). Pick then two functions 2!, 2* € Cg)\l,l lejesn S€T
20 =T(z") for i =1,2 and ¢ = 22 — 2!. Then ¢ € Cé\,le,le—i-n? and if le < s <t <le+n, we
have

(0)st = T (22— Z")dz), where Z' = f(27).
Thus, just like in (20), we have:
I8¢ INpe=ntetn) S N2 = Z2[los tegernllzllyn ™ + eyall 2 = 22|15 peten |07
Furthermore, ||Z' — Z?||co e 140 < 12" = Z?|| A jtejetn m”- Hence,
10¢Inre—ntern) < L+ A ) 120 = Z2||x et Il 17
We also have Z' — Z2 = f(2*') — f(Z7"), and thanks to Hypothesis 2, we obtain:

||5C||)\7[la—h,la+n] < (1 + C%A) ||l‘||7 CNij1 "ﬂ Hzl - z2| M\, [le—h,le+n]-

Therefore, we are able to apply the fixed point argument in the usual way as soon as

1 ~1/
A +ep)eny llalln” <5, or 0= 2(1 + ¢ya) emy, Nlzlly] 7 A

With this value of 7, we are thus able to get a unique solution to (18) on [le — h;le + 7).

Let us proceed now to the case of [le +n — h,le + 2n]. The arguments are roughly the
same as in the previous case, but one has to be careful about the change in the initial
condition. In fact, the initial condition here should be 2 = y on [le + 7 — h,ls + 7).
However, we can also choose to extend this initial condition backward, and set it as
&2 =y on [le — h,le +n]. We then define the usual map I" as in (19), and we have to
prove that B(0, N;11) is left invariant by I". To this purpose, take z € Cf)\lvz,la+n,la+2n in
B(0, N;41), and set 2 = I'(z). Observe then that, for any ¢ € [le + n,le + 2n], we have

t le+n t t
=Gt [ @)= [ @ [ 1@ dn =gt [ 12 do
le+n le le+n le
where we have used the fact that £4% = y on [le — h,le + 7] solves (18). It is now easily
seen that Z is in B(0, N;;1), and this allows to settle our fixed point argument as in the
previous case, with the same interval length 7. This step can now be iterated until the

whole interval [le; (I 4 1)e] is covered.
U

3.2. Moments of the solution. The moments of the solution to (18) can be bounded
in the following way:

Proposition 3.4. Under the same assumptions as in Theorem 3.2, let y be the solution
of equation (18) on the interval [0, T), with an initial condition & € C}([—h,0]; R™). Then
there exists a strictly positive constant ¢ = ¢(y, \, M,T) such that

lyllxi-nzy < cmax [[[€]la, N3/, |z, ]

Proof. From the proof of Theorem 3.2, we know that ||y —nr is finite. Let us assume
that this quantity is equal to K, and let us find an estimate on K. One can begin with a
small interval, which will be called again [0, €], though it won’t be the same interval as in



MALLIAVIN CALCULUS FOR FRACTIONAL DELAY EQUATIONS 13

the proof of Theorem 3.2. In any case, taking into account that y solves equation (18),

we obtain similarly to (20):
l0yllxoe < M ll2llae?™ + e M [0yl one 2]l

< Mz + e a MK ||z]l,e” = g(e, K). (24)

Along the same line, for any k < [T'/¢], we have

0y |Ix ke (ke 1)e) < (€5 K).
Take now s,t € [0,7] such that ic < s < (i+1)e < je <t < (j+1)e. Set also t; = s,
ty =kefori+ 1<k <j, and tj;; =t. Then
J
<g(e, K)) (teer — 1) < g(e, K)(j —i+ 1)t — ),
k=i
A

J

Z(éy)tktlﬁ—l

k=i

|<5y)st| =

where we have used the fact that r» — 7" is a concave function. Note that the indices ¢, j
above satisfy (j —i+ 1) < 27" /e. Plugging this into the last series of inequalities, we end
up with

gle, K)T)1™ {anm

N St e MK ||x|,wgv+x—1} 2Ty,

Thus the parameters K and ¢ satisfy the relation:

M ||z
K < [ H H‘Y +CW,AMK’|5L'H75’Y+)\1:| (QT)lf)‘—l— HSHN (25)

gl=

In order to solve (25), choose ¢ such that
1
o M [P (21) =

that is
—1/(v+X1-1)

= [2e,0 M [l2],(2T)1] |
Plugging this relation into (25), we obtain the result when ¢ < 7.
Finally, T < ¢ if and only if 77 < [227*c,;\M]||z||,]7. Thus, by inequality (24), the
proof is complete.
0

3.3. Case of a weighted delay. In this subsection, we prove that our Hypotheses 1
and 2 are satisfied for the weighted delay alluded to in the introduction, that is for the
function f given by equation (2).

Proposition 3.5. Let v be a finite measure on [—h,0] and o : R* — R4 g four times
differentiable bounded function with bounded derivatives. Then Hypotheses 1 and 2 are
fulfilled for f : C}[—h,0]; R") — R™*¢ defined by:

1= iZ@v(de)) ,

with Z € C}([—h, 0]; R™).
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Proof. We first show that Hypothesis 1 holds. More specifically, the condition |f({)] < M
being obvious in our case, we focus on the second condition of Hypothesis 1. Let 7, Z5 €
C ([—h, 0]; R”). Then there is a constant C' > 0 such that

(2 - 12
< c\ / (Z4(0) — 2,(0)) <d9>]scu<{—h,o1>( sup rzl<9>—zg<9>r>.

0e[—h,0]
Therefore Hypothesis 1 is satisfied in this case.
Now we prove that 4@ is Fréchet differentiable in order to analyze Hypothesis 2. Since
the map Z fi)h Z(- + 0)v(dh) is easily shown to be a bounded linear operator from

CM([a1 — h, ag]; R™) into C([ay, az]; R™), we only need to show that
0 Cpayar(R") = Chay 0y (R™Y),  with  p 2 0(p),

p,a1,a2 p,a1,a2
(R™), with derivative [Do(Z)¢)(t

is Fréchet differentiable in the directions of C? (t) =
(R™) and ¢ €

0,a1,a2

o'(Z(t))€(t). Towards this end, we have to show that, taking Z € C)
Colay.ay(R™), and setting

¢ = o(Z(t) + £(t) — o(Z(t)) — o'(Z(1)) £(1),

p,a1,a2

then

HqHA,[(Zlf}L,G‘Q] — O, (26)

105 oy —rag1 =0 | €]| ja1—h,as]

In order to prove relation (26), define a function b : [0,1]* — R by:
BN, 1) = Z(5) + M(s) + ulZ(t) — Z(s)] + A [E(8) — €(s)]

Observe then that b(1,1) = Z(t) + £(t), b(1,0) = Z(s) + £(s), b(0,1) = Z(t) and b(0,0) =
Z(s). We will also set H (A, i) = o(b(A, 1)). Then

o(Z(t) + (1) — a(Z(t)) — o'(Z(1)) £(t)
=o(b(1,1)) — o (b(0,1)) — ' (b(0,1))[b(1,1) — b(0, 1)] / OLH(N, 1)[1 — N dA,
and similarly, we have:
o(Z(s) +L(s)) —a(Z(s)) —d'(Z(s)) £(s) = /0 O H (A, 0)[1 — N d).

Hence, plugging these two relations in the definition of ¢, we end up with:
1
(0g)st = / (OH (A1) — 03, H(X,0)) [1 — A]dA
0

1
= [ oo N [ ok, HO I =Nt~ e
0 0,1]2

The calculation of 93, H(X,0) and 0y, H (X, i) is a matter of long and tedious compu-
tations, which are left to the reader. Let us just mention that both expressions can be

written as a sum of terms from which a typical example is:
o (b(A, ) [(0Z)st + p(0Z)st] [E(s) + A(60)st] (60)st. (27)
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These terms are obviously quadratic in ¢, and can be bounded uniformly in A, u,s,t
under the hypothesis o € C}}. Notice that, in order to bound the term |[¢(s)| in (27), we
use the fact that ¢ has a null initial condition, which means in particular that |[/(s)| <
(a2 — a1 + )|\ x jar—h.as)- This finishes the proof of (26). The continuity of Do (Z) and
the existence of the constant ¢y introduced in Hypothesis 2 are now a question of trivial
considerations, and this ends the proof of our proposition.

O

Remark 3.6. The proof of Frechet differentiability of f was not necessary for the existence-
uniqueness result, which relied on some Lipschitz type condition. However, this stronger
result turns out to be useful for the Malliavin calculus part, and this is why we prove it
here. Nevertheless, notice that Theorem 3.2 holds true for a Cf coefficient o.

3.4. Differentiability of the solution. In this section we study the differentiability of
the solution of (18) as a function of the integrator z, following closely the methodology of
[26]. In particular, our differentiability result will be achieved with the help of the map
F C&&T(Rd) X C(/)\,O,T(Rn) - C(io,T(Rn) given by

F(k, 2)) = 2~ Jo (F(Z7 d(e +h)) . te0,T) (28)

where & = & for t € [0,T], and & = &, for t € [—h, 0]. Here we recall that ¢ stands for an
initial condition in C{*([—h,0]). In this section the coefficient f will satisfies the following:

Hypothesis 3. Set t = (0,t), and recall that the map U® has been defined at Lemma
3.1. We assume that U®) : Clo(R™) — CM[0,t]; R**?) is continuously Fréchet differen-
tiable in the directions of CJo,(R™), for some X € (1/2,7). We call VU™ : C2,(R") —
L(Co(R™); Cto (R™D)) its differential, where L(Cgo,(R™);Clo (R™?)) denotes the lin-
ear operators from Cjq,(R™) into Cjo,(R™*?). Moreover, for s <t and Z € Cy p(R™),

VU ))(Z) = [VUD ))(Z) on [0, 5],
where y is the solution of equation (18).

Remarks 3.7. (1) Notice that we have shown, during the proof of Proposition 3.5, that
the weighted delay given by (2) also satisfies this last assumption.

(2) If Z € C3,(R™), then

VU W) (2)r0 < [VUD I Z 5 fo0.0-
Indeed, set Z, = Z, for s € 0,¢], and Z, = Z, for s > t. Therefore Hypothesis 3 implies
VU () (2)x 00 < VU @) D)lIx 1) < IVUC O ZIx02 =< VU W) Z]|x 04,

and our claim is satisfied.

We are now ready to prove the differentiability properties for equation (18):

Lemma 3.8. Under the Hypothesis 3, the map F given by (28) is continuously Fréchet
differentiable.
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Proof. Let us call respectively Dy and D, the two directional derivatives. We first observe
that, for k,g € CJ1(R?) and Z € C3y p(R™), we have:

Fk+g,2) — F(k,Z) + / [U(T)(Z + 5)} dg, = 0.
0 S
In other words, the partial derivative D F' is defined by
DiF( 2)(9) =~ [ [U(2 +8)] dg. =0 (U2 +E))dg)
0 S

We shall prove now that DyF is continuous: consider k, k € Cior(R?) and Z.Z e
Coo.r(R™). For notational sake, set also || - ||x for |- ||xjo,r;. Then, according to Lemma 3.3,
we obtain:

,

|DiEk2)0) = D D)) = |7 (W2 + &) U™ (Z + &) an,)
UMz 4+ -uM(z+8)| ).

<lll, (™2 + ) -umiz+ |

+C)\+,YT’Y

which, owing to Hypothesis 3, implies that D;F' is continuous.

Concerning D, F we have, for k € Cj o (R?), Z € Cgyo(R") and 7 € Co.r(R™), and
thanks to Theorem 2.5:

|Fk 2 +2)~ Fk.2) = 2+ 7 (VU2 + ) (Z) dla + 1)) |,
< H:r:+k||7<HL{(T)(Z+Z+§~)—U(T)(ZJré)—[VU(T)(Z+§ ZH 7>

+C)\+,YT,Y

UD(Z+2+8) -UD(Z+E) - [VUD(Z+9)(2)] ).

Therefore, making use of Hypothesis 3, we have that:

F(k:,Z)(Z):Z—/.VL{( (Z + &) (Z)od(xs + k).

The continuity of DsF' can now be proven along the same lines as for D F, and the
computational details are left to the reader for sake of conciseness. The proof is now
finished.

OJ

The following will be used to show that Dy F(k,Z) is a linear homeomorphism.

Lemma 3.9. Let w € C3p(R"), y the solution of (18) and assume Hypotheses 1, 2 and
3 hold. Then the equation

Zy = wy + /t (VUDW)](2)), du,, 0<t<T, (29)

has a unique solution Z in C3 o (R™).

Proof. Similarly to the proof of Theorem 3.2, we choose ¢ € (0,T) and set 7 : Coo(R") —
Coo.(R™) given by T(Z) = w + Jo.((VUO ())(Z) dx). Then, Lemma 3.3 and Remark
3.7.(2) yield
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|52 %),

= |7 (v Wz - 2)dz)|

A,[0,€]
< lwflre™ (Hvu<€><y><z - 2)| oo T T |vuCwiz - 2)| 0 })

< [VUDIEeAIZ = Zlapa (T + exeT).
That is, for € small enough there exists 0 < C' < 1 such that

|%(2) - 72)], < ClZ = Zlspa

Hence, by standard contraction arguments, one can find a unique Z° € CS"O’E(R”) such
that

t
Zy = wy +/ ([VU(E)(y)](ZE))S drs, 0<t<e.

0
Now we introduce Z; : Cy. _,.(R") — C}. . ,.(R") defined by

,€,2€ ,€,2€

t

L0 = w - v+ 2+ [ (VUP N2, dr, ¢ 22
Then, as in the beginning of this proof, we have
|72 - 7.2)

Therefore, there is a unique Z% € Cj.

| <CIZ = 2l
,[0,2¢]

(R™) such that

,€,2€

t
2% — w, + / (VU ()](2%)) des, 0 <t < 2,
0

due to Hypothesis 3.

Finally by induction, we can figure out a function Z** ¢ Cg<k,1)s R™) such that

(k—l)a,ke<
t
ZF = w, +/ (VU™ (](Z*)), dz,, 0 <t < ke.
0

Consequently, by Remark 3.7.(2), it is not difficult to see that Z; = ZF for t € [(k—1)e, ke
is the unique solution to equation (29). O

Proposition 3.10. Assume that Hypotheses 1 to 3 are satisfied. Let y be the solution of
equation (18). Then the map h +— y(x + h) is Fréchet differentiable in the directions of
Coor(R?), as a C2op(R™)-valued function. Moreover, for h,k € CJ o (R?), we have

Dy@®), = [ UDy(a).dh,

0

+ [ [PUD () (Dyla) (1), da. (30)
In particular, [Dy(x)](k) is an element of Cg p(R™).

Remark 3.11. Let us recall that equation (30) has a unique solution, thanks to Lemma 3.9.



18 JORGE A. LEON AND SAMY TINDEL

Proof of Proposition 3.10: Like in [26], the proof of this result is a consequence of the
implicit function theorem, and we only need to show that DyF(0,y(z) — £) is a linear
homeomorphism from C3o(R") onto C3o(R™). Indeed, in this case we deduce that
h +— y(z) is Fréchet differentiable with

Dy(@)(k) = — (DaF(hy(a) ~ ) 0 DiF(h.y(x) - E)(h). (31)
which yields that (30) holds.

Finally, notice that DyF(0,y(z) — &) is bijective and continuous according to Lem-
mas 3.8 and 3.9. Consequently the open mapping theorem implies that the application

Dy F(0,y(x) — &) is also a homeomorphism.
0

Interestingly enough, in the particular case of the weighted delay of Section 3.3, one
can also derive a linear equation for the derivative [Dy(z)];, seen as a Hélder-continuous
function.

Proposition 3.12. Let o0 and v be as in Proposition 3.5. Let also f and y be defined
by (2) and (18), respectively. Assume that v is absolutely continuous with respect to the
Lebesgue measure with Radon-Nykodim derivative in LP([—h,0]) forp > 1/(1—~). Then,
forie{l,....,n} and k € Cjy p(R"), we have

d ¢
Dyi(o)(k) =Y [ o} )k
j=1"0
where, for j € {i,...,d} andi € {1,...,n}, ®Y is defined by the equation

B) = U+ Y [ (U @), dk 0<r<t<T, (32

m=1[=1"“"
and ®,(r) =0 for all0 <t <r <T.

Remark 3.13. Note that, for each s € [0,7] equation (32) has a unique solution in
C*([s, T]; R™) due to Lemma 3.9.

Proof of Proposition 3.12. In order to avoid cumbersome matrix notations, we shall prove
this result for n = d = 1: notice that an easy consequence of the proof of Proposition 3.5
is that in our particular case,

(VU™(Z)(k)], = o ( /_ Z Zyro y(d@)) ( /_ Oh kivo u(d@)) . (33)

Set now ¢; = a(ff)h Yrrov(dO)) and ¢, = U’(fi)h Yo v(dO)), and write y = y(x). Then
equation (30) can be read as:

Dyl = [ adr v, win o= [ ( /Z[Dy<k>]5+9u<de>) dr. (3)

The Fubini type relation given at Lemma 2.6 allows then to show, as in [26, Proposition
4], that

[Dy(k)], = /0 @, (r)dk,, (35)
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for a certain function ®, A\-Holder continuous in all its variables. In order to identify the
process @, plug relation (35) into equation (34) and apply Fubini’s theorem, which yields

0 t (S+9)+
Ut:/ V(d@)/ q. / Oyig(r)dk, | das.
—h 0 0

It should be noticed that this point is where we use the fact that v(df) = u(0)df with
€ L*([-r,0]). Indeed, in order to apply Lemma 2.6 to =, k and 5 — F(n) = [, u(0) db,

we will assume (though this is not completely optimal) that F' is y-Hélder continuous.
However, a simple application of Holder’s inequality yields

[F(n2) = F(m)| < et = s/ {|al| o-n,0))-
It is now easily seen that the condition (p — 1)/p > v imposes p > 1/(1 — 7).
Owing now to a (slight extension of) Lemma 2.6, we can write

0 (t+6)+ t
Ui = / V(d@)/ my(r,0) dk,, with  my(r,0) = / q. Psyg(r) du,.
—h 0 r—0

Apply Fubini’s theorem again in order to integrate with respect to k in the last place: we
obtain

t 0 t 0 t
U, = / (/ my(r, 0) y(d@)) dk, = / (/ V(d@)/ q. Pyig(r) dxs) dk,,
0 —[(t—=r)AR] 0 —[(t—r)Ah] r—0

and going back to (34), which is valid for any A-Holder continuous function &, we get that
®, is defined on [0, ¢] by the equation

0 t
Di(r) = g + / ( / 4. Doro(r) dms) v(d0),
—[(t=r)AR] r—0

and ®,(r) = 0if r > t. A last application of Fubini’s theorem allows then us to recast the

above equation as
t 0
Dy(r) = +/ s (/ Dy ip(r) V(d@)) dx,.
r —[hA(s—7)]

Notice now that, if § < —(s —r) in the above equation, then s+ 6 < r, which means that
®..9(r) = 0. Hence, we end up with an equation of the form

vy =a+ [ d (f el v(a0)) das,

which is easily seen to be of the form (32).
U

3.5. Moments of linear equations. In order to obtain the regularity of the density for
equation (18), we should bound the moments of the solution to equation (29). This is
obtained in the following proposition:

Proposition 3.14. Let f be a mapping from CQO’T(R”) into the linear operators from
Coor(R™) into CM[0, T|; R™*?) such that, for 0 < a <b < T, 5 € Clyp(R") and % €
CS\,O,T(RR);

(W) [ (@) lloo o) < MlIZ]loo fa-np-
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) 1F@)2rfas) < MIUZlx oy + M5 fansll oo fons-
Also let y be the solution of the equation (18), w € C3op(R") and z € Cjp(R™) the
solution of the equation

Z = wy + /Ot(f(y)z)(t)da:t, t € 10,71
Then

Izllnpo11 < ellw]lnory D2 e,

for two strictly positive constants ¢; = ¢;(T,v, A\, M), i = 1,2 and

D,y = (”,5”/\";,;%)1/(7%) + Hx”}y/’Y + Hm|’gmﬂ—l)/((w/\)(wxq))_

Remarks 3.15. (1) Observe that if f is as in Proposition 3.5 and f = V(™) then
straightforward calculations show that Conditions (1) and (2) in the Proposition are
satisfied.

(2) The fact that zp = 0 implies that

HZHOO,[O,T] < T ||w||)\’[O7T]D3’>\€c2D%A‘

(3) Let A =~. Then (y+2A—1)/((y+A)(y+ A —1)) in Proposition 3.14 is smaller than
2 for v > Hy, where Hy = (7 + +/17)/16 ~ 0.6951. This is the threshold above which our
general delay equation will admit a smooth density.

(4) The unusual threshold Hy above stems from the continuous dependence of the solu-
tion on its past, represented by the measure v. In case of a discrete delay of the form
o (Yts Yt—ri» - - > Yi—r, ), We shall see that all our considerations are valid for any H > 1/2.

Proof of Proposition 3.14. We first consider two generic positive numbers k£ € N and ¢,
such that (k4 1)e <T. Then Theorem 2.5, point (2), and Conditions (1) and (2) imply

Iz = w

A ke, (k+1)e]
< @)zl e ernallelle”™ + e Al F ()2l e e 2l
< M|z]|so o,k 1]y

ey a M|zl (2] o0.k0e + 12 llso o,k 0e 19l 0.27) €7

The following (arguably non optimal) bound on ||z||« jo,(k+1)s] can now be easily verified
by induction:

k+1 k+1
12| 00,0, (k4 1)e] < Z 2P0 2 — 2 nye oo - 1)eie] < Z 2P 2| 1) i)
-1 i—1

This yields

HZ - w||,\,[ks,(k+1)s]

k1
< Mz, <Z M|z — Z(z’l)e“A,[(z’l)e,is])

i=1

+ey M| z|l,e (||Z||>\7[D,ka] + 1|2 /\,[ka,(k:—i-l)a})

k+1
e M|zl [lyllx ome" (Z N Z(“)EHA,[(H)W]> : (36)

i=1
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Now the proof can be split in three steps.

Step 1. Bounds depending on . Let

e = (T +[6Mall,(1 + e, )]V + [6M |lzllyes alyllr o] /) AT (37)

Note that in this case, inequality (36) yields

12113, ke, (k4 1)e)

k
< 2l|lwl|x ke, k1) + MlzllE” (Z 2k+2_iHZHA,[(z’1)5,¢E]>

=1

k
ey Mz, <2||Z||A,[o,ks} +Myllapa Y 2k+2_i||Z||A,[<i—1)a7ie]>
i=1

< 2wl x ke, (k+1)e]
k
+ ) 22|y e (Ml|zllhe” + eoaM[ll,e” + e aM ||zl |yl fo.ry)
i=1
k
< 2l wlla e i + D 2 2l e, (38)
i=1
where we have used (37) in the last step.
Step 2. Bounds for Hz||,\7[k€7(k+1)5]. Here we will use induction on k£ to show that
2] 51— 1)e,5e) < Z 22172 |lw || x j-1)e,ge)- (39)

Jj=1

By (38) we have that this inequality holds for ¢ = 1. Therefore we can assume that
(39) holds for any positive integer i less o equal than k to show that it is also true for
t=Fk+1.

The inequalities (38) and (39) lead us to write

21| 5 ke, (k- 1)e]

k i
< 2wllapeena + Y25y 2wy oy

=1 j=1
k k
é 2Hw|‘/\,[k5,(k+1)5} —+ Z Hw‘|)\,[(jfl)s,j5]2k+2_2j Z 9t
7=l i=1
k
< 2l|lwl|x re, kr1)e] + Z HwHA,[(jq)E,jE]Q%H’?J.
j=1

Now it is easy to see that (39) also holds for i = k + 1.
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Step 3. Final bound. Let ky such that koe < T < (ko + 1)e. Then, by Step 2 we have

ko kK
2] 50,11 < [Jw]| a0, ZZ2Qk+1—2J

k=1 j=1
< NJewlln o, (ko) 2%+ < Jlw|la o7y (2T /€)?2°7 .

Thus the proof is finished by plugging relation (37) into the last expression, and invoking
Proposition 3.4. 0

The following result is a slight extension of Proposition 3.14, allowing to take into
account the case of constant but non vanishing functions.

Corollary 3.16. Let f, D, x, w and y be as in Proposition 3.14. Furthermore, assume
that f is a mapping from Cé\,o,T(Rn) into the linear operators from the constant functions

on [—h,T] into C*[0, T]; R™?) satisfying the Conditions (1) and (2) of Proposition 3.1/

when Z is a constant function. Then the solution of the equation

z=c+wy +/0 (f(y)2)(t)dzy, te][0,T),

satisfies the inequality

2 caDy A
D7\ e®7,
A[0,77

2] a0, < @1

waA@@a@mt

where ¢ stands for the constant function ¢; = c.

Proof. The proof is an immediate consequence of Proposition 3.14. Indeed, we only need
to observe that

%—@=w+ld@mmm+ld@w—mwmhtemm
where ¢(t) = ¢, t € [0,T]. O

4. DELAY EQUATIONS DRIVEN BY A FRACTIONAL BROWNIAN MOTION

Here we consider the Young stochastic delay equation

t
- 50+/ F(Z))dB, 0<t<T.
0
z - ¢ (10)

where B = {By;0 <t < T} is a d-dimensional fractional Brownian motion (fBm) with
parameter H € (1/2,1). The coefficient f satisfies Hypotheses 1-3 and £ is a given
deterministic function in C{([—h,0];R™), for some A < 7 < H. Remember that A\ €
(1/2, H) is introduced at the beginning of Section 3.

The fBm B is a centered Gaussian process with the covariance

o 1
Ry(t,s)0;; = E(BIB]) = 55,;,3»(5”{ + 22—t — 5.
In particular, B has v-Holder continuous paths for any exponent v < H. Consequently,
from Theorem 3.2 and Hypothesis 1-3, equation (40) has a unique CQO’T(R”)—pathwise

solution.
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Here, our main goal is to analyze the existence of a smooth density of the solution
of equation (40). This will be done via the Malliavin calculus or stochastic calculus of
variations.

4.1. Preliminaries on Malliavin calculus. In this subsection we introduce the frame-
work and the results that we use in the remaining of this paper. Namely, we give some
tools of the Malliavin calculus for fractional Brownian motion. Towards this end, we
suppose that the reader is familiar with the basic facts of stochastic analysis for Gaussian
processes as presented, for example, in Nualart [23].

Henceforth, we will consider the abstract Wiener space introduced in Nualart and
Saussereau [26], in order to take advantage of the relation between the Fréchet derivatives
of the solution to equation (40) (see Proposition 3.10) and its derivatives in the Malliavin
calculus sense (see [23], Proposition 4.1.3). This abstract Wiener space is constructed as
follows (for a more detailed exposition of it, the reader can consult [26]).

We assume that the underlying probability space (€2, F, P) is such that €2 is the Banach
space of all the continuous funtions Cy([0, T']; RY), which are zero at time 0, endowed with
the supremum norm. P is the only probability measure such that the canonical process
{B;0 <t < T} is a d-dimensional fBm with parameter H € (1/2,1) and the o-algebra
F is the completion of the Borel g-algebra of €2 with respect to P.

Two important tools related to the fBm B are the completion H of the R%-valued step
funcions € with respect to the inner product ((ljo:---,L0.,), (Losi]s---»>Lo,s,])) =

S% | Ry(si,t;) and the isometry K : H — L2([0,T]?), which satisfies
Kp((Long -+ Lowa) = Qo) O m(trs0)s -5 Loy K (ta; -)),
where Ky (t,s) = cgs'/> 1 [M(u — s)7=3/247=12qy is a kernel verifying
¢
Ry(t,s) = / Ky(t,r)Ky(s,r)dr.
0

It should be noticed at this point that K7, can be represented in the two following ways:
T
Kol = / r 0K (r ) dr = cs' I 2 (20, (41)
t
where [ stands for the fractional integration of order a on [0,77] (see [24] for further
details).

The isometry K7; allows us to introduce the version of the Reproducing Kernel Hilbert
space Hpy associated with the process B. Namely, Let g be given by

K+ L2(0, T]: RY) — Hy = Ku(L2(0, TI:RY),  (Kuh)(t /KHts 5)ds.

The space H is continuously and densely embedded in €2. Indeed, it is not difficult to see
that the operator Ry : H — Hp defined by

Rirs = / Ku(-,8)(K3)(s)ds

embeds H continuously and densely into 2, because, as it was pointed out in [26], Ry(¢)
is H-Hoélder continuous. Thus, we have that (2, H, P) is an abstract Wiener space.
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Now we introduce the derivative in the Malliavin calculus sense of a random variable.
We say that a random variable F' is a smooth functional in § if it has the form

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

where hq,...,h, € H and f and all its partial derivatives have polynomial growth. The
derivative of this smooth fuctional is the H-valued random variable given by

DF
Gxi

(B(hy),...,B(hy))h;.

=1

For p > 1, the operator D is closable from LP(Q) into LP(€);H) (see [23]). The closure of
this operator is also denoted by D and its domain by D'*, which is the completion of S
with respect to the norm

IFIT, = E(F") + E(DF)-

The operator D has the local property (i.e., DF =0 on A C Qif 14F = 0). This allows
us to extend the domain of the operator D as follows. We say that F' € ]D)lljc’ if there is
a sequence {(Q,, F,),n > 1} C F x D' such that Q, 1 Q w.p.1 and F = F,, on ©,,. In
this case, we define DF = DF,, on ),,.

It is known that, in the abstract Wiener space (2,H, P), we can consider the dif-
ferentiability of random variable F' in the directions of H. That is, we say that F' is
H-differentiable if for almost all w € @ and h € H, the map € — F(w+eRpyh) is differen-
tiable. The following result due to Kusuoka [14] (see also [23], Proposition 4.1.3) will be
fundamental in the study of the existence of smooth densities of the solution of equation

(40).

Proposition 4.1. Let F' be an H-differentiable random variable. Then F belongs to the
space DP | for any p > 1.

loc?

We will apply this result to the solution of equation (40) as follows. Note that for
© € H, we have the inequality

(Ru)'(t) — (Rue)'(s)] = (E[|B; — B[*])

Consequently, Proposition 3.10 (see also Lemma 4.2 below) implies that the random
variable y; defined in equation (40) is also H-differentiable, which, together with Propo-
sition 4.1, yields that 3! belongs to D for every t € [0,T], p > 1 and i € {1,...,n}.
Moreover, the relation between the H-derivative and D is given by (see also Lemma 4.3),

1/2
lellz < llellwlt — s|™.

. d .
(Dy;, h)y = £y,§(w +eRph)|e=0, h€H. (42)

More generally, if w — X (w) is infinetely Fréchet diferentiable in the directions of
Coo.r(R), then for a smooth random variable X, then

(D"X, b1 ® - @ hy )y

0 0
= D’Rth ..... RthX = 8_61 . @_&LX(M + 51Rh1 + ...+ 5nRhn)|€1=...:6n:O'
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4.2. Existence of the density of the solution. In this section we establish that, for
each t € [0, 7], the random variable y; introduced in equation (40) has a density.

Let us start with two important technical tools. The first one relates the derivative of
the vector-valued quantity g, with the derivative of y as a function.

Lemma 4.2. Let y be the solution of (40) and t € [0,T]. Then almost surely, h
Y (B + h) is Fréchet differentiable from C3 o (R?) into R™. Furthermore

Dy, (B)(h) = [Dy(B)(h)]; -
Proof. The proof is an immediate consequence of
lye(@ + h) — ye(z) — (Dy(x)(h)) (¢)]
= |p(z +h) —y(x) — (Dy(x)(h)) (t)
—yo(@ + h) — yo(x) — (Dy(x)(h)) (0)]
< ly(z +h) — y(x) — Dy(z)(h)[|, ,
with z, h € Cgy (RY).
O

Lemma 4.3. Let y be the solution of (40). Then yi belongs to Dll(i for every t € [0,T]
and i € {1,...,n}. Moreover, for h € H, we have

(Dy;. h)y = [Dy'(B)(Ruh)],. (43)

Proof. By Proposition 4.1 and Lemma 4.2, we have already shown that 3! is in Dll(;i for
every t € [0,T] and i € {1,...,n}.
Furthermore, by (42) and Lemma 4.2, we have
(Dyi, )3 = Drony, = Dyy(B)(Rirh) = (Dy'(B)(Ryh)) ().
Thus, the proof is complete. O

We now use the ideas of Nualart and Saussereau [26] to state one of the main results
of this section:

Theorem 4.4. Let us assume that Hypotheses 1-3 hold, recall that £ is the (functional) ini-
tial condition of equation (40), and assume that the space spanned by {(f(&)Y, ..., f(&)™);
1<j<d}isR™ Then fort € (0,T], the random variable y; given by (40) is absolutely
continuous with respect to the Lebesque measure on R™.

Proof. As in [26] (proof of Theorem 8), we have that yi belongs to ]Dllo’i. Therefore we
only need to see that the Malliavin covariance matrix

V== (Dyi, Dyl)n (44)

is invertible almost surely.
For v € R", following [26] (proof of Theorem 8), we have

v"Qu =Y [(Dy(B)(Ruhum) (1), v},

where {h,,, m > 1} is a complete orthonormal system of H.
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Now assume that the Malliavin matrix ¢); is not almost surely invertible. Then, on the
set of strictly positive probability where ), is not invertible, there exists v € R", v # 0
such that vT Qv = 0. Moreover, recalling our notation (28), it is clear from equation (31)
that DyF'(k,Z) is a linear homomorphism. Hence, we obtain that

0 = (DyF(0,y(B = O)(Ruh)(t), o)
- —< / u<T><y<B>>stHhm<s>,vo>

R

= =YY [ @) dRa()

i=1 j=1
- Z<Ué (U(T)(y(B»)i L., hin)r, forall m >0,
=1

where the last equality follows from [26]. For ¢ > 0, taking into account the definition of
U™ given at Lemma 3.1, we obtain that S e f7(€) = 0, which contradicts the fact
that R™ coincides with the space spanned by

{(fY,.... f(OY); 1 <j<d}

So we have that the Malliavin matrix @), is invertible for any ¢ € (0,77, as we wished to
prove. O

4.3. Smoothness of the density of the solution. In order to avoid lengthy lists of
hypothesis on our coefficients, we focus in this section on the example of the weighted
delay treated at Section 3.3. As usual in the stochastic analysis context, we study the
smoothness of the density of the random variable under consideration by bounding the
L~ moments of its Malliavin matrix. Towards this aim, it will be useful to produce an
equation solved by the Malliavin derivative of the solution y; of equation (40). This is
contained in the following Lemma:

Lemma 4.5. Under the conditions of Proposition 3.12, let y be the solution to equa-
tion (40). Assume furthermore that B is a fBm with Hurst parameter H > H,, where Hy
is defined at Remark 3.15. Then y, € DYP for any p > 1, and ®;(r) := D,y; is the unique
solution to the following equation:

Bu(r) = D)+ Vilr), where V) = 303 [ (U @) (@7 (5)), 4B,

m=11=1""
(45)
with the additional constraint ®,(r) =0 for all0 <t <r <T.

Proof. The equation followed by Dy is a direct consequence of relation (43) and Proposi-
tion 3.12. The fact that 3, € D' when H > H, stems now from Proposition 3.14.
O

Now we are able to state the second main result of this section, for which we need an
additional notation: for two a non-negative matrices M, N € R™*" we write M > N
when the matrix M — N is non-negative.
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Theorem 4.6. Let f, o, v and B as in Lemma 4.5. Assume that o has bounded deriva-
tives of any order and that

o(m)o(ne)* > eldgn, for all i, my € R™. (46)
Then, fort € (0,T], y; has a C®-density.

Proof. The proof follows closely the lines of [15, Theorem 3.5], which is classical in the
Malliavin calculus setting, and we shall thus proceed without giving too many details.
Nevertheless, we shall divide our proof in two steps.

Step 1: Let @Q); be the Malliavin matrix of y;, defined by (44). The standard conditions
to verify in order to get a C* density are: (i) y; € D, and (ii) [det(Q;)]~! € L? for all
p > 1. Condition (i) is obtained by iterating the derivatives of y, similarly to what is
done in [26], so that we will focus on point (ii).

In order to check that [det(Q;)]™' € LP, we bound P(|[det(Q;)]|™* > n) for p large
enough, and invoke the fact that

P (Jaet(@) " 2 ) < P (@ 2 11w ).

In the sequel of the proof, we will evaluate the right hand side of the above inequality.

Step 2: In order to bound @, from below, the basic idea is to use decomposition (45)
for the Malliavin derivative of 3. In this decomposition, the term [U/(T)(y)], is bounded
deterministically from below under the non-degeneracy condition (46), while V' is a highly
fluctuating quantity, since it is given by a stochastic integral with respect to B.

One can formalize the previous heuristic considerations in the following way:

Lo = U™ )2 lly, = 1 K5 @ @) 100) [0 0 -

Thanks to relation (41), one can show that

L, _CHZ/ 1— 2H/ / s)H- 3/2 S)H—3/2TH—1/2uH—1/2 (@ qu, 1) dudrds,

where {e;; I = 1,...,n} stands for the canonical basis of R" and where we have set
qs = a(fi)h Ys+o v(df)) as in the proof of Proposition 3.12. Therefore, condition (46)
yields, for a constant ¢ which may change from line to line,

ce (/ 1— 2H/ / H 3/2 S)H_S/QTH_l/QUH_l/Q dudrds) Idg~

> cet? 1dgn.

Ly

Vv

According to relation (45), it is now readily checked that
L
e

Thus, for any strictly positive number «, there exists a universal constant ¢ such that

coet?f coet?f 4 P BV
P02 w0 ) < P (Wihtase = ) < (A ) P

cact?t P

It is now enough to observe that E[||V;||},] is a finite quantity for any p > 1, owing to
Proposition 3.14, to conclude the proof.
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O

Remark 4.7. As mentioned before, the restriction H > H, for the smoothness of the
density of the random variable g, is due to the continuous dependence of our coefficient
f on the past of the solution. Indeed, in case of a discrete delayed coefficient of the form
(Y, Ye—rys - - > Ypry ) With ¢ > T and 71 < --- <7y < h, it can be seen that equation (40)
can be reduced to an ordinary differential equation driven by B. This allows to apply the
criterions given in [13], which are valid up to H = 1/2.

In order to get convinced of this fact, consider the simplest discrete delay case, that is
an equation of the form

t
éO + / U(yt7yt—r> dBta 0 S t S T: (47)
0

with » > 0. The initial condition of this process is given by ¢ € C] on [—r,0], and we
also assume that o and B are real valued. Without loss of generality, one can assume
that "= mr for m € N*. In this case, set y(k) = {ystxr; s € [0,7)}, and adopt the same
notation for B. Then one can recast (47) as

(k) =y, (k — 1) + /Ota(yu(k:),yu(k —1))dBu(k), te[0r],k<m—1.  (48)

Setting now y = (y(1),...,y(m))}, B = (B(1),...,B(k))" and defining ¢ : R™ — R™™
by

6(n(1),...,n(m)) = Diag(a(n(1)),...,o(n(m))),
we can express (48) in a matrix form as

Yt :}’0-1-/0 (yu(1),...,yu(m))dB,,, tel0,r]. (49)

This is now an ordinary equation driven by a m-dimensional {Bm B. Whenever |o(n)| >
e > 0 and H > 1/2, one can apply the non-degeneracy criterion of [13] in order to
see that y; posesses a smooth density for any ¢ € (0,7]. The case of a vector valued
original equation (47) can also be handled through cumbersome matrix notations. As far
as the case of a coefficient o (ys, Yr—r,, - - - ,yt,Tq) is concerned, it can also be reduced to an
equation of the form (49) by introducing all the quantities

yt(kla k?a s 7k7’) = yt+z;:1 kj(rj—rj—1)>

where we have used the convention ry = 0.
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