EXISTENCE AND SMOOTHNESS OF THE DENSITY OF THE
SOLUTION TO FRACTIONAL STOCHASTIC INTEGRAL VOLTERRA
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ABSTRACT. We consider stochastic Volterra integral equations driven by a fractional

Brownian motion with Hurst parameter H > % We first derive supremum norm esti-

mates for the solution and its Malliavin derivative. We then show existence and smooth-
ness of the density under suitable nondegeneracy conditions. This extends the results in
[11] and [15] where stochastic differential equations driven by fractional Brownian motion
are considered. The proof uses a priori estimates for deterministic differential equations
driven by a function in a suitable Sobolev space.

1. INTRODUCTION

We consider the stochastic integral Volterra equation on RY
t t
X; = Xo —|—/ b(t, s, Xs)ds —|—/ o(t,s, X )dwWH e (0,7, (1.1)
0 0

where 0 = (0%9)gsm : [0, T]> x RT — R? x R™ and b = (b)gx; : [0,T)? x R — R are
measurable functions, W = {WtH’j ,t €10,T],j =1,...,m} are independent fractional
Brownian motions (fBm) with Hurst parameter H > % defined in a complete probability
space (2, F,P), and Xj is a d-dimensional random variable.

As H > %, the integral with respect to W can be defined as a pathwise Riemann-
Stieltjes integral using the results by Young [19]. Moreover, Zalhe [20] introduced a
generalized Stieltjes integral using the techniques of fractional calculus. In particular, she
obtained a formula for the Riemann-Stieltjes integral using fractional derivatives (see (2.2)
below). Using this formula, Nualart and Rascanu [14] proved a general result on existence,
uniqueness and finite moments of the solution to a class of general differential equations
included in (1.1). These results were extended by Besalt and Rovira [5] for the Volterra
equation (1.1). The proof of these results uses a priori estimates for a deterministic
differential equation driven by a function in a suitable Sobolev space.

The first aim of this paper it is to obtain supremum norm estimates of the solution to
(1.1). We first consider the case where o is bounded since, in this case, the estimates are
of polynomial type, while in the general case are of exponential type. In the case where
o is bounded, we also obtain estimates for the Malliavin derivative of the solution and
show existence and smoothness of the density. To obtain these results, we first derive
a priori estimates for some deterministic equations. Finally, in the case where o is not
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necessarily bounded, we also show existence of the density by first showing the Fréchet
differentiability of the solution to the corresponding deterministic equation.

These results provide extensions of the works by Hu and Nualart [11] and Nualart
and Saussereau [15], where stochastic differential equations driven by fBm are considered.
In particular, we provide a corrected proof of [11, Theorem 7|, as there is a problem
in their argument. The techniques used to obtain the a priori estimates in the present
paper are much more involved than those in [11] and [15] due to the time-dependence of
the coefficients. As in those papers, our nondegeneracy assumption is an ellipticity-type
condition, see Baudoin and Hairer [2| for the existence and smoothness of the density
under Hormander’s condition for stochastic differential equations driven by a fBm with
Hurst parameter H > %

Volterra equations driven by general [t6 processes or semimartingales are widely stud-
ied, see for instance [1, 3, 4, 17|. Concerning Volterra equations driven by fBm, the main
references are the papers of Deya and Tindel |7, 8|, where existence and uniqueness is
studied separately for the case H > % and H > %, using an algebraic integration setting
and the Young integral, respectively. For the case H > 1/2 and using the Young inte-
gral, existence and uniqueness of the solution to equation (1.1) with an extra term driven
by an independent Wiener process is proved in [18]. See also [16, 9] for the existence
and uniqueness of fBm driven Volterra equations in a Hilbert space. In [21], a class of
fractional stochastic Volterra equations of convolution type driven by infinite dimensional
fBm with Hurst index H € (0,1) is considered, and existence and regularity results of
the stochastic convolution process are established. Last but not least, existence of the
density of the solution to equation (1.1) in the one dimensional case is obtained in [10]
as a consequence of a Bismut type formula. However, supremum norm estimates and
existence and smoothness of the density in the multidimensional case do not seem to be
studied yet in the literature for this kind of equations.

The structure of this paper is as follows: in the next section we introduce all the spaces,
norms and operators used through the paper. In Section 3, we obtain a priori estimates
for the solution of some systems of equations in a deterministic framework and study the
Fréchet differentiability of one of them. Section 4 is devoted to apply the results obtained
in Section 3 to the Volterra equation (1.1) and derive the existence and smoothness of the
density.

Notation: For any integer k& > 1, we denote by CF the class of real-valued functions
on R? which are k times continuously differentiable with bounded partial derivatives up
to the kth order. We denote by C;° the the class of real-valued functions on R? which are
infinitely differentiable and bounded together with all their derivatives.

Throughout all the paper, C,, Cy 3, cor, etc. will denote generic constants that may
change from line to line.
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2. PRELIMINARIES

For any a € (0, %), we denote by W(0,T;R?) the space of measurable functions f :
[0, 7] — R? such that

_ tH@—f®|)
nfnmlf—tsggq(qu>y+ (0Tl < oo

For any € (0,3), we denote by W, *(0,T;R™) the space of measurable functions

g :10,T] — R™ such that
t) —g(s ¢ —g(s
llas = sup <\g( ) ?Ea)! L[ lsw) “;'(a)'dy) .
o<s<t<T \ [t — 5| s |y—s
For any 0 < A < 1, and any interval [a, b] C [0, 7], we denote by C*(a, b; R?) the space of

A-Hélder continuous functions f : [a, b] — R? equipped with the norm

[ fllapr = [[fllapoo + sup M

a<s<t<b |t - 5‘)\

where || flla.00 1= suPseia [ £ ()] We set [|f]lx = [[fllozx and [[f]lec = [[f]l0700-
Clearly, for any € > 0,

C1=ete(0, T; R™) € Wi=2(0, T;R™) € C*=°(0, T; R™). (2.1)
Moreover, as « € (0, 3),
C(0,T;R™) ¢ W (0, T; R™).

For d = m = 1, we simply write W(0,T), W,~*(0,T), and C*(0,T).
If f € C*a,b) and g € C*(a,b) with A+ p > 1, it is proved in [20] that the Riemman-
Stieltjes integral fab fdg exists and it can be expressed as

[ sdg =1 [ 20D (e, (22)

where g, (t) = g(t) — g(b), 1 — p < a < A, and the fractional derivatives are defined as

Da 1) = F(ll—a)(t—a /ft—so"H S>’
D1 = ngi)(;é)(b—t /fs—taﬂ S)'

We refer to [14] and [20] and the references therein for a detailed account about this
generalized integral and the fractional calculus.

Let © = Cy([0,T];R™) be the Banach space of continuous functions, null at time 0,
equipped with the supremum norm. Let P be the unique probability measure on €2 such
that the canonical process {W/[ t € [0,T]} is an m-dimensional fractional Brownian
motion with Hurst parameter H > %
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We denote by & the space of step functions on [0, 7] with values in R™. Let H be the
Hilbert space defined as the closure of £ with respect to the scalar product

((Lioa) > Lostgn))s (Loysa]s -+ 5 Lo,sm] )2 = Z Ry (ti, si),
=1

where
tAs
RH@a>=1/ Ku(t,r)Kn(s, r)dr.
0

and Ky (t,s) is the square integrable kernel defined by

t
Kpy(t,s) = cHsl/QH/ (u — s)H=32H=12qy, (2.3)

where cy = 1/%, [ denotes the Beta function and t > s. For t < s, we set
KH (t, S) =0.
The mapping (i), - - -, Logn]) = Dorey Wfl can be extended to an isometry between
H and the Gaussian space H; associated to W#. We denote this isometry by ¢ — WH(y).
Consider the operator Kj; from &€ to L*(0,T;R™) defined by

MWW$=/¢%M&M@#
From (2.3), we get

H-1/2
0 Kg(t,s)=cy (—) (t — s)H=3/2,
s
Notice that

Ky(Lowgs - o) = (Ka(te, o), o, Ku(tm, ).

For any ¢, 9 € &,
(0, V) = (Ko, Kiph) 2 ommmy = E(WT (@)W (4))

and K7}, provides an isometry between the Hilbert space H and a closed subspace of
L0, T;R™).

Following [15], we consider the fractional version of the Cameron-Martin space Hpy =
K (L*(0,T;R™)), where for h € L*(0,T; R™),

(Kuh)(t) = /0 Ko(ts)huds.
We finally denote by Ry = Ky o K}, : H — Hp the operator
Rup = /0 Kl 8)(Kyh) (s)ds.
We remark that for any ¢ € H, Ry is Holder continuous of order H. Therefore, for any

1-H<a<1/2
Hy C CH(0,T;R™) C Wy~ (0, T; R™).
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Notice that Rylpy = Ru(t,-), and, as a consequence, Hy is the Reproducing Kernel
Hilbert Space associated with the Gaussian process W#. The injection Ry : H — Q
embeds H densely into 2 and for any ¢ € Q* C H,

B () = e (vl

As a consequence, (2,1, P) is an abstract Wiener space in the sense of Gross.

3. DETERMINISTIC DIFFERENTIAL EQUATIONS

Fix0<a< % Consider the deterministic differential equation on R?

t t
Ty = To +/ b(t,s,xs)ds +/ o(t,s,xs)dgs, t €10,7], (3.1)
0 0
where g € Wy~ *(0,T;R™), 2o € R%, and b and ¢ are as in (1.1).

Consider the following hypotheses on b and o:

(H1) 0 : [0,7* x R — R? x R™ is a measurable function such that the derivatives
Oz0(t,s,x), Qyo(t,s,x) and 02,0(t,s,x) exist. Moreover, there exist some con-
stants 0 < 3, u, 0 < 1 and for every N > 0 there exists Ky > 0 such that the
following properties hold:

(1) |o(t,s,x) —o(t,s,y)| + |00 (t,s,x) — 0o (t,s,y)| < K |x —yl,
Va,y € R Vs, t € [0, 7],

(2) (00 (t,5,2) = Oy 0(t,5.9)] + |62 o (t,5,2) = 82 o(t,5,1)| < K o =y’
V|z|, ly] < N, Vs, t €[0,T], i=1. .d,

(3) |o(t,s,x) — o(ta, s,x)| + |8$i0(t1,s,x) — Oy, 0(ty, s,2)| < K |t1 — tao]",
Vo € Rd, th,tQ,S S [O,T], 1= 1d,

(4) |o(t, sl,x) — 0o(t, 89, 2)| + |90 (L, 51, ) — Do (t, s, 2)| < K |51 — 59|,
VI'ER VSl,SQ,tG [O,T],
5) |02 ,o(t,s1,2) — 02 ,0(t, $2,2)|+]0s,0(t, 51,2) — Oy,0(t, 52, 2)| < K |51 — sq|”,
VI’ER VSl,SQ,tE[O,T],izl,...,d.

(H2) b : [0,7T]> x RY — R? is a measurable function such that there exists by €
Lr([0,T)%RY) with p > 2,0 < p < 1 and VN > 0 there exists Ly > 0 such
that:

(1) |b
(2) |b
(3) |b
(4) [b

(t,s,2) = b(t, s,y)| < Ly |x —yl, V|z|, [yl <N, Vs,t €0, 7],

(t1,5 T) — b(tg,s z)| < Lty —to]", Vo € R, Vs, ty,ty € (0,77,

(t,s,x)| < Lolz| 4+ bo(t,s), Ve Rd, Vs, t € [0,T7,

(tl, S J]l) — b(tl, S 172) — b(tg, S,J]l) + b(tg, S,I2>| S LN|t1 — t2||ZL’1 — J]Ql,
V|J]1|, |fL’2| S N, vtl,t278 € [O,T]

Remark 3.1. Actually, we can consider ¢ and b defined only in the set D x R? with
D ={(t,s) €0, T)%s <t}

The following existence and uniqueness result holds.
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Theorem 3.2. |5, Theorem 4.1| Assume that o and b satisfy hypotheses (H1) and (H2)
with p = 1/a, min{p, %5} >1—p and

O<l—pu<ax< =min< =, 5, ——
u < o< qp:i=min .

0 2’ ) 1 S

Then, equation (3.1) has a unique solution x € ok “0,T; Rd).

The first aim of this section is to obtain estimates for the supremum norm of the
solution to (3.1). We first consider the case where o is bounded and the bound on b does
not depend on .

Theorem 3.3. Assume the hypotheses of Theorem 3.2 with =1 and (H2)(3) replaced

by
b(t,s,2)| < Lo+ bo(t,s), VreR: Vs tel0,T]. (3.2)

Assume that o is bounded. Then, there exists a constant Co g > 0 such that
1/(1-a)
el < faal + 147 ( (504 K2 lallea) ™ vivT) 6a)

where Ki(pll =4(L(T'V 1)+ Lo+ By,) and K:(Fi)lﬁ = Cop(T+ 14 ||0||eo), L, Lo are the
constants in Hypothesis (H2), and By o = supye(o 1y (fot |bo(t,u)]1/adu> :

Remark 3.4. The techniques used in the proof do not seem to extend to the case 0 < p < 1,
thus it is left open for future work. More specifically, if ;1 < 1, the first term in equation

(3.14) is of order iA*T1=*  Then, when dividing by (¢ — s)'~* we obtain a term of order
1A* which cannot be bounded by T

Proof. We divide the interval [0, 7] into n = [T'/A] + 1 subintervals, where [a] denotes the
largest integer strictly bounded by a and A < 1 will be chosen below.

Step 1. We start studying ||z]jo.a1-a- For s, t € [0,4A], s <,

s t
/ (b(t,r,z,) — b(s, 7, x,))dr / b(t,r, x,)dr
0 s
s t
/ (o(t,r,x.) — o(s,r,x,.))dg, / o(t,r,z,.)dg,
0 s

Using the Hypothesis (H2)(2), the term A is easy to bound
A < Ls(t — s). (3.5)

For the second term we use (3.2) to obtain

/st (Lo + bo(s, 1)) dr

+

|z —xs] < (3.4)

+ + =A+B+C+D.

B < < Lo(t — 8) + Boolt — s)' 7 (3.6)

For the next term, we use [5, Lemma A.2| to get
N K(t—s) (1 "(r—u)? + |1, — x|
‘DO—O— [O’(t77[[‘) —O'(S,-?I',)] (T’)‘ S m (/r_Oé +@A (r—u)a+1 du
< Coplt—s) (r+ rfe 4 Iz flo,s,1—ar %) .
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Putting together the previous estimate, equation (2.2) and the estimate in [11, (3.5)] we
conclude that

C

IN

Capllglli-alt = s)

S
/ (r_a + B 4 ||$||07871_a7“1_2a) dr
0

< Ca,ﬂHngfa(t — S) (Slia + Sl+ﬁia -+ 52720:”:6”0,8717&) . (37)

For term D, we obtain, proceeding similarly as for term C,

. ! T—u ﬁ+ |mr xu|
|Ds+ [O’(t,',l’,)] (T)| S m(HO’“m(T— —|—o¢K/ r_u a+1 du
< Cap (10)lo(r — 8) ™+ (r = 8)P7 + [|||s.1-a(r — 5)'72*).
Therefore,
¢
D < Coslghoa | (ol =) 4 (= 8" 4 filamalr = ) dr

< Caplglh-alt =)' (lollec + (t = 8)” + 2]l ta-alt —5)'77). (3.8)
Next, introducing (3.5), (3.6), (3.7) and (3.8) into (3.4), we obtain

% < Ls(t—s)*+ Lo(t — $)* 4+ Bo.a
+Ca,llglh-a ((t =) (77 + 87770 + 8272 2lg5,1-0)
Holloo + (¢ = 5)7 + l|2lls1-alt — )7 -
Thus,
|zllo.a1-a < LA™+ LoA% + By,
+Capllglh-a (A + A + A7+ loflo + 2 l0a1-a (A7 + AT7)
< L+ Lo+ Boa+ Copllglha (1+ lolloe + lolloas_oA)

as A < 1. Choosing A such that

1
AT s il 39
we obtain that
[2llo.a1-a < 2(L+ Lo+ Boa + Capllgli-al + [lofle)) - (3.10)
Therefore,
/0,800 < |20l + lzllo.a1-a A" < |zo| + % (3.11)
if A is such that
A7 < ! (3.12)

~4(L+ Lo+ Boo + Capllglli-a(1 + [|o]lse)
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Step 2. We next study ||z||st1-a for s,t € [iA, (i + 1)A], s < t. We write

S t
x— x| < / (b(t,r,z,) — b(s,r,x,.))dr| + / b(t,r, z,)dr
0 s
A s
+ / (o(t,r,x.) —o(s,r,x,.)) dg.| + / (o(t,r,z.) — o(s,7,x,)) dg,
0 iA
t
+ / o(t,r,x,)dg,| = A+ B+ C; +Ch+ D. (3.13)

The terms A, B, and D can be bounded exactly as in Step 1. Thus, it suffices to bound
the terms C? and C%. We start with C%. We write

%

i<

(=1

N
/ (o(t,r,x.) —o(s,r,x,))dg,| .

(t—1)A

Using [5, Lemma A.2|, we get

‘D(oz—l)A-i- [J(t7 i :U) - 0(37 ) 23)] (T)‘

K(t—s) 1 oI ((r—u)5+|x7~—xu])du)
- ( o

Tl —a) \(r=(-1)A) 1A (r —u)ott

(t—s) (
Tr—(—1)A)

L+ (r = (€= 1)A) + (r = (0 = DA) |zl -aeai-a) -

Then, by the estimate in [11, (3.5)|, we obtain

O < Capllglh-alt —5) Y (A7 + A7 4 APz paaia) - (3.14)

=1
Similarly, for the term C% we obtain

. S 1
(AP — T A \a
C; < Oa,BHgH1*a<t s) /z‘A (r — iA)a (

< Casllglh-a(t =) (s —iA)'7 + (s —iA) 7 4 (s —iA)* 7 |z[|ia 1-a) -
(3.15)

L+ (r —iA)P + (r —iA) |2 |ias1-a) dr
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Hence, from (3.5), (3.6), (3.8), (3.14) and (3.15), and using the fact that A <1, t—s < A
and 1A < T, we obtain

—(L”“"i_s)fi < Ls(t — 5)* + Lo(t — $)° + Boa
+Capllgli-a [(t —5)" ) (AT AT L A g ya ga o)
=1
(1= 8) (s = A) 7 4 (5 — iA) TP 4 (5 = iAP2]lias1a)

+(t=5)" + ol + 2]l sta-alt — )"~

< LT + Lo+ Boo 4 Casllglli-a {T + 1+ [0l

+ATe Z ”xH(f*l)AlA,lfa + Al_a||m||iA,(i+1)A,1a:| .
(=1

Choosing A such that
1

N (3.16)
2Ca.sll9ll1-a
we obtain that
|2 lliat1)a1—a < A 4+ A2A%* Z 1zl (=1)ae8,1—a; (3.17)
—1

where

A = 2ALT + Lo+ Boa + Capllglh-a(T + 1+ o]lx)).
Ay = 20as]glh-a

Step 3. We now use an induction argument in order to show that for all ¢ > 0,
Az lia 1)an-a < 1.

For i = 0 it is proved in Step 1. Assuming that it is true up to ¢ — 1 and using (3.17), we
get that

Alia“xHiA,(i-&-l)A,l—a < AJATY 4 A APTR Z 2|l —yaeai-a < ATY(A + AST).
=1

Finally, it suffices to choose A such that

A= < 1

_— Nl
— A+ AT (3.18)

to conclude the desired claim.
Therefore, we have that

% [ia 41800 < |Tial + A7 2]lia,11)81-a < |Zial + 1. (3.19)
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Applying this inequality recursively, we conclude that

sup [z| < sup  [x[+ 1< <aof + 0,
0<t<T 0<t<(n—1)A

and the desired bound follows choosing A such that
1
(LT V1) + Lo+ Boa + Capllgli-a(T + 1+ [|lo]lo))) /=)
where C, 5 is such that (3.9), (3.12), (3.16) and (3.18) hold. O

ALAT,

The next result is an exponential bound for the supremum norm of the solution to (3.1)
under more general hypotheses than the previous theorem.

Theorem 3.5. Assume the hypotheses of Theorem 3.2 with yn = 1. Then, there exists a
constant Cy, 3 > 0 such that

1/(1-a)
2]l < (|z0] + 1) exp <2T <<K§’j; + K sllglh—o) V1V T)) ,

where K:(,,g()l =6(Lo+ L(T+ 1) + Bo,a), K%()X”B = Cop(T'+1), and L, Ly, and By, are as
in Theorem 3.3.

Proof. The proof follows similarly as the proof of Theorem 3.3. We divide the interval
[0, 7] into n = [T'/A] + 1 subintervals, where A < 1 will be chosen below.

Step 1. We start bounding ||x]|o.a1-o- We can use the same bound for |z; — x| obtained
in (3.4). Then, terms A and C' can be bounded as in (3.5) and (3.7) respectively. For
term B, using (H2)(3), we get that

B < Lo(t — 8)||7||st.00 + Boa(t — 8)' 7 (3.20)
For term D, we obtain
D < Copllgli-alt = ) [Il2lls00 + (¢ = 5)7 + (¢ = )|zl 01-a] - (3.21)
Thus, we get that
|z — ] < Ls(t — 5)® AT
e S Lalt =)+ B+ el [Lolt = 9+ Copllalh]

+Casllglli—alt — s)* [s"7 + "7 + 2722|0510
+Capllglliza [(t— )" 4+ (t — ) ||2|ls1-a] -
Hence, as A <1,
llz]l0.a1-a < Bo + Bil|z|lo.ac0 + B2ll%]|0,a1-as

where
BO - L+BO,a+Oa,6”g||1—on
By = Lo+ Cupllglli-a,
By = A"Cypllglhi-a-
Thus,

#]l0,a,1-a < Bo(1 — Bs) ™' + Bi(1 — Bs) ™ '[|#/o,a,00- (3.22)
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Therefore, using the fact that

sup |z¢| < |xo| + ||$||0,A,1—aA1_a,
tel0,A]

we conclude that
sup |z < By 'ao| + By Bo(1 — By) AT, (3.23)
t€[0,A]

where By = 1 — By(1 — By)1Al7,

Step 2. We next study ||z||ia,+1)a,8, for i > 0. For s, t € [iA, (i +1)A], s <, |2, — a4
can be bounded as in (3.13). Then using (3.5), (3.14), (3.15), (3.20), and (3.21), we get

that
|7 — 24| N .
(t _ S)lfa < LS(t - S) + L()(t - S) ||x||8,t,oo + BO,a
+ Capllglh-a| (t = 5)* Y (A7 + A2 4 A2 2]l ) ea1-0)
(=1

+(t—5)" ((s —iA)"* + (s —iA) TP 4 (s —iA) 7|z ]lins,1-a)

+(t=5)" + |2 ]lspo0 + 2 llsta-alt — )"

< LT + Lo||z|ia,+1)a,00 + Bo.a + Casllg]l1-a [T + 14 ||z, i+1)A,00

+ AT Z ]l e-1)aea1-a + Ala”m”iA,(i—l-l)A,l—a:| .
=1

Therefore, we obtain that

z]liai41)a1-a < Cyt | Cr 4+ Col|z|lia 41)a00 + C3A* Z HxH(f—l)A,M,l—a] , (3.24)

=1
where
Co = 1-Capllglh-ad™™,
Ci = LT+ Boa+ Capllglli-o [T +1],
Co = Lo+ Cagpllgli-a,
Cs = Capllgli-a-
Thus,

#][ia i+ 1800 < Oy Haia| + Co ' CyTAT (Cl + C3A* Z Hx”(é—l)A,ZA,l—a)7 (3.25)

{=1

where Cy = 1 — Cj ' CoA,
We next show by induction that for all ¢ > 0,

AliaHxHiA,(iJrl)A,lfa < 1+ [|2]o,i+1)A00-
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For i = 0 it is proved in (3.22) that
[#]l0,a1-a < Bo(l — Ba) ™" + Bi(1 — Ba)™"[|z]|o,a,00-
Then, it suffices to choose A such that By < % and

1 1 1
Alfa < 2 = A —
-2 (Bo Bl) ’
to conclude the claim for ¢ = 0.

Assuming that it is true up to ¢ — 1 and using (3.24), we get that
z|lin i+ 1800 < 00_1 [Cl + C3T + ||z |o,(i41)4,00(Co + OsT)} :
Finally, it suffices to choose A such that Cy > 2 and

Alfa < ]' A ]'
—CL+CsT  Cy+ CsT’

to conclude the desired claim.
By (3.25), we conclude that

]|ia 41800 < C Haial + Co 'O AT (CL + TCs(1 + ||z ]|o,ia,00)) - (3.26)
Step 3. Using (3.26), we get that
sup |z < sup x| + sup |
0<t<(i+1)A 0<t<iA IASE<(i+1)A
< sup |z + CfHaial + G 'CTAYT (G + TC3(1 + ||z ]|o,ia,00))
0<t<iA
< Ky osup |z + Ko,
0<t<iA

where
K, = 1+CH1+TC CsA),
K2 - 0610;1(01 + TCg)Alia.

[terating, we obtain that

n—2
sup |z¢| < Ky sup |z + Ky <--- < K77 sup |xt]+KQZK{.
0<t<T 0<t<(n—1)A 0<t<A —

We next choose A such that CoLA™ < % and C’O_l < % Then, C’4_1 < 2. Moreover, we
choose A such that TCgCglAl_a < %. This implies that K; < %. Thus,

n—2 n—2 7 n—1
Z 4 Z 10 3 (10 3
i=0 1_i:O(3> 7<3) _76

In order to bound K5, it suffices to choose A such that C; A= < % Then, we easily
obtain that Ky < 1. We finally bound supy<;< |7:| using (3.23). Again we choose A
such that (1 — B;)™! < 2 and B;A'™ < & so that By < 2. We also choose A such that
Al72B, < i so that

3 1 3
sup |z¢| < 2|xo| +2- = - = = 2|z + = < 2]zo| + 1.
0<t<A 2 4 4
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Finally, we conclude that

sup |z < (2lmo] + 1)e2™ Y < (|ao| + 1)elE],
te[0,7

which implies the desired estimate choosing A such that

1
A= ALAT,
(Capsllglli—a(l +T) +6(Lo + L(1 + T) + Bya)) /0~

O

The next result provides a supremum norm estimate of the solution z; of the following
system of equations

t t
T =X +/ b(t,r, xr)dr—l—/ o(t,r,z,.)dg,
0 0
t t
2 =Wy —i—/ h(t,r, x,,)zrdr—l—/ f(t,r,z,)zdg,, (3.27)
0 0

where g belongs to W, (0, T;R™), w belongs to C1=*(0, T;R%), b : [0,T]*> x R? — R,
o:[0,T2 xR = R x R™, h:[0,T]2 x R* = R? x R%, and f: [0,7T]2 x R? — R¥ x R™

are measurable functions, and z, € R

We will use the following hypotheses on h, f and w:

h is Lipschitz continuous with respect to ¢ and bounded.
(H3) f is bounded and satisfies (H1).

w is Lipschitz continuous and bounded.

Theorem 3.6. Assume that b and o satisfy the hypotheses of Theorem 3.3 and that h, f
and w satisfy hypothesis (H3). Then there exists a unique solution z € C*=*(0,T;R?) to
equation (3.27). Moreover, there ezists a constant Co g > 0 such that

1/(1—

/(1=a)
l2lloo < 21+ l0floc) exp (T (K& + KD pllglh o) Vv T) ,
where K?()X =16 (K + ||h]loc + L + Lo + Boo) ' (T + 1) and
6
i = Cop (I flleo + ll0loe + 1) € (T +1).
Proof. The existence and uniqueness of the solution follows similarly as [14, Theorem 5.1].

We next prove the estimate of the supremum norm of the solution. We divide the interval
[0, 7] into n = [T'/A] + 1 subintervals, where A < 1 will be chosen below.
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Step 1. We first estimate ||z||) & - Let ¢, € [0, A] with t < t'. We write

t’ t
/ h(t',r,z,)z.dr| + / (h(t',r,x.) — h(t,r,x,.)) z.dr
¢ 0

|Zt' — Zt’ < ‘wt’ - wtl +

/O (f(t/7 T, :L‘T) - f(ta r, xr‘)) 2rdgy

t/
+ / F(E 7 )20 dgy| +
t

=E+F+G+H+ I

The first three terms are easily bounded as
E<K({ —1t),
F < [[h]loo(t” = t)[|2]lt, 00, and
G < L{t" = t)t||2lte 0
We next bound H and /. Using (2.2) and the estimate in |11, (3.5)], we get

1< Klglho [ D8 S0 2)2] )] dr

where
|D?+ [f(t/’ 5 JI)Z] (T)l
1 |t r a2 lf(tr x)ze — f(, u, )2
SF(l—a)( (r—t) / (r —u)ot! du)
< C,(H; + Hs)
Hi < Callfllooll2lleer,00(r — )%,
and

Hy < Cogllzllowoo(r =)~ + Caplizllurcollzllewa—alr — )7
+Call fllooll2llera—alr — )12
Therefore, we obtain
H < Capt =) llglh-a [Izllerco (1fllss + ¢ =) + l2llipa—at’ = )17
ool 2l 1-all (" = £)1 70T .
Similarly,
I < Capllglli-al® =) [ll2llepoo (1487 + 2llopa-at' ™) + 2llomi-at ] -

Hence, we conclude that

|Zt’ - Zt‘
(t’ _ t)lfa K+ D1||Z||t,t’,oo + D2||Z||t,t’,1—a,
where
Di = [hlloe + L+ Capligha (Il + 1+ ol z1-0B" ).

Dy = Capllglia (Ifllc +1) A
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Thus,
I2ll0,4,1-0 < (1= Do)~ (K + Dillz]lo 5 00)-

Moreover,
12ll0,5,00 < llwlloo + A [(1 = Do) ™ (K + Dillzllp 4.00)] -

Choosing A satisfying (3.12), we obtain by (3.11) that ||:E||O,A71_OCA1*O‘ < 1 <1, We next
choose A such that A=K <1, Al_O‘Dl <1,and Dy < % Then, we obtain that

12]l0,4,00 < 2lwlloo + 1. (3.28)

Step 2. We next estimate ”2||iA,(i+1)A,oo fori=1,...,n. Fixtt € [iA, (1 + 1)&} with
t < t'. Similar bounds can be obtained for the corresponding terms E, F, G and H as in
Step 1. Thus, we just need to bound the term I* := I, that is,

LA
Z /( (f(t',r,x) — f(t, 7, 2,)) 2.dg,

= |/ e-DA

I < +] [ ) = ftra) s

i A

Following the same computations as for I, we get

A
/( (f(tr,2) = Ftr,2) 2dge| < Cagllghalt = DA [2llpaai-aB ™)

—1)A

+||Z||(e—1)A,gA,oo (1 + Ao 4 Hx“(Z—I)A,zAJ_aAI_aﬂ .

Therefore, the term I* is bounded by

Cop

gl -a(t' = AL [Hzm,@m,m (1+ ez ezl ™)

+ ”ZHiA,(i—i—l)A,l—aAl_a

+ Z [HZH(f—l)A,M,oo <1 + Hx||(z_1)A,eA,1_aA17a> + !|ZH(Z_1)A7M71_QA1QH,
=1

Hence, we obtain that

||ZHZ‘A,(Z‘+1)A,1—a < K+ E1||Z||iA,(z‘+1)A,1—a + E;HZHZ‘A,(Z‘H)AOO

+ 3 Bzl mnaace) + Eill2le-nassia) -
=1

where
B = Callglia (Il + 1A,
By = |hlloo+ L+ Casllghia (Iflle + 1+ lola gananad ™)
Ef = Capligli-od (1+ 2] ¢passi-ad ™).
Ei = Cagllglh-aB®™.
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Choosing A such that E, < 3, we obtain that

HZHiA,(iH)A,l—a < 2K + 2E§”Z||iA,(i+1)A,oo

: (3.29)
+ Z [QE:J{HZH(Z—UA,@A,OO) + 2Bl ¢-1)a0a 10| -
=1

Choosing A satisfying (ij) 8), we obtain by the Step 3 in Theorem 3.3 that for all ¢ =
Lo, [12lleaerna- AT < 1. Thus,
Ey < Epi=|lhllo + L+ Cagllglh-a (I fllo + 1)
Ey < Ey:=Copllgli-ald
Applying expression (3.29) recurrently we obtain that
HzHiA,(z’H)A,ka <2K(1+ 2E4)l Lt 2E,||2 HzA (i+1)A, 00

i—1

+(2E3+4E4E2)Z(1+2E )|z =0 (- (—1))A 00"
=1

This implies that
HZHz‘A,(z‘H)A,oo < lzal+ ”Z“iﬁ,(iJrl)A,lfaAlia
< E5'zal+ Ko+ By (2B + AE(Ey) (1 + 2E0) V]2l 5 0 A,
where F5 = 1 — 2E,A'"* and K; = E; '2E,(1 + 2E,)'Al-,
Step 3. Using the result of Step 2 yields that

sup  |z| < L; sup |z| + K, (3.30)
te[0,(i+1)A] te[0,iA]

where L; = By (14 A0 (2B + 4B, By)(1 + 2E,) 1),

We finally bound L; and K;. We choose A such that 2FE,Al=> < 1 3, so that E < 2.
We also choose A such that 2E, < A so that

(1+2E4)i—1 < (1 +A)i—1 < (1+A)n—1 < (1+A)T/A < eT_

Hence, choosing A such that 4E16TA1*°‘ < 1 we conclude that K; < 1. Moreover, as
1A < T, we have that

Li <2 (1 + (Al—aoaﬂng“l_a + 2A1—QE2) eTT> .

We finally choose A such that that A'=*C, s g|1-ae’T < % : and QA B eTT < 5, S0
that L; <e.
Iterating (3.30) and using (3.28), we conclude that

sup |5 <e  sup |al+1<- < e sup |zt!+2e
0<t<T 0<t<(n—1)A 0<t<A
< 268 (Jlw]loo + 1),
which implies the desired result. U
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We end this section by showing the Fréchet differentiability of the solution to the
deterministic equation (3.1), which extends |15, Lemma 3 and Proposition 4.

Lemma 3.7. Assume the hypotheses of Theorem 3.2. Assume that b(t,s,-),o(t,s,-) be-
long to C} for all s,t € [0,T] and that the partial derivatives of b and o satisfy (H2) and
(H1), respectively. Then the mapping

F W0, T;R™) x W0, T; R — W0, T;RY)
defined by

(h,x) = F(h,z) :=x — x¢ — / b(-,s,25)ds — / o (-8, xs)d(gs + hs) (3.31)

0 0

is Fréchet differentiable. Moreover, for any (h,x) € Wy *(0,T;R™) x W&(0,T;R9),
k€ W0, T;R™), v € We(0,T;R?), and i = 1,...,d, the Fréchet derivatives with

respect to h and x are given respectively by

D\F(h Z / I(t, s, z5)dk, (3.32)
2 F(h, ) Z/ 0y, b (L, 5, 25)v kds—ZZ/ Ou, 0™ (L, 5,2 )v5d(g] + h).

k=1 j5=1
(3.33)

Proof. For (h,z) and (h,Z) in W2=2(0,T;R™) x W&(0,T; R?) we have
¢
F(h, 2), — F(h &), = 2 — & - / (b(t. 5, 22) — b{t, 5, 52))ds
¢ " t
—/ (o(t, 5, 25) — (b, 5,0))d(gs + hs) —/ o(t, 5,5 )d(he — Fa).
0 0
Using |5, Proposition 2.2(2)|, we get that

x—T— /0‘(b(-,s,x5) —b(-,s,T))ds

S ca,THx - j”a,l-

a,l

From [5, Proposition 3.2(2)|, we obtain

/0.(0('3 87935) - U('a 87js)>d(gs + hs)

< Carllr = Tllanllg + hlli—a2(1 + Az) + A(2)),

a,l

where

U, — x°
A(z) := sup / Mdsgcaﬁjﬂxﬂia

weo.r) Jo (u—s)ott

and similarly A(Z) < co57|7(|9_,, Finally, [5, Proposition 3.2(1)] yields to

‘ / 0('7 Sajs)d(hs - ]tls) S CO¢7T(1 + ||:1~j||o¢,1)||h - iL||1—o¢72-
0

a,l
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Therefore, F is continuous in both variables (h, x). We next show the Fréchet differentia-
bility. Let v, w € W(0,T;R?). By [5, Proposition 2.2(2) and 3.2(2)], we have that

|D2F (b, x)(v) = DoF(h, z)(w)l[ar < carllv = wllan(l+ lg + hlli-a2).
Thus, DyF'(h,x) is a bounded linear operator. Moreover,

F(h,x +v); — F(h,x); — DoF(h,x)(v),

t
= / (b(t,s,xs) — b(t,s,xs + vs) + 0:b(L, s, x5)v5)ds
0

t
+ / (o(t,s,x5) — o(t,s,xs + vs) + 0,0(, 8, T5)vs)d(gs + hs).
0
By the mean value theorem and |5, Proposition 2.2(2)],

< carllvllzs-

a,l

H / (b(-, s, 25) — b(+, 8,25 + vs) + 0:0(+, 8, x5)vs)ds
0

Similarly, using |5, Proposition 3.2(2)], we obtain

/ (0(+,8,5) — (-, 8,25 + vs) + 0p0 (-, 8, 5)vs)d(gs + hs)
0

a,l
< cagrlvllanlly + hlli-az:

This shows that DyF' is the Fréchet derivative with respect to = of F(h,x). Similarly,
we show that it is Fréchet differentiable with respect to h and the derivative is given by
(3.32). O

Proposition 3.8. Assume the hypotheses of Lemma 3.7. Then the mapping
g € W,7(0,T;R™) — x(g) € Wi (0, T3 RY)
is Fréchet differentiable and for any h € W, ~*(0,T;R™) the derivative in the direction h

s given by
mo
Dui =Y [ w ()i
j=1"0

where fori=1,...,d, j=1,...,m,0<s <t

d m +
Y (s) = d(t,s,24) + Z Z/ Op, 0 (L, u, 2,) DM (5)dg,

k=1 ¢=1""5

P (3.34)
+) / O, b (t, 1, 2 ) (5)du,
k=1"Y*%

and ®7 (s) =0 if s > t.

Proof. The proof follows similarly as the proof of [15, Proposition 4] once we have extended
[15, Proposition 2 and 9]. We proceed with both extensions below. U

The next propositions are the extensions of [15, Proposition 2 and 9], respectively.
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Proposition 3.9. Assume the hypotheses of Lemma 3.7. Fiz g € W, *(0,T;R™) and
consider the linear equation

t t
vy = wy + / 0.b(t, s, x5)vsds + / 0,0(t, s, xs)vsdgs.
0 0

where w € C17(0,T;R?). Then there exists a unique solution v € C1=(0,T;R?) such
that

ol < cpllollas exp (Zpllgll 05 (3.35)

1) (2)

for some positive constants ¢, and c,

Proof. Existence and uniqueness follows from [5] and the estimate (3.35) follows from |5,
Proposition 4.2] with v = 1. O

Proposition 3.10. Assume the hypotheses of Lemma 3.7. Then the solution to the
linear equation (3.34) is Holder continuous of order 1 — «v in t, uniformly in s and Holder
continuous of order B A (1 — «) in s, uniformly in t.

Proof. By the estimates in [5], we get

sup [|®.(s)[[1-a < car(l+ (14 [lglli-a2) sup [[®.(s)]a)-
s€[0,7T s€[0,T]

which is bounded by Proposition 3.9. Therefore, ®,(s) is Holder continuous of order 1 —«
in ¢, uniformly in s. On the other hand, appealing again to Proposition 3.9, for s’ < s < t,
we have

1 1/(1—2a)
10.(5) = @(") o < (s, ) exp (Zpllgln 05" )

where

wy(s,s') =ol(t,s,xs) —o(t, s, zy) / 0,0 (t, u, 1,) P, (s")dg,

/abtuxu P, (s")du.

We next bound the || - ||o,1-norm of w.(s, s"). For the first term, by the definition of the
| - Ha,1—n0rm, we have
||O.(" ok SL’S) - U('? 5/7 xs’)”a,l < Ca,Tl|U('7 S, xs) - 0'('7 5/7 xs/)Hlfa
< Capir(s — )P0,

where we have used |5, Lemma A.2| in the last inequality.
For the second term, as 0,0 is bounded, we obtain

H/ 0p0 (-, 1, 1, )Py (8')dg, /@u(s’)dgu

< car(s =) gll—az sup [|®.(s)
s€[0,7T

S Ca, T

a,l

where the last inequality follows from [14, Proposition 4.1].
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Finally, for the last term, as 0,0 is bounded, we get

’ / o, (s")du

< car(s—5") sup [|D.(8)]a1-
Therefore, we conclude that

s€[0,T
—a 2 1/(1—2«
@.(5) = @)t < capr(s — &) exp (gl 52")

)

S Ca,T

/ 0:b(t, u, )Py (") du

a,l

which implies that ®,(s) is Holder continuous of order S A (1 — @) in s uniformly in . O

4. STOCHASTIC VOLTERRA EQUATIONS DRIVEN BY FBM

In this section we apply the results obtained in Section 3 to the Volterra equation (1.1).
Recall that WH = {WH t € [0,T]} is an m-dimensional fractional Brownian motion with
Hurst parameter H > % That is, a centered Gaussian process with covariance function

, , 1
E(W W) = Ry(t,s) = 3 (27 + 2 — |t — s]?7) 6.
Fix a € (1 — H, ). As the trajectories of W# are (1 — a + €)-Hélder continuous for all
€ < H + a — 1, by the first inclusion in (2.1), we can apply the framework of Section 3.

In particular, under the assumptions of Theorem 3.5, there exists a unique solution to
equation (1.1) satisfying

@ @ g )0
sup | Xy < (| Xo| +1)exp ( 2T | (Krp + Ko sllW5 l1-a vVivT)|.
0<t<T

Moreover, under the further assumptions of Theorem 3.3, we have the estimate

1/(1—a)
sup | X;| < | Xo| +14T ((Kgl T Kﬁ’lﬁ”WHyyl,a)

0<t<T

v1vT>.

As a consequence of these estimates we can establish the following integrability prop-
erties of the solution to (1.1).

Theorem 4.1. Assume that E(|Xo|?) < oo for all p > 2 and that o and b satisfy the
hypotheses of Theorem 3.5. Then for all p > 2

E ( sup |Xt|p) < 00.

0<t<T

Moreover, if for any X > 0 and v < 2H, E (exp(A|Xo|")) < oo, then under the assumptions

of Theorem 3.3, we have
E (exp ()\ ( sup |Xt|7>)) < 00,
0<t<T

for any A >0 and v < 2H.
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We next proceed with the study of the existence and smoothness of the density of the
solution to (1.1). From now on we assume that the initial condition is constant, that is,
Xo = 29 € RY We start by extending the results in [15] in order to show the existence
of the density of the solution to the Volterra equation (1.1) when o is not necessarily
bounded. We first derive the (local) Malliavin differentiability of the solution.

Theorem 4.2. Assume the hypotheses of Lemma 3.7. Then the solution to (1.1) is
almost surely differentiable in the dzrectwns of the Cameron-Martin space. Moreover,
for any t > 0, X} belongs to the space D% and the derivative satisfies for i = 1,...,d,

]_1 7

loc

DIX!=o'(t, s, X,) +ZZ/ Oy, (t,r, X)) DI X Fa e
k=1 ¢=1 (4.1)

+Z / B b (t,7, X, ) DI X dr,
k=1""%

if s <t and 0if s > t.
Proof. By Proposition 3.8, the mapping
w € Wy *0,T;R™) — X (w) € W0, T;R?)
is Fréchet differentiable and for all ¢ € H and i = 1,...,d, the Fréchet derivative

d .
ath(w + €Ru)|e=o

exists, which proves the first statement of the theorem. Moreover, by [12, Proposition
4.1.3.], this implies that for any ¢ > 0 X7 belongs to the space D_>.

The derivative Dg,,X; coincides Wlth (DX}, p)3, where D is the usual Malliavin
derivative. Furthermore, by Proposition 3.8, for any p € Hand ¢t =1,...,d,

DryoXi = Z / &9 (s)d(Rarp) (5)

—Z / (s ( / aSKH@,u)(/c;go)j(u)du) ds

DRHlPXti =

30

- 2/ (K380 (5) Ko (5)ds

= (D}, )
and equation (4.1) follows from (3.34). This concludes the proof. O

We next derive the existence of the density.

Theorem 4.3. Assume the hypotheses of Lemma 3.7. Assume also the following nonde-
generacy condition on o: for all s,t € [0,T], the vector space spanned by

{(0"(t,5,20),...,0U(t,5,20)),1 < j < m}
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is RY. Then, for any t > 0 the law of the random vector X, is absolutely continuous with
respect to the Lebesque measure on RY.

Proof. By Theorem 4.2 and [12, Theorem 2.1.2| it suffices to show that the Malliavin
matrix I'; of X; defined by

Iy = (DX}, DX} )y
is invertible a.s., which follows along the same lines as in the proof of [15, Theorem 8|. O

We finally consider the case that ¢ is bounded and show the existence and smoothness
of the density. As before, we first study the Malliavin differentiability of the solution.

Theorem 4.4. Assume the hypotheses of Theorem 8.3, that bi(t,s,-), 0% (t,s,-) belong
to C° for all s,t € [0, T] and that the partial derivatives of all orders of b and o satisfy
(H2) and (H1) respectively. Then for any t > 0, X} belongs to the space D> and the nth
iterated derivative satisfies the following equation fori=1,...,d, j1,...,jn € {1,...,m},

n

Ji ... DinY? Ji ... Dia ... Nin ;e

DSl DSnXt —E D51 DSZ DSno (t,Sg,XSZ)
q=1

m t
+> / DIt ... Ding™(t,r, X, )dW (4.2)
=1"%

1V--Vsn

t
+ / DIt Dinbi(t,r, X, )dr,
s$1V--Vsp

if s1V---Vs, <t and 0 otherwise. The notation Dig means that the factor Dﬁ;; 1s omitted
in the sum. When n =1 this equation coincides with (4.1).

Proof. By Theorem 4.2, for any ¢t > 0 X/ belongs to ]D)}Cf and the Malliavin derivative
satisfies (4.1). Applying Theorem 3.6 to the system formed by equations (1.1) and (4.1)
we obtain that a.s.

J i () | 5 ® H 1/(1=e)
sup [DIXI| < 2(||o]lw + L)exp (T (KM + KO W Hm) VIVT), (4.3)
which implies that for all p > 2,

s,t€[0,T
m t t . . . . p
sup E Z/ / DIXIDIX|r — s|*2dsdr| | < oo.
te[0,1] = Jo Jo

This and [12, Lemma 4.1.2] show that the random variable X, belongs to the Sobolev
space D'? for all p > 2. Similarly, it can be proved that X! belongs to the Sobolev space
DkP for all p, k > 2. For the sake of conciseness, we only sketch the main steps. First, by
induction, following exactly along the same lines as in the proofs of [15, Proposition 5 and
Lemma 10| and Proposition 3.8, it can be shown that the deterministic mapping x defined
in Section 3 is infinitely differentiable. Second, by a similar argument as in the proof of
Theorem 4.2, we have that for all ¢ > 0, X} is almost surely infinitely differentiable in the

directions of the Cameron-Martin space and it belongs to the space Dﬁ)’f for all p, k > 2.
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Finally, using equation (4.2), the estimate for linear equations obtained in Theorem 3.6
and an induction argument, we obtain that for all k,p > 2,

sup E (HD(k Xt||H®k) 00,

t€[0,T]

where D®*) denotes the kth iterated derivative. This concludes the desired claim. O

The next theorem extends and corrects the proof of [11, Theorem 7] as there is a mistake
in the last step of the proof.

Theorem 4.5. Assume the hypotheses of Theorem 4.4 and that o(t,s,-) is uniformly
elliptic, that is, for all s,t € [0,T], z,& € R with |¢] =1,

m

Za” (t,s x)fl) > p® >0,

Jj=1 =
for some p > 0. Then for any t > 0 the probability law of X; has an C* density.

Proof. By [13, Theorem 7.2.6] it suffices to show that E((det(I';))™?) < oo for all p > 1.
We write

det(T;) > |l‘ﬂf (VIR

Fix ¢ € R? with ||¢]| = 1 and € € (0,1). Then

d d
ETe =) DX = 1) Ki(DX])&lI2 0 0mm)
i=1 i=1

d
> || Ki(DX)&l72 i) = 54— B,

i=1
where

A: Z/ 6 / / I(t,u, X))o (t, v, X)) 0u K 11 (u, 8)0, Ky (v, 8)&€pdududs,

i,k=1

B: Z/ (2/ (ZZ/%U (t,r, X,) DI X kgt

k=1 (=1

2
+Z / By, bi(t, T, XT)Dindr)ﬁuKH(u, s)@-du) ds.
k=1
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We next we add and substract the term o (¢, u, X, )o™ (t,u, X,,) inside A to obtain that
A=A+ Ay, where

m t t pt d 2

A=Y / / / (Z o (1, u, Xu)&-) 0uK 11 (u, 8)0, K i1 (v, s)duduvds,
j=1 t—eJs s i=1

A2 ::Z Z / / O.Zj(t’u7 Xu) (Uk](t7v7Xv) - Uk](tauaXU))
J:1 S S

=€ k=1

X 0y K g (u, )0, Ky (v, $)&&dududs.
By the uniform ellipticity property, we get that

t t 2 t t 2
A > p2/ (/ OuK p(u, s)du) ds = CH/ (/ (E)H_l/Q(u - S)H_gdu) ds
t—e s t—e s S

2

t t ‘
> cH/ (/ (u— S)H_gdu) ds = cye?.
t—e S

Moreover, since o is bounded, using Holder’s inequality and hypothesis (H1), for any
q > 1, we get that

t t t
E|A2]q < CT,qe3(q—1)/ / / (E(|Xu _ leq) + E(|Xu\q)|u _ U|Bq
t—e Jt—e Jt—e

+ E(| XY X0 — X)) (0. K 1 (u, $)0, K (v, 8)) dudvds

t t t
< Cpyeda) / / / (= o9 4 [ — 0] 4 u — 0]P20-))
t—e Jt—e Jt—e

X (0K g (u, )0y K (v, s))!dudvds
< CT qEq(2H+min{1fa,ﬁ,5(1fa)}.

We are left to bound E|B|?. Since 0,b(t, s, z) is bounded, using Holder’s inequality and
(4.3), we obtain that for all ¢ > 1,

m t d t t 2
> / (Z / / O, U (t, 7, X, ) DI XF0, K iy (u, s)&-drdu) ds
j=1 t—e s u

ik=1

q

E

t t
< Corad®® [ [ (@ukn(u,)duds
t—e Jt—e

< Ca T q6q(2H+2) .

Similarly, for all ¢ > 1, we have that

mo ot d m .t t 9
Z/ ( Z Z / </ axko'ié(t; T, Xr)DindWﬁvz) E)uKH(u, S)&du) ds
j=1 t—e m

ik=1¢=1""%

q

E

t ot
< C’a,T,qE?’q_2+(1_a)2q/ / (0uK 1 (u, 5))*duds
t—e Jt—e

< Ca T qeq(2H+2(1fa)) )
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Appealing to |6, Proposition 3.5] we conclude the desired result. O
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