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SOME DIFFERENTIAL SYSTEMS DRIVEN BY A FBM WITH
HURST PARAMETER GREATER THAN 1/4

SAMY TINDEL AND IVAN TORRECILLA

ABSTRACT. This note is devoted to show how to push forward the algebraic integration
setting in order to treat differential systems driven by a noisy input with Holder regularity
greater than 1/4. After recalling how to treat the case of ordinary stochastic differential
equations, we mainly focus on the case of delay equations. A careful analysis is then
performed in order to show that a fractional Brownian motion with Hurst parameter
H > 1/4 fulfills the assumptions of our abstract theorems.

1. INTRODUCTION

A differential equation driven by a d-dimensional fractional Brownian motion B =
(B, ..., BY) is generically written as:

Yy = a+/0 o(ys)dBs, te€0,T], (1)

where a is an initial condition in R”, ¢ : R — R™ is a smooth enough function, and 7 is
an arbitrary positive constant. The recent developments in rough paths analysis [, [3,
have allowed to solve this kind of differential equation when the Hurst parameter H of
the fractional Brownian motion is greater than 1/4, by first giving a natural meaning
to the integral fot o(ys) dBs above. It should also be stressed that a great amount of
information has been obtained about these systems, ranging from support theorems [
to the existence of a density for the law of y; at a fixed instant ¢ (see [, f])-

In a parallel but somewhat different direction, the algebraic integration theory (in-
troduced in [f]), is meant as an alternative and complementary method of generalized
integration with respect to a rough path. It relies on some more elementary and explicit
formulae, and its main advantage is that it allows to develop rather easily an intuition
about the way to handle differential systems beyond the diffusion case given by ([l). This
fact is illustrated by the study of delay [If] and Volterra [ type equations, as well as
an attempt to handle partial differential equations driven by a rough path [[I]. In each
of those cases, the main underlying idea consists in changing slightly the basic structures
allowing a generalized integration theory (discrete differential operator §, sewing map A,
controlled processes) in order to adapt them to the context under consideration. While
the technical details might be long and tedious, let us insist on the fact that the changes in
the structures we have alluded to are always natural and (almost) straightforward. Some
twisted Lévy areas also enter into the game in a natural manner.

However, all the results contained in the references mentioned above concern a fractional
Brownian motion B with Hurst parameter H > 1/3, while the usual rough path theory
enables to handle any H > 1/4 (see [f] for the explicit application to fBm). The current
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2 SAMY TINDEL AND IVAN TORRECILLA

paper can then be seen as a step in order to fill this gap, and we shall deal mainly with two
kind of systems: first of all, we will show how to solve equation ([J) when 1/4 < H < 1/3,
thanks to the algebraic integration theory. The results we will obtain are not new, and
the algebraic integration formalism has been extended to a much broader context in [I{]
by means of a tree-based expansion (let us mention again that the case H > 1/4 is also
covered by the usual rough path theory). This study is thus included here as a preliminary
step, where the changes in the structures (new definition of a controlled path, introduction
of a Lévy wvolume) can be exhibited in a simple enough manner.

Then, in a second part of the paper, we show how to adapt our formalism in order to
deal with delay equations of the form:

dyt = U(?Ju Yt—rqyy - - - ayt—r’q) dBt te [07 T]> (2)
Yy = gta te [—Tq,O],

where y is a R"-valued continuous process, ¢ is a positive integer, o : R™9T! — R™9 ig
a smooth enough function, B is a d-dimensional fractional Brownian motion with Hurst
parameter H > 1/4 and T is an arbitrary positive constant. The delay in our equation
is represented by the family 0 < r; < ... < 7, < 00, and the initial condition £ is taken
as a regular enough deterministic function on [—r,,0]. Though this kind of system is
implicitly considered in [[ in the usual Brownian case, and in [f] for a Hurst parameter
H > 1/2, the rough paths techniques have only been used in this context (to the best of
our knowledge) in [Iq], where a delay equation driven by a fractional Brownian motion
with Hurst parameter H > 1/3 is considered. Our paper is thus an extension of this last
result, and we shall obtain an existence and uniqueness theorem for equation (f]) in the
case H > 1/4, under reasonable regularity conditions on ¢ and &.

From our point of view the example of delay equations, which is interesting in its own
right because of its potential physical applications, is also worth studying in order to see
the kind of algebraical structures which pop out when changing the type of rough differen-
tial system we are trying to handle. In case of a delay equation driven by a rough path of
order 3 like ours, we shall introduce the notion of doubly delayed controlled processes, and
have to assume a priori the existence of some doubly delayed elements of area and volume
associated to B. This rich structure induces some cumbersome computations when one
decides to expand all the calculations explicitly like we did. However, in the end, one also
gets the satisfaction to see that the algebraic integration setting is flexible enough to be
adapted naturally to many situations. Let us also mention that the infinite dimensional
setting of [[4] is avoided here, and that all our considerations only involve paths taking
values in a finite dimensional space.

Let us also mention that, as in other examples of fractional differential systems, an
important part of our work consists in verifying that the fractional Brownian motion
satisfies the assumptions of our abstract theorems. The main available tools we are
aware of for this kind of task are based on Russo-Vallois approximations [[J], analytic
approximations of the fBm (like we did in [[f]) or Malliavin calculus. We have chosen
here to work under this latter framework, since it leads to reasonably short calculations,
and also because it allows us to build on the previous results obtained in [[[f], where this
formalism was also adopted.

Here is how our article is structured: Section P]is devoted to recall the basic ingredients
of the algebraic integration setting. The diffusion case is treated at Section [, and the
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bulk of the computations concerning delay systems can be found at Section f]. Finally,
the application to fractional Brownian motion is given at Section f.

2. INCREMENTS

To begin with, let us present the very basic algebraic structures which will allow to
define a pathwise integral with respect to irregular functions.

2.1. Basic notions of algebraic integration. For an arbitrary real number 7" > 0, a
vector space V and an integer k > 1 we denote by Cy (V) the set of functions g : [0, T]* —
V., g(ty, ..., tx) = gi..1, such that g;..., = 0 whenever t; = t;;; for some 1 <i <k — 1.
Such a function will be called a (k — 1)-increment, and we will set C.(V') = Up>1C(V).
On Ci(V') we introduce the operator ¢ defined as follows:
k+1
6:C(V) = Ceaa(V),  (09)ntry = D (=1 " Gdiotyy (3)
i=1
where ; means that this particular argument is omitted. A fundamental property of 6,
which is easily verified, is that § o 6 = 0. We will denote ZCi(V) = Cx(V) N Kerd and
Throughout the paper we will mainly deal with actions of § on C;, ¢ = 1,2. That is,
consider g € C; and h € Cy. Then, for any s,u,t € [0,T], we have

(5g>st =gt — (s, and (6h)sut - hst - hsu - hut- (4)

Furthermore, it is easily checked that ZCpy1(V) = BC,(V) for any k£ > 1. In particular,
we have the following property:

Lemma 2.1. Let k > 1 and h € ZCx1 (V). There exists a (non unique) f € Ci(V') such
that h = 6 f

Lemma P71 implies that all the elements h € Co(V') such that dh = 0 can be written
as h = ¢ f for some (non unique) f € C;(V). Thus we have a heuristic interpretation of
d|c,(vy as a measure of how much a given 1-increment is far from being an exact increment
of a function, i.e., a finite difference.

Remark 2.1. 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 functions on [0, T7.

Define I € Cy by
t v
I, :/ (/ dgw) df,, for s,tel0,T].

Then, (01)sut = [gu — gs|[ft — ful = (69)su(6f)us. Hence we see that the operator §
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 dgdf.

Let us concentrate now on the case V = R?, and notice that our future discussions
will mainly rely on k-increments with £ < 2, for which we will use some analytical
assumptions. Namely, we measure the size of these increments by Holder-type norms
defined in the following way. For f € C3(V') and p € (0, 00), let

fs
Il = sup Lt

stefor) [t — sl

(5)
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and set Cy (V) = {f € Co(V); || fllx < 00}
The usual Holder spaces C}'(V') will be determined in the following way. For a continuous
function g € C;(V'), we simply set
g1l = 1091l (6)

where the right-hand side of this equality is defined after (f); we will say that g € C{'(V)
iff || g, is finite. Notice that |||, is only a semi-norm on C; (V). However we will generally
work on spaces of the type

Cla(V) ={9:[0,T] = V5 go = a, ||gllu < oo},

for a given a € V, on which ||g||, then becomes a norm. For h € C3(V') we set

|hsut|
h = sup
Itlhe = S = sPle—ulp

1l = inf{z 1Rl prgimps =D i, 0 < pi < u} :

where the last infimum is taken over all sequences {h; € C3(V)} such that h = >, h;.
Then || - ||, is easily seen to be a norm on C3(V'), and we set
Cs (V) :={h € Cs(V); ||l < 00}

Eventually, let C1+( ) = Uus1C(V), j = 1,2, 3, and remark that the same kind of norms

can be considered on the spaces ZC3(V), leading to the definition of some spaces ZC4 (V)
and ZC3H(V).

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 [P, [[1]):

Proposition 2.2. There exists a unique linear map A : ZC37(V) — C3* (V) such that
SA = Idgerry  and A5 = Idgye

In other words, for any h € C3% (V) such that §h = 0 there exists a unique g = A(h) €
CoH (V) such that 6g = h. Furthermore, for any p > 1, the map A is continuous from
ZCY(V) to CY (V) and we have

1ARll, < S l1llw he ZC5(V).

It is worth mentioning at this point that A gives raise to a kind of generalized Young
integral, which is a second link between the algebraic structures introduced so far and a
theory of generalized integration:

Corollary 2.3. For any I-increment g € Co(V') such that §g € C37,

(1~ Ad)g = Jim Othl -
where the limit is over any partition g = {to = s,...,t, =t} of [s,t], whose mesh tends
to zero. Thus by setting 0 f = (Id — AS)g, the 1-increment § f is the indefinite integral of
the 1-increment g.
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We can now explain heuristically how our generalized integral will be defined.

Remark 2.2. Let f and g be two real valued smooth functions, and define I € Cy like in
Remark P7]]. Thanks to this remark and Proposition P.3, the following decomposition-
recomposition for I = [df [ dg holds true:

[dg [df = (3g) (5f) 2 [dg [df ,

where for the second step of this construction, we have only used the fact that the product
of increments (0g) (0 f), considered as an element of ZCs, is smooth enough. This simple
procedure allows then to extend the notion of iterated integral to a non-smooth situation,
by just applying the operator A to (dg) (§f) whenever we are allowed to do it.

2.2. Some further notations. We summarize in this section some of the notation which
will be used throughout the paper.

A multilinear operator A of order [, from R% x ... xR% to R", is denoted as an element
A € RvdidiTn order to avoid tricky matrix notations, we have decided to expand all our
computations in coordinates, and use Einstein’s convention on summations over repeated
indices. Notice that we will also use the notation A € R%:9243.44 for a linear operator
from R%% to R%%  We hope that this convention won’t lead to any ambiguity. The
transposed of a matrix M € R is written as M*.

For a function ¢ : (R")%*! — R, we denote by & p(wq, ws, .. .,w,) the derivative of ¢
with respect to the i component of w;, for i <n and j =0,...,q.

We shall meet two kind of products of increments: first, for g € C,(R"?) and h € C,,(R?)
we set gh for the element of C,y,,—1(R') defined by

(gh)tl,...,tm+n,1 - gtl,...,tnhtn,...,tm+n,17 tlv e 7tm+n—1 S [07 T] (7)
If now g € C,(RY?) and h € C,(RY) we set g - h for the element of C,(R') defined by
(9 W)tr,otn = Gtrtubtr s 1ot € [0,T7. (8)

In order to avoid ambiguities, we shall denote by N[f; C] the x-Holder norm on the
space C;, for j = 1,2,3. For ¢ € C;(V), we also set N[(;C3°(V)] = supg< <7 [¢'|v-

The integral of a real valued function f with respect to another real valued function g,
when properly defined, is written indistinctly as [ fdg or J(fdg).

3. THE DIFFUSION CASE

In this section, we will recall the basic steps which allow to define rigorously and solve
an equation of the form:

TS a—l—/o o(ys)dzs, tel0,T], (9)

where a is an initial condition in R”, ¢ : R® — R™? is a smooth enough function, 7' is
an arbitrary positive constant, and x is a generic d-dimensional noisy input with Holder
regularity v > 1/4. In the algebraic integration setting [P, [0, this task amounts to
perform the following steps:

(1) Definition of an incremental operator ¢ and its inverse A.
(2) Definition of a suitable notion of controlled processes, and integration of those
processes with respect to x.



6 SAMY TINDEL AND IVAN TORRECILLA

(3) Resolution of the equation thanks to a fixed point procedure in the space of con-
trolled processes.

Having dealt with the first of those points at Section B.], we turn now to the second one,
that is a definition of a useful notion of controlled processes.

3.1. Weakly controlled processes. Before giving the formal definition of a weakly
controlled process in the context of equation (), let us recall that when the regularity
of the noise is v > 1/4, the rough path setting relies on the a priori existence of an area
(resp. volume) element x? (resp. x3) satisfying the so-called Chen’s relations:

Hypothesis 3.1. The path R*-valued x is v-Holder continuous with v > 1/4, and admits
a Lévy area and a volume element, that is two increments x2 € C3' (R%?) and x3 €
CY(REE) (which represent respectively J (drdx) and J(dvdrdx), with the conventions
of Section P-3) satisfying:

0x? =0 ®dz, de (0(x?))gn = (02") (0270
x* =x2@0r+0r@x%, Qe (0(x)) g = (x2)7(02") 0 + (6276 (x3,)7F,

ut
for any s,u,t € [0,T], and any 1,5,k € {1,...,d}.

The geometrical assumption for rough paths (which is satisfied by the fractional Brow-
nian motion in the Stratonovich setting) also states that products of increments should
be expressed in terms of iterated integrals:

Hypothesis 3.2. Let x2 be the area process defined at Hypothesis [7.1, and denote by
x2S the symmetric part of x*, i.e. x*5 = L(x® 4+ (x*)*). Then we suppose that for
0<s<t<T we have:

2s

1
Xt = 5(5$)st ® (6)st-

With these hypotheses in mind, the natural class of processes which will be integrated
against x are processes whose increments can be expressed simply enough in terms of the
increments of x:

Definition 3.1. Let z be a process in C{(R') with k < 7 and 3k +~ > 1, such that
20 = a € R, We say that z is a weakly controlled path based on x if 6z € C5(R!) can be
decomposed into

521 = (9807 + (YO 41, e (02 = (G (52 )+ (CH)H(3)M 41, (10)

forany 1 <i <1, 1< 4,k <d. In the previous decomposition, we further assume that
¢t e CF(RYY) ds a path with a given initial condition (¢ = b € R4, such that 6¢* € C5(RY)
can be decomposed itself into:

0(¢H)Y = (¢1)7*oa" + p, e (8(CH)Y) = (C2)7H(0a) st + P2,
for all s,t € [0, T), where (* is a given path in Cf(R ). Notice also that in the previous
equations, v and p are understood as regular remainders, such that r € C3*(R!) and
p € C3"(RY).
The space of weakly controlled paths will be denoted by Q, .»(R"), and a process z €
Q,.ap(RY) can be considered in fact as a triple (z,¢',¢?). The natural semi-norm on
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Qu.ap(R') is given by
Nzt Quas(B)] = Nz CE R+ VIC CFF (R + ¢ CH(EY)
+ N[ R RM)] + N[¢% CF (RM)]
+ Np: C*(RY)] + Nr; C3"(R')]
where the notations N'[g; Cf (V)] and N'[¢;C°(V)] have been introduced at Section [2.3.

Remark 3.1. With respect to the case v > 1/3, the link between ¢! and ¢? in the definition
of controlled processes is new. This cascade relation between z, ¢! and (2 is reminiscent of
the Heinsenberg group structure of Lyons’ theory, and is really natural for computational
purposes.

We can now study the stability of controlled processes by composition with a regular
function.

3.2. Composition of controlled processes. The results of this section can be summa-
rized into the following:

Proposition 3.1. Assume Hypothesis B3 holds true. Let z € Q, .p(R') with decom-
position ([IQ), consider a regular function ¢ € CJ(RLR) and set 2 = ¢(z), a = p(a),
b= 0ip(a)b’. Then 2z € Q, ,;(R), and this latter path admits the decomposition
02 = (C"y627 + (V)N + 7, (11)
with
(¢ = [Bip(2) - (<)), (C* = [Bip(2) - (¢*)) + [Burintp(2) - (€)M - (¢)™],
and where 7 can be further decomposed into # = ' + 72 + 73, with:
P = Oip(2)r',
7 = Sl0uisg(a) - (5 (PR (2] + L0l 1)
+ [Dnap(z) - (¢ ()Mo - (x*)M]
+ [Buap(2) - (C)MN027 - 1] + [Oniap(2) - (C)MH][(x*)M - 172,
7 = 0p(2) — Oip(2)0z" — §8ij<p(z)[5zl -027].

As far as (CY)7 is concerned, for 1 < j < d, it can be decomposed into
5(C = (CPYRoat + (12)
where the remainder p? can be expressed as p? = (p') + (p?)7, with:
(p') = 0up(2)p” + [0[9ip(2)] - 6(¢1)"]
+ [Dnip(2) - (€)™ (C)22R2] (x)™272 + [h,5,0(2) - ()],
(P*) = (¢)M08[00(2)] = [(¢1)™ - Diyinp(2)]02".
Finally, the following cubical bound holds true for the norm of z:

N2 Q0 s(R)] < coar(l+ N[z Qpap(R))). (13)
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Proof. This proof is a matter of long and tedious Taylor expansions, and we shall omit
most of the details. Let us just mention that we start from the relation:

(5'2>5t = QP(Zt) - SO(ZS> = aigo(’zs)(ézi)st + %8i1i2(p(zs)(6zil)st(ézi2>st

+ @(2) — p(2s) — ai@(ZS)(ézi)st - %ai1i2§0(28)(52i1)st(éziz)st'

The desired decomposition ([[1]) is then obtained by plugging relation ([[) into the last
identity, and expanding further. It should also be noticed that some cancellations occur
due to Hypothesis B-3. Relation ([J) is obtained in the same manner, and our bound ([[3)
is a matter of standard computations once the expressions ([) and ([[J) are known.

O

3.3. Integration of controlled paths. It is of course of fundamental importance for
our purposes to be able to integrate a controlled process with respect to the driving signal
x. This is achieved in the following proposition:

Proposition 3.2. For a giveny > 1/4 and k < 7, let x be a process satisfying Hypothesis
BA. Let also m € Q. (RY) with decomposition mg = b € RV and

(6m)s = ()7 (027 )sp + (1) (x2)V + 15, 1<i<d, (14)
where pt € CH(RE), ul = c € R* and where u* € C5(R®) can be decomposed into
(6(1"))st = (u2)7*(82%) st + Pt (15)

with p? € CF(R) p e C2%(R%4), r € C3F(RY). Define then z by 2o = a € R and
5z = mida + () (x2V + (u2) TR B)HI 4 A(ridat + p (x2) 4 S(u2) T (x)). (16)
Finally, set
J(m'dz') = dz. (17)
Then,

(i) z is well-defined as an element of Q. 4p(R), and J(m'dzx") coincides with a Rie-
mann integral in case of some smooth processes m and x.
(ii) The semi-norm of z in Q, .»(R) can be estimated as

Nz Quap(R)] < cor{1 + [blgra + T77*([blgra + N[m; Qup (RN} (18)

Furthermore, we obtain

102]x < ere T (|blgra + Nm; Qup(RM)]). (19)
(iii) It holds
Ta(m'da’)
= i Sl (051 () (0 )7+ ()0 (20)
st— 4=0

for any 0 < s <t < T, where the limit is taken over all partitions Iy = {tg =
Sy... tn =1} of [s,t], as the mesh of the partition goes to zero.
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Proof. Here again, the proof is long and cumbersome, and we prefer to avoid most of the
technical details for sake of conciseness. Let us just try to justify the second part of the
first assertion (about Riemann integrals).

Let us suppose then that z is a smooth function and that m € C®(R"¢) admits the
decomposition ([4) with p' € C*(R*?), p? € C*(R44?), p € C°(R%?) and r € C3°(RY).
Then J(m'dx") is well-defined, and we have

J R Iy e
for s < t, which can also be read as:
J(m'dx’) = m'ox" + J(dm'da"). (21)
Let us now plug the decomposition ([4) into the expression (RI)). This yields
J(mida') = m'oa’ + J ([(n')"6a"]dz') + T ([(1*) 7" (x*)V]da') + T (r'da’)
= bt 4 (I GEY 4 () + T (), (22)
and observe that the terms mdx?, (u')¥(x2)% and (u?)“*(x3)*% in (PQ) are well-defined

provided that z, x? and x® are defined themselves. To push forward our analysis to the
rough case, we still need to handle the term J(r‘dz’). Owing to (BF) we can write

J(rida’) = J (mida’) — m'da’ — (i) (x2)7" — (p2)7* (), (23)

and let us analyze this relation by applying ¢ to both sides of the last identity. Invoking
standard rules on the operator ¢, and the fact that z satisfies Hypothesis B.1], we end up
with:

5[j(’l“zdl'z)] — 5(,u1)z’j(xz)ji + 5(M2)z’jk(x3)kji _ (M2)z’jk6xk(xz)ji + Ti(S{L’i,
and thanks to the fact that §(u')¥ = (u?)Y*5z* + p, we obtain:
S[T (rida®)] = p' ()7 4 (1) I* ()7 4 s, (24)

Assuming now that p%(x2)7 §(u?)*(x3)k¢ riget € C4 with v > 1, then p¥(x2)/¢ +
§(p?)iik (x3)kit 4 rigx® becomes an element of Dom(A). Thus, applying A to both sides of
(B4) and inserting the result into (R1]) we get the expression ([L) of Proposition B.3. This

justifies the fact that ([[d) is a natural expression for J(midz").
U

As in [[[J], the previous proposition has a straightforward multidimensional extension,
which we state in the following corollary:

Corollary 3.3. Let x be a process satisfying Hypothesis 01 and let m € Q. .(R") with
decomposition mo = b € R and

() ar = (L) (02 (i) 02 (2 )l ()T = (2) Tkt i, (25)

where ()% € CF(R), (u?)kk2 € CHR), pifr € C2(R) and r € C3%(R), for i =
1,....,0 and j, ki, ko =1,...,d. Define z by 2o = a € R and

02 = J(mda’) = mIoa’ + (u')I*(x*)M
+ (M2>ijk1k2(xg)k2klj —'—A(TU(SIJ +pljk(x2>k] +5(M2>ijk1k2(x3)k2k1j). (26)

Then the conclusions of Proposition [3.3 still hold in this context.
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We also observe that our extended pathwise integral has a nice continuity property with
respect to the driving path z, whose proof is also skipped here for sake of conciseness (see
also [, Proposition 4], and [[3, Proposition 3.12]).

Proposition 3.4. Let x be a function satisfying Hypotheses and B.3. Suppose that
there exists a sequence {x™; n > 1} of piecewise C*-functions from [0,T] to R? such that

lim N[z" — z;C) (RY)] =0, lim N[x*>" —x?; Cg”(]Rd’d)] =0,

and lim, o N [x3" — x3;CY(R44)] = 0. Forn > 1, define 2" € CF(RY) in the following
way: set 2 =b € R and assume that 2" can be decomposed into:
(=) = (¢M")da? + (PG 4 (1), B¢ = (CAYIRAE (57,

for 1 <i <land1 < jk < d, where (" € CF(RM) satisfies (" = ¢ € RY, and
¢2noe CF(RVM) pn e C3F(RY) and r™ € C3F(RY). Let also z be a weakly controlled
process with decomposition ([IQ), such that zg = b, {} = ¢, and suppose that

T (V2" — 2 CERY] + A — 1 (Y] + NCH — ¢ CrRM)
NI — ORI 4 MR — 5 C(RM)
+Np" = p; CF (R + N — r; C3F(RY)]} = 0.
Finally, let ¢ : RN — RY? be a C}-function. Then
T N7 (p(2")de") — T (p(2)dn)s CERY)] = 0.

3.4. Rough diffusions equations. In this section, we shall apply the previous consid-
erations to study differential equations driven by a rough signal, and recall that we first
wish to solve simple equations of the form
dyt = U(yt)dzta Yo = a, (27)

where t € [0,7T], y is a Rl-valued continuous process, o : Rl — R/? is a smooth enough
function, = is a R%valued path and a € R! is a fixed initial condition.

In our algebraic setting, we rephrase equation (B7) as follows: we shall say that y is a
solution to (B7), if yo = a, ¥ € Qu 4,0(a)(R") and for any 0 < s <t < T we have

(5y)st = u7st(o-(y>dx>7 (28>
where the integral J(o(y)dz) has to be understood in the sense of Corollary B.3.
With these notations in mind, our existence and uniqueness result is the following:
Theorem 3.5. Let x be a process satisfying Hypotheses [F-1 and [F-3, and o : Rl — RH
be a C-function. Then

i) Fquation admits a unique solution y in Q, 4 o) (R') for any k <~ such that
sa,0(a)
3k 4+ > 1.
(i) The mapping (a,z,x2,x3) — y is continuous from

R! x ] (R%) x €37 (R) x €37 (R444) to CF(RY),

in the following sense: let z be the unique solution of ([B8) in Qs a0 (R") and z
the unique solution of (B8) in Qy.a.0@)(R'), based on x, T, respectively. Then, there
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exists a positive constant ¢,z depending only on o,x,T such that

Nz = 5CHRY] < éa{la — a + No — 7 C) (RY)]
N - 22 (R)] + Ve — 55 O (RAY]),
Proof. As in [, [[7]], we first identify the solution on a small interval [0, 7] as the fixed
point of the map I' : Q. 4 (a) (R — OQr.a,0(a) (R!) defined by I'(z) = 2 with 2y = a and
0z = J(o(z)dz). The first step in this direction is to show that the ball
By = {z 20 = a, N2 Quao(/((0,7]; R)] < M} (29)

is invariant under I' if 7 is small enough and M is large enough. However, due to Corollary
B and Proposition B.J], invoking the fact that o is bounded together with its derivaties
and assuming 7 < 1, we obtain
NL(2); Qrao@®R)] < cofl +lo(a)|zra + 77 (o (a)|zra + No(2); Q4 5(R)])}
< ool + TN 0(2); Q4 (R}
S Cx,o{l + Tw_ﬁ(l + N3 [Z, Qn,a,a(a) (RI)D}

< 593,0{1 -+ TPY_H./\/B[Z; Q,{,aﬁ(a) (Rl)]}, (30)
where & = o(a) and b = ()™ (a). Taking M > &, and 7 < 75 = (e — ) % AL
we obtain that ¢, (1 +777"M?3) < M. Therefore, the ball By, defined at (B9) is left
invariant by I'.

It is now a matter of standard considerations to settle a fixed point argument for I on
[0, 7], and also to patch solutions on any interval of the form [k, (k+ 1)7| for & > 1. The
details of this procedure are left to the reader.

O

4. THE DELAY EQUATION CASE

This section is devoted to show how to change the diffusion setting in order to cover
the case of delayed systems, having in mind to solve an equation of the form:

dyt - U(yta Yt—ryy - - - >yt—7“q) dzt te [0’ T]’ (31)
v = &, te [_TQ’O]’

where x is R%-valued y-Holder continuous function with v > 1/4, the function o is smooth

enough, ¢ is a R"-valued 3v-Holder continuous function, and 0 < r < ... < r, < o0.
Notice that for notational convenience, we set 7o = 0 and we shall also use the notation
5(y>t = (yt—ha s 7yt—7“q)7 te [07 T]7 (32)

which means that equation (BI) can be written as:

dy, = a(yt—maﬁ(y)t) dry t€ [OvT]v
yr = &, t € [—ry,0].

As in [I@], the main ingredient in order to go from the diffusion to the delayed case will be
the introduction of a new class of processes, namely the class of delayed controlled paths,
which captures the structure of our equation. We shall thus first define this new class of
paths, and see how to integrate them with respect to the driving process x.
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4.1. Delayed controlled paths. As in the diffusion case, our analysis will rely on some
a priori increments based on our driving noise x. More specifically, we set §(z(v))s =
(0)5—pt—y for s,t,v € [0,7T], and we assume the following:

Hypothesis 4.1. The path x is a R-valued v-Hélder continuous function with ~v >
1/4, and admits two doubly delayed Lévy areas and two doubly delayed volume elements.
Namely, for v,v" € {ry,... 10}, we assume that there exist four paths

x2(v',v), x2(v —v,v) € C3([0, T|; R%?),  x3(v,v),x3(v" — v,v) € C([0, T); R449),
satisfying the relations 6x*(v",v) = d(z(v +v")) ® 6(x(v)) and
5x® (v v) = x2(v",v) ® 6z + §(z(v + ")) @ x*(v,19),
which can also be written as:
O, 0)eur = (08") s v (027 a1
(5(X3(U”7U))ijk>sut = (Xgu(vl/vv))ij(éxk>ut + (5Ii)s—v—v”,u—v—v” (x (v, 7"0>)jk7
for v" =" or v —w, for any s,u,t € [0,T], and any i,j,k € {1,...,d}. The following

notational simplification will also be used in the sequel: we may set x2(v") := x%(v", v)
whenever v = 7ry.

Remark 4.1. This hypothesis takes a more complex form than in [If], where the case
v > 1/3 was treated. However, in case of a regular process z, it should be noticed that
the increments x2(vy, v9) and x3(vy, v9) can be defined as:

t—wo t
Xft(vl,w):/ (02(v1))s—vpw @ dy,  and Xi’t(vl,w):/ x3,(v1,02) @ diy,

—va

which means that x2 (resp. x3®) takes the usual form of a double (resp. triple) iterated
integral.

As in Hypothesis B3, one should also express the fact that products of increments can
be expressed in terms of iterated integrals. The following hypothesis is then easily shown
to be a natural extension of what can be obtained in case of a smooth function z:

Hypothesis 4.2. For v,v' € {r,,...,70}, let x2(v',v) and x*(v' — v,v) be the area pro-
cesses defined at Hypothesis [[.1. Then we suppose that for all 0 < s <t < T, we have

X?t(vl’ U) = X?—v,t—v(vlﬁ TO) and

[62(v)] s ® [62(v)] s = x3(v — v, ") + (x3(v" — v, 0))".

With these hypotheses in hand, the delay equation will be solved in the space of delayed
controlled processes, which can be defined as follows:

Definition 4.1. Let —oco < a < b < T, a given initial datum o € R™ and z € Cy([a, b]; R™)
with k < v and 3k+v > 1. We say that z is a delayed controlled path based on x if z, = «,
and if 0z € C5([a, b]; R™) can be decomposed into

02" = (¢80 + ()P ()Y + R, (33)
for all 1 < i < n, and where the index i is summed over the set 0 < i < q. Just as in

Definition [3_1, the process ¢! above has to admit the further decomposition: ¢} = 3 € R™4,
where 3 has to be interpreted as another initial datum, and for 1 < 5,k <d

0(¢H)Y = (¢T3 (w(rir))* + p¥. (34)
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The regularity of the processes introduced above has to be the following: C* is an element
of Cf([a,b];R™), (") ¢ C#([a,b); R™®), and the remainders R, p must satisfy R €
C3([a, b; R™) and p € C2*([a, bl; R™1).

The space of delayed controlled paths on [a,b] will be denoted by D,  s([a, b]; R™), and
a path z € D, o 5([a, b]; R™) should be considered in fact as a (q+ 3)-tuple (2,1, ¢ ...,
¢ZD). The natural semi-norm on D, . 5([a, b]; R") is then given by

N2 Dr.ap([a; b]; R™)]
= Nz € ([a, 0; R")] + N¢ € ([a, b R™)] + N[¢h; €5 ([a, B R™)]

+ ) NI ([ b R + Y S N[CED; CF ([a, b R™ )
i'=0 /=0
+ Np; C3%([a, b; R™)] + NR; C3%([a, b; R™)],

where we recall that the notations N'(g; Ci([a, b]; V)] and N[g; C:°([a, b]; V)] have been in-
troduced at Section [2.3.

Unfortunately, the structure above is not sufficient in order to solve the fractional delay
equation for v < 1/3, and an additional notion of doubly delayed controlled processes has
to be introduced.

Definition 4.2. Let —oco < a < b < T, a given initial datum & € R™ and z € C{(|a, b]; R™)
with k <y and 3k +v > 1. We say that z is a doubly delayed controlled path based on x,
if zo = & and if 0z € C5([a, b]; R™) can be decomposed into

02" = (CM )95 (x(rp)) + (P04 (% (ryr, 1) )F

+ (C(&Z »J ))ijk(XZ(rju — T, Ti//))kj + Riv (35)

forall1 <i <mn, 1< jk<d, and where the indices i’,j" and i", j” are summed over
the set {1,...,q} and {0,1,...,q}, respectively. As in Definition [[_1, the processes (")

above have to admit the further decomposition: g}blv"”) = B where B € R™ has to be
interpreted as another initial datum, and

B(CHN = (OO () 4 (p)Y,

SCONS = (BN 5(alry + 7))+ (O3 (a4 (o) OO

The regularity we ask for the processes introduced above is the following: ¢ is an

element of C([a, b]; R™%), we have (*%3) ¢3"3") € C¥([a, b]; R™49), and the remainders
R, p) satisfy R € C3¢([a, b]; R™) and p) € C3%([a, b]; R™).

The space of doubly delayed controlled paths on the interval [a,b] will be denoted by
D, 55([a;0;R"), and a path z € D, , 5([a, b]; R") should be considered in fact as a (2¢° +

H7d7ﬁ

3q+3)-tuple (z, {7V, {¢BHINY {(B"IY). The natural semi-norm on ﬁwﬁ([a, b; R™)
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15 given by

Nz D, 4.5(la, b; R™)]
= NG ([ 0 R + Y NCED5 6 ([a, R + Y N5 ([a, 0] R™)]

/=0 /=0

3D NICRSC R 5 GO, b R
i j'=1

il j'=1

q
+ > N Ce ([a, 0 R + ZN“Wmmww

i’,j'=0 =0
+ Np; €3 ([a, b; R™)] + N [R; CS’“([CL, b]; R™)].

As in Section [, we shall now see how delayed controlled paths behave under composition
with a smooth map, and also how to integrate them with respect to the driving process
x.

4.2. Composition of delayed controlled processes. The composition of a delayed
process with a smooth map like the function o appearing in equation (BI) gives raise
to a doubly delayed controlled process. This fact is detailed in the following proposi-
tion, for which we recall a notation: for a function ¢ : (R")?"! — R, we denote by
83@(11)0, wy, ..., w,) the derivative of ¢ with respect to the i'" component of w;, for i <n
and j =0,...,¢q

Proposition 4.1. Assume Hypothesis [[.3 holds true. Consider 0 < a <b < T, let o,

and (3, 3 be two initial conditions, respectively in R™ and R™?, and let also ¢ be a function

in Cj(R™1R). Define a map T, on Dy p(la,b;R™) x D, 4 5(la — 74,0 — r1];R™) by

T,(2,2) = 2, with 2, = p(z,8(2)), for all't € [a,b]. Then, settmg
a=p(as(2).), 69 =p(a,s5(2)a)8, B =0 p(a,5(2)a)(Car,)’

for all 1 <i' < g, we have that T,(z, %) € D
bound holds true:

N2 D, 4 5([a, 0 R)
< oar(1+ N[z Diasla b R")] + NP2 D, 5 5([a — 7, b — i RM)]). (37)

Proof. As in Proposition B.1], the proof of this result is based on some cumbersome Taylor
expansions which won’t be detailed here. Let us just mention briefly the decomposition
we obtain for Z: observe that 62 can be decomposed into

(02)st = (8 (027 ) sy tmry + (TR (1, 70)) " Ui 20y

([a, b]; ]R). Moreover, the following cubic

naﬁ

+ (IR (rgr = iy i)Y+ R, (38)
where we recall that Einstein’s convention on repeated indices is used, and where j, k
are summed over the set {1,...,d}, and ¢, j" over the set {0, 1,...,¢}. Furthermore, the

expression for the coefficients ( is given by:
(MY = 10] o(2,8(2)) - (¢ (ro)) ]
((EI)R = [0F p(z,8(2)) - (B (rin)) M,
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and

(CHHY* = (01 p(z,8(2)) - (CH i)™ - (M ()",
+ (0] (2, 5(2) (B0 (rin)) ) D=y + [0z, 5(2)) (€)M By 120y

with the convention that ¢!(ry) £ ¢ Uand @70 (rg) £ ¢24 respectively.
As far as the decomposition of (C )7 is concerned, we obtain, for1 <j<d:

(6D, = ll{i',j’7é0}(gs(27i/7jl))jk((s'rk)s—ri/—rj/,t—ri/—rj/
+ (CBTVRG )iy + (D)) (39)
For sake of conciseness, we don’t include the (long) expressions we have obtained for the

remainders 7%3,5, 507 here. They are also obtained via a Taylor type expansion, and the
pst Yy

relation x2% (v',v) = x2_,,_,(v',79) (imposed by Hypothesis ) turns out to be useful at
some points of the computations.
U

It should also be mentioned that, for a fixed 2, the map T,(-, 2) : D, o 5([a, b];R") —
D, 3([a,b];R) is locally Lipschitz continuous:

Proposition 4.2. Let the notation of Proposition [[.1 prevail, and suppose that ¢ is a
function in CHR™HER). Let 0 < a < b < T, let 20,23 € D, ,5([a,b];R") and let
z EDRaﬁ([ — 15,0 —11];R™). Then,

NTp(2M, 2) = Ty(2), 2); Dy g o([a, b; R)]

< Cppr(14+C (W, 2P PN — 23D, o 0([a, b]; R™)), (40)
where

C(Z(l)a'z@)a N) N[Z Dndﬁ([ T/Wb_rl];Rn)]
+ N[2W; Dy ap(la, ; R)] + N [z?; Dy ([a, B R™)] (41)

and the constant c, . depends only onx, p andT.

4.3. Integration of delayed controlled paths. As we have seen in the previous section,
the composition with a smooth enough function ¢ transforms a delayed controlled path
into a doubly delayed controlled path. We shall see now that the integration with respect
to x is acting in the other direction:

Proposition 4.3. For a given v > 1/4 and k < =, let x be a path satisfying Hypothesis

. Moreover, let m € D .. a, b]; RY) such that the increments of m are given by .
R7a716
Define z by z, = a € R and

(62)s = miy (82" ) s + (CV7) 7 (32, (ri) )"
+ (CBTINYIE(E, (rje, 1)) 4 (D) IS, (g = i, o)) 4+ A (),
fora<s<t<b 1<i, 7 <q, 0<1i" 7" <q, and where U is the increment defined by:
U= Rz(;xz + (p(i”))ij(XZ(’l“i//))ji + 5(<(2’i,’j,))ijk(X3(’r’j/, i ))kgz
+ ST IE 3 (rjr — i i) ) (42)

Finally, set o
J(m'dx") = dz. (43)
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Then,

(i) J(m'dz") coincides with the usual Riemann integral, whenever m and x are smooth
functions.

(ii) The path z is well-defined as an element of D, o 5([a, b]; R), with an initial condition
Zo =, my = =& and a decomposition of the form

(62)st = mioa’ + ()9 (2 (rin))" + Rt
(6m")st = () I(EL ) sy r o + Pl
where the remainders R € C3([a,b;R) and p € C([a,b]; RM) are given by
Rt = (¢ (8, (e, man)) 90 4 (P (B, (g =, Ti"))kji + Aa(U),
Ple = (YIRS (g i) )M+ (T IR (e — i 1))+ R,

respectively.
(11i) The semi-norm of z in Dy o p([a, b];R) can be estimated as

N1z D plla, 0 R)]

< Comnd1 4 |Glrra + (b — @) (|6lpra + N[m; D, 4 5([a, b, RV . (44)
Furthermore, the following bound also holds true:
162 ] < Carimn(b— a) ™ (|dlgra + Nm; D, 4 5([a, bl; RM))). (45)

(iv) The Riemann type sums associated to our generalized integral are of the following
form:

N
i i . i i 1 ji
k7.8t(m dx ) = |Hlsltr‘li>0 Z [mtk/ (537 )tk/,tk/+1 (Ct(k/ ) ( tk/ bl 41 (Ti”))]
k/=0
2 i , 7, . 7, 3,7;”, =/ 7, . ’L
(NI ) (YRR (g = ) )FT],(46)
for any a < s <t < b, where the limit is taken over any partitions lly = {to = s,...,t, =

t} of [s,t], as the mesh of the partition goes to zero.

Proof. As in the proof of Proposition B.4, we shall mainly focus on the first of these
assertions, which justifies our definition of generalized integral. Let us thus suppose for the
moment that  is a smooth function and that m € C{°(R*?) admits the decomposition (BH)
with (") € Co(R%4), (240 (B"3") ¢ ¢oo(REED), for 1 <4/,5' < gand 0 < i", 5" < q.
We also assume that pt) € C5°(R%4) and R € C3°(RY). Then J(m'dz’) is well-defined
as a Riemann integral, and as for relation (R1]), one can write
J(m'dz") = m'dz" + J(dm'dz"). (47)
Let us now plug the decomposition (Bf) into the expression (f7) in order to obtain
J (mida’) = m'sx’ 4 ()9 (53 (ron) 7" 4 (BT (X3 () )7
+ (¢TI (= g )+ T (RUd”), (48)
which can also be written as:
J(Ridz') = J(midat) — midx’ — (CHN)5 (x2(rm))?
= (CBIIN) IR (e, )9 = (BTN IR (g — g )L (49)
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We now apply the operator § to both sides of the previous equation in order to get a
suitable expression for a generalization to the rough case:

O[T (Rda")] = om'éa’ + 6(¢H) 7 (x (rn) 7' — () (8 (i) 62
+ (CBTINI (B (1, i) )9 4 S (CPIDYIR(3 (g — g i) )1
- (4(2’””"))“1“[(%(7“;"7 ri)) 0t + 0(x(ry + 1)) (x* (i)
= (BTN (g — i, 1) )M 6! +5(56(7“j"))k(><2(7“w))ji]-
Taking now into account the decomposition (BJ) for m and (B@) for ("), we obtain:
ST (Ridat)] = REGa" + (o) (2 ) 4+ 8( )3 15,2
BN 1y~ 1) = U, (50

where U is defined by equation (). If we now only assume that U is an element of C§
with g > 1, one gets that U € Dom(A), which yields the decomposition ({3) for J (m‘dx?).
The remainder of the proof is then just made of tedious elementary estimations for the
regularity of all the terms involved in the decomposition (E3). Finally, observe that the
Riemann sum limit is obtained by applying Corollary 2.3.

O

As in Corollary B.3, the previous Proposition can be extended easily to the multidi-
mensional case:

Corollary 4.4. Let m € DK 5([a, 0]; R™) be a doubly delayed controlled path, and define

another path z by 6z = J(m ”d{E]) fori=1,...,n. Then z is well-defined as an element
of Dy.a.p([a,b];R™), and the following bound holds true:

N2 Dy 5([a, b]; R™)]
< ol + |@lgna + (b —a)""(|&|gna + Nm; ﬁmdﬁ([a, b]; R™N))}. (51)

Another useful feature of our generalized integral is a continuity property with respect
to the integrand m in J(z dx), whose proof is omitted again for sake of conciseness:

Proposition 4.5. Let m™ m® ¢ Dnaﬁ([a bl; R™) be two doubly delayed controlled
paths, and define 2V, 2® € D, , 5([a,b];R?) by 620 = J(m©Y dx), for | =1,2. Assume
moreover that the paths CHD and 2 gn the respective decompositions B3) of PASY

and 2? satisfy Cal 5 51,1'”;2); and that b —a < 1. Then we have:

N[zW = 22: D, 0([a, b); R™)]
< o (b— @) OON D —m®; D, oo([a, b]; R™)].  (52)

4.4. Rough delay differential equations. We shall now turn to the main goal of this
section, namely the resolution of equation (B]), which can be written now as:

(5y)st = L7st (U(y>5(y)) dl’) ) S,t € [Oa T]a (53)
with initial condition y; = & for t € [—r, 0], where we recall the convention (BJ) for s, and
where the integral 7 has to be interpreted according to Proposition .3

Before stating our main result in this direction, let us introduce a natural map, called
', associated to our delay equation. It is defined by I'(z, 2) := 2, where (recalling the
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notation 7, introduced at Proposition []) §Z is given as 62 = J(T,(z, 2)dz), on the
following spaces:

[ Dyapla, b, R") X D, 5 5(la = 7,0 = 1;R") = Dy o, p([a, b]; R")

for 0 < a < b < T. In the previous definition, a, &, and 3 stand for some initial
conditions, with the additional compatibility condition 3 = (o, Za—p,, - - -, Za—ry_1» Za—r,),
which shall be satisfied in our delay equation context. Notice also that, from now on,
we shall use the convention that z, = 2, = 2, = & for s € [—r,,0]. Since we have
assumed & € Ci’y, this means in particular that, on [—r,, 0], the paths 2, Z, 2 are still
controlled processes, whose degenerate decomposition is only given by a remainder term.
This allows to complete easily the definition of I on intervals of the form [a, b] with a < 7.

Remark 4.2. As in [I], we could have handled the case of a controlled initial condition
&. We did not consider this possibility here for sake of conciseness.

Let us gather now some useful relations concerning the operator I' we have just defined:
first of all, by putting together inequalities (1)) and (B7), one obtains

N (2, 2); Do [0, RY] € i (1+ N[5 D, g 500 — g, b= 11 R™)))
% (L4 (b= a) N[z Dy plfa, B R, (54)

which means that the semi-norm of the mapping I' is cubically bounded in terms of the
semi-norm of z and Z.

Furthermore, let 2V, 2 € D, , 5([a,b]; R") and 7 € D, s5(la =140 —r1];R™). Then,
if b — a < 1, applying successively the inequalities (b9) an (@) we get that
NE(D, 2) = T(z®, 2); Dy o 0([a, b, R™)]
S 6x,U,T,n,’y(1 + C(Z(l)a Z(Z)a 2))3(6 - a’)HA(PY_H)N[Z(l) - Z<2)a DH,O,O([aa b]7 Rn)]> (55)

where C(z(V, 2?2 is defined at ([]). Therefore, for fixed ? the mappings I'(-, ) are
locally Lipschitz continuous with respect to the semi-norm N[-; D, o0([a, b]; R™)].

With these preliminary results in hand, we can now prove our main theorem on delay
equations:

Theorem 4.6. Let x be a path satisfying Hypotheses 1 and .3, let o : R+ — Rnd
be a C-function and let € € C}7([—r,0]; R™). Then

(1) Equation ([53) admits a unique solution y in Dy ¢, o, ) ([0, T]; R™), for any k < v such
that 3k +~ > 1 and any T > 0, where 0,(&) 2 (&, 6y, .. o)

(i) The map
(5, 2, {x?(rin) bocineg, {X3 (rjr, 1i0) Y<ir jr<gr {X5 (o — v, Ti")}ogz"cj"s«z) =y
is locally Lipschitz continuous from
CH([=r, 0 R™) x €T ([0, T); RY) x (C2([0, T); RA)) " x (C27([0, T); RA)) 20+

to Cy ([0, T]; R™, in the following sense: let & be another driving rough path with correspond-
ing delayed Lévy area and doubly delayed volume element X2(v), X3(v",v), respectively,
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where v" = v or v' — v, with v,v" € {ry,... 10}, and & another initial condition. Then,
for every M > 0, there exists a constant Ky > 0 such that the upper bound

Ny = §:CE([0, THRY)] < Ka { NI = & €77 ([0. TR + N — €] (0, T); R”)]

4 Z]\/’ (rin) — X2 (rin); Cz ([0, T); R*)]

1"'=0

+ZN (rjr, 1) = & (ry,7); C ([0, T]; R%4)]

+ Z N g — ’I"Z//7’T’Z//) — Xs(’f’ i — ’I"Z//7’T’Z//) C V([O,T];Rdd’d)]}.

i",5=0
holds for all tuples
(6 2 () osorcar (s ri) e g (33 = rar, v Yosir yrsa).
(&7 X2 (rn) Yosimg (K2 (rgry ri) hsi rags (R (ryn = 1oy mi) Yosin <)
satisfying the boundedness condition

Nw@moHRW+NE@%mﬂRm+chwaﬂmm+wamaﬂmm

3 N () ([0, TR 4+ 5 N )i € (0. 71 R

H 0 H 0

+ Z N[xP(rje,r) ([O T); Rddd Z NE3(ry, ) ([O’T];Rd,d,d)]

i/,5'=1 i/,5'=1

q
+ Z N[X3 (Tj” — Ty, Ti”); CSV([(], T]7 Rd,d,d)]

’i// j//_O
+ Z NRE (10 — 10, 730); C3 ([0, T]; RED)]) < M.
’l” ]// 0

Proof. With the previous algebraic structures and computations in hand, the proof of this
theorem follows the lines of [[§, Theorem 4.2]. We shall give some hints for the proof of
the existence-uniqueness result, which is based on a fixed point argument for the map I"
defined above, for sake of completeness.

Without loss of generality suppose that T = N1, where we recall that r; is the smallest
delay in (5J). We shall construct the solution of our delay equation by induction over the
intervals [0,7], [0,2r], ..., [0, Nrq].

Let us first show that equation (BJ) has a solution on the interval [0,71]. To this
purpose, define

- ( 1 1
n=\|\—— =3
RV VERRVE

where My > ¢ = ¢4 q07(1 +N3[§;Cf’7([—rq, 0]; R™)]). In addition, choose 7, € [0, 7] and
N; € N such that Ny = rq, and define

Iyy =K = 1)m, K'n], K =1,...,N.

1
)’Yim/\’f’l/\l
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Finally, consider the following map: let I'yy : Dy ¢ 0, (e0)({1,1; R") — Dy e.00(60) (L1, R™)
be given by z =1I'; 1(z), where

(02")st = Tu(T; (2,€)da”)

for 0 < s <t < 7. Notice then that if 2V is a fixed point of the map T’y ;, then 21
solves equation (B3)) on the interval I ;. Therefore, we shall prove that such a fixed point
exists.

First, owing to (F4) we get the estimate
N11(2); Digoronter) 1,1 RM)] < 1 (L4 77 7"N?[2; Dy gy o, 60) (111 R™)]) . (56)
Therefore, thanks to our previous choice of 7, we obtain that the ball
By, = {2 € Digoorie) (113 R"); N2 Dicgo 60y (L1 R™)] < My} (57)

is invariant under I'; ;. On the other hand, by changing 7 to a smaller value (and then N,
accordingly) if necessary, observe that I'; ; also is a contraction on By, , see (BF). Thus,
applying the Fixed Point Theorem, it is easily shown that there exists a unique solution
(LY to equation () on the interval I ;.

If 7 = 71, we have thus obtained the existence and uniqueness of a solution in the
interval [0,7]. Otherwise, define the map

[y1:D (L2:R") — D, o o) (b RY)

1 2 o (2Y)
given by 2 = T'y1(2), where o, (z4") 2 o(z4", &, ... ,€r,1) and

(02")st = T(T (2,€)da?)
for m < s <t <2m. Since 11 < rq, the following upper bound still holds true:
N[FQJ(Z); D (1271; Rn)] < C1 (1 + Tiy_ﬁ./\/’g [Z; ,DH,Z%’D,UT(Z%’U) (1271; Rn)]) (58)

Rz o (20)

and we obtain, resorting to the same fixed point argument as above, the existence of a
unique solution z(*>Y to equation (B3) on the interval I5;. Repeating this step as often
as necessary, which is possible since the estimates on the norms of the mappings I' 1,
[ =1,..., Ny are of the same type as (p4), that is, the constant ¢; in (B§) does not change
according to the iteration step, we obtain that z = Zf\il

to the equation (B3) on the interval [0, 74].

The patching of solutions defined on different intervals of the form [;j, is then a slight
elaboration of the computations corresponding to [, Theorem 4.2], and this step is left
to the reader. The continuity of the It6 map is follows also the steps of [L{], except for
the huge number of terms we have to deal with in the current situation. We prefer to
omit this step for sake of conciseness.

L 2V, is the unique solution

U

5. APPLICATION TO THE FRACTIONAL BROWNIAN MOTION

All the previous constructions rely on the specific assumptions that we have made on
the process x. In this section, we prove how our results can be applied to the fractional
Brownian motion. More specifically, we first recall some basic definitions about fBm, and
then define the delayed Lévy area B%. We shall then turn to the definition of the volume
B2, which is the main difficulty in order to go from the case H > 1/3 treated in [[ to
our rougher situation.
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5.1. Basic facts on fractional Brownian motion. Recall that a d-dimensional fBm
with Hurst parameter H € (0,1) defined on the real line is a centered Gaussian process

B={B,= (B},...,BY); t ¢ R},

where B',..., B¢ are d independent 1-dimensional fBm, that is, each B’ is a centered
Gaussian process with continuous sample paths and covariance function

o 1
Ru(t,s) = B(B{B)) = S (It} + [ — [t = s, (59)

foralli € {1,...,d}. In the sequel, all the random variables we deal with are defined on a
complete probability space (€2, F,P), and we assume that F is generated by the random
variables (By; t € R). The fBm verifies the following two important properties:

e Scaling property: for any ¢ > 0, B(©) = cHB./C is a fBm,
e Stationarity property: for any h € R, By, — By, is a fBm.

Notice that we work with a fBm indexed by R for sake of simplicity as in [[L{], since this
allows some more elegant calculations for the definitions of the double delayed Lévy area
and volume, respectively. Furthermore, since the case H > 1/2 or the Brownian case
H = 1/2 are less demanding than the rougher case, we shall mainly focus in this section
on the range of parameter H < 1/2.

5.1.1. Gaussian structure of B. Let us give a few facts about the Gaussian structure of
fractional Brownian motion, following Chapter 5 of [[7. All the considerations in this
direction will concern a 1-dimensional fBm B, which will be enough for our applications.

Let £ be the set of step-functions on R with values in R. Consider the Hilbert space
‘H defined as the closure of £ with respect to the scalar product induced by

<]1[t,t’}7 ]1[8,5’}>H = RH(t/u 8/) - RH(tlu 8) - RH(tu 8/) + RH(tu 8)7

for any —oo < s < ¢ < 400 and —c0 < t < t' < 400, and where Ry(t,s) is given by
(B9). The mapping

]l[t,t’] — Bt’ — Bt

can be extended to an isometry between H and the Gaussian space H;(B) associated with
B. We denote this isometry by ¢ — B(p).

The spaces H and H;(B) can be characterized more precisely in the following way:
first, we notice that a 1-dimensional fBm defined on the real line, with H # 1/2, has the
following integral representation in terms of a Wiener process W defined on R (See [R1],
Proposition 7.2.6] for details):

1 H-1/2 H-1/2
Bzi/[t—s — (=) aw,, ter, 60
t Cl(H) " ( )+ ( )+ ( )
where
o 2 1\
Ci(H) = </ (14 )72 — sH712]7 s + —) , (61)
0 2H
and where ay stands for the positive part of a real number a, namely ay = Ig, (a)a.

Using the representation (b)), the authors in [[§] define the following stochastic integral
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of a deterministic function with respect to a 1-dimensional fBm B:

/f ap, = UL+ 172) Jo (DY) (waWe, <172,

Ci(H) o (Z2 1) @aw,  H =172,

provided that the stochastic integral with respect to the Wiener process W makes sense,
and where

(D2 £) (u) r1 /f THQUH)d, (62)

(Z2f) (u) = r(la)/u (r_u)l —dr, (63)

for 0 < a < 1. The expressions ([9) and (B3)) are respectively called right-sided fractional
derivative and right-sided fractional integral on the whole real line. We remark that, in
general,

(025) ) = g [T TSR
We also notice that
(If‘((fo)) (u) = (D‘f (If‘f)) (u) = f(u). (64)

When f is a function defined on an interval [a, b] with —oo < a < b < o0, extend f by
setting f* = flj,). Define then

(D" ) () = (D7) (u) =

f(u
F(l_a)(b u)a 1—0(/ fr’_u 1+oe ’l“, (65)
a*—auzlbf(r)r
(T°F7) (u) = (T%f) (u) ) /u( ir. .

N r—u)l-e

for 0 < o < 1, a < u < b. The expressions (fH) and (B@) are respectively called right-
sided fractional derivative and right-sided fractional integral on the interval [a, b]. In this
context, as in the case of the whole line (see [B(] for details and also [2J]), the following
relation holds true:

1) )~ f0)
PRI )= oy =y "I~ ) L e

With these notations in hand, it is proved in [[§] that the operator
(Dl_/z_Hf> (w), H<1/2,

Cy(H) (Iff—lﬂf) (w), H>1/2,

is an isometry between H and a closed subspace of L?(R). In fact,

<¢7 ¢>H = <IC¢7 K¢>L2(R)

for all ¢, € H. This also allows to write B(p) as W (Kyp) for any ¢ € H, where W (Kyp)
has to be interpreted as a Wiener integral with respect to the Gaussian measure W. In
particular, we have:

E[|B(o)I*] = lleln = 1Ko r2w)- (67)
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5.1.2. Malliavin calculus with respect to the fBm B. Let S be the set of smooth cylindrical
random variables of the form

F:f(B(Qpl)a"'>B(90k))> QO,'EH, ’éG{l,...,k‘},

where f € C®°(R%* R) is bounded with bounded derivatives. The derivative operator
D of a smooth cylindrical random variable of the above form is defined as the H-valued
random variable

-(B(p1), -, B(er))pi-

This operator is closable from LP(€) into LP(Q;H). As usual, D*? denotes the closure of
the set of smooth random variables with respect to the norm

1713 = EIF|* + E[IDFl7,.

In particular, considering a d-dimensional fBm (B*,..., BY), if DB'F denotes the Malli-
avin derivative of I € ]Dg? with respect to B?, where D}B’? denotes the corresponding
Sobolev space, we have D' B} = §; j1_ 4 for i,j = 1,...,d, where §;; denotes the
Kronecker symbol.

The divergence operator [ is the adjoint of the derivative operator. If a random variable

¢ € L*(Q;'H) belongs to dom(l), the domain of the divergence operator, then I(¢) is
defined by the duality relationship

E(FI(¢)) = E(DF, ¢)n, (68)

for every ' € D2, In additon, let us recall two useful properties verified by D and I:

o If » € dom(]) and F € D2 such that F¢ € L?(Q;H), then we have the following
integration by parts formula:

I(F¢) = FI(¢) — (DF, ¢)n. (69)

o If ¢ € DY*(H), D,¢ € dom(I) for all r € R and {I(D,$)},er is an element of
L*(Q;'H), then

D, 1(¢) = ér + I(D,9). (70)

One can relate the Malliavin derivatives with respect to B and W through the operator
K defined above. Indeed, relation (f4) shows that K is invertible. This allows to state,
as in the case of a 1-dimensional fBm B in an interval (see for example [[], Section 5.2]
and also []), the following relations for the Malliavin derivative and divergence operators
with respect to the processes B and W:

(i) For any F € Dy;? = D2, we have:
KDF = DVF,

where D" denotes the derivative operator with respect to the process W, and DII,{/?
the corresponding Sobolev space.

(i) Dom(/) = K~Y(Dom(/")), and for any H-valued random variable u in Dom([)
we have I(u) = I'"(Ku), where IV denotes the divergence operator with respect
to the process W.
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In addition, we have D"?(H) = (K~1)(L"?), where L'? = D"?(L?(R)), and this space
is included in dom(I"). Making use of the notations IV (¢) = fR ¢y dW,, for any ¢ €
dom(1"), and I(¢) = [, ¢u dB, for any ¢ € dom(I), we can write:

/R b dB, = / (K6)(u) dW,

This kind of relation also holds when one considers functions defined on an interval.
Indeed, for some fixed —00 < a < b < 0o, and H < 1/2, relation () yields

/a b dB, = /R by (u) dB, = /R (K1) () W, = / Kletlg) (u

where the operator K*? is defined by:

(K98 ) (u) = W (Dl_/f—H f) (u), for a<wu<b,

with C1(H) defined by (BI]). In case of an interval [a,b], it should also be mentioned
that an important subspace of integrable processes is the following: let £ be the set of
step-functions on [a, b] with values in R. As in [[[7, Subsection 5.2.3], we consider on this
space the semi-norm

2 ’ 902 ’ ’ ‘@r_@u‘ ’
||90||HK([a,b]) :/a mdu—l—/a </u W(ZT) du.

Let Hx([a,b]) be the Hilbert space defined as the closure of £1%% with respect to the
previous semi-norm. Then the space Hy([a,b]) is continuously included in H, and if
¢ € DV?(Hg([a,b])), then ¢ € Dom([).

5.1.3. Generalized stochastic integrals. The stochastic integrals we shall use in order to
define our doubly delayed Lévy area and volume are defined, in a natural way, by Russo-
Vallois” symmetric approximations, that is, for a given process ¢:

b
/aqswdoB;U: —21%2—5/% = Bl )duw,

provided the limit exists. It is well known that the Russo-Vallois symmetric integral
coincides with Young’s integral for H > 1/2, and with the classical Stratonovich integral
in the Brownian case H = 1/2. Since these two cases are not very demanding from a
technical point of view, we will focus our efforts on the case 1/4 < H < 1/2. This being
said, for vy € [—r,r|, vo € [0, 7], such that v; + vy > 0, we will try to define the increments
B2 and B3 as

t—uv2 U—v1 t—uvo U—v1
B?t('Ul,’Ug) :/ doBu®/ do T (B?t(’Ul,Ug))ij :/ doBi/ dOB:_

—v2 —v2—v1 S—v2 —v2—v1

t w—"v2 u—v1
B?t(/Uh/UQ) :/ dOBU)@/ doBu®/ dOBTv
S S—v2 ”s V2 v; _— | o |
ie. (B3 (vy, 1)) = / d° Bk / d°B! / d°BL,  (71)
s S§—v2 S§—v2—U1

foralli,j,ke{l,...,d},0<s<t<T < 0.

Interestingly enough, one can establish the existence of symmetric integrals thanks to
some Malliavin calculus criterions:
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Proposition 5.1. Let ¢ be a stochastic process such that ¢,y € DV (Hi([a,b])), for
all —oo < a < b < 00. Suppose also that

1 b
Tra Do = L? — 1in(1] % / (Do, Wy—e uge)) du

is an almost surely finite random variable. Then ff b,d° Bt exists, and verifies

b
/ Gud” B, = 1(0la) + Trpan Do.

Furthermore, the following algebraic relation is trivially satisfied for this kind of inte-
grals:

Lemma 5.2. Let a = {a,, w € [a,b]} be a stochastic process such that its symmet-
ric Russo-Vallois integral with respect to a 1-dimensional fractional Brownian motion B
exists, and let F' be a random variable. Then Fa is integrable with respect to B in the
Russo-Vallois symmetric integral sense and fab Foa,d°B, = F fab a,, d°B

We are now ready to show the existence of delayed areas and volumes with respect to
fBm.

5.2. Delayed Lévy areas. Before we turn to statements involving increments as func-
tions of two parameters, let us deal first with fixed times s, t:

Proposition 5.3. Let B be a d-dimensional fractional Brownian motion, with Hurst
parameter H > 1/4. Then, for s,t € [0,T], vi € [—r,7], va € [0,7], such that vy + vy > 0,
the doubly delayed Lévy area, denoted by B2, (vy,ve) and defined by (71), is well defined.
In addition, we have E[|B2(vy,v0)|?] < c|t — s|* for a strictly positive constant ¢ =
CHw, 1 ndependent of vy, exhibiting the following discontinuity phenomenon: we have
limy,, o CH 0 = 00, but cpor is finnite.

Remark 5.1. The discontinuity result on cg,, v alluded to above is not a surprise, and
had already been observed in [[I{].

Proof. As mentioned before, the case H > 1/2 is rather easy to handle, and we thus focus
on 1/4 < H < 1/2. It should also be mentioned that Lévy areas can be constructed
in a similar way to [[f], though an extra attention has to be paid in order to treat
irregular cases, when H approaches 1/4. As a last preliminary remark, observe that, due
to the stationarity property of the fBm we shall work without loss of generality on the
interval [0, — s] instead of [s — vy, — 5] in the sequel, that is, B2 (v1,ve) behaves as
Bgt S(U1> = B(z)t 8(7)1,0)

1) Casei = j and vy > 0. Consider the process ¢ = (B'_, —B", )1jg,—4(-). When v; > 0,
the arguments in [Id, Proposition 5.2] for 1/3 < H < 1/2 also hold for 1/4 < H < 1/3.
Thus _ _

(BE s (01)" = I7(¢) + Trjo— D' 0,

where [ Bi(d)) denotes the divergence integral of ¢ with respect to B' and

B (t — ) if v =0,
Tros—g D" ¢ = { —HU%H_I(t —5) _|_ ((t — s+ U1)2 — U%H), if v > 0.

In addition, one can also prove, as in [[[f], that

ii|2
E‘(Bg,t—s(vl)) ‘ < CH7v1|t - S|4Ha



26 SAMY TINDEL AND IVAN TORRECILLA

for any v, € (0,r], where lim,, g ¢y, = 0o. On the other hand, the computations above
also show that E[(BF,_,(v1,0))"|* < ca, [t — s|*.

2) Case i = j and vy < 0. When v; < 0, we will show that
(B3 o(v1)" = I”(¢) + Trjg—qg D"

i

¢, (72)

where now
i _ 1
Trio—s D" ¢ = H(—vi)* 71t — s) + §(|t — s+ v [ = (—v)*"). (73)
Indeed, notice that D' ¢, = Iy, u—01)(7) Do 4 (u) and furthermore, for u € [0,¢ — s] and
e € [0, —vy], one can write

<]l[—v1 U—v1]9 ]l[u—e,u—i-a] >H

1
:§(|—v1+5|2H—|—v1—5|2H+|—vl—u—5|2H—|—v1—u+e|2H)

1
:5((—v1+6)2H—(—vl—6)2H+\—vl—u—5|2H—|—vl—u+€\2H).

Performing now a Taylor expansion in a neighbourhood of ¢ = 0, we get
(—v1 + &) = (—vy — ) = 4H (—v1)*" e + 0 (%) .

Thus, applying the dominated convergence theorem (details are left to the reader) we

obtain .
s q
1in(1) P (=1 + )" — (= —e)*M)du = H(—v,)*" 7t — s). (74)
E— 0
Along the same lines, by separating the cases —v; >t —s, 0 < u < —v; <t — s and
—v; < u <t-—s, it can also be proved that
t—s
1
lim —(|—v1—u—e| —|—vy —u+e|*)du =
R e e I

We now obtain ([[J) by putting together ([4) and ([[3).
Let us bound now Tryg,_ gD ¢ from expression ([3): in the case —v; > t — s, invoking

the fact that, for 0 < p < 1 and a > b > 0, the inequality a? — b* < (a — b)P holds true,
we obtain

(|t = s+ v = (—v1)*"). (75)

N~

[Trga gD 6] = H(=0?"7H(t = )+ 5 ((—0n = (=1 = (0 = 5))*")

< H(E = ) 4 3 (o) = (=0 = (£ = 9)M) < (1 = 5)"",

and in the case —v; <t — s, we also have
| Trpo g DP 0| = H(—v1) 7t — s) + %}(t — 5401 = (—v)*|
< H (v )2HT2H (g g)2H %((t )2 (2 (_U1)2H)
< <H(_U1)2H—1T1—2H I %) (t — s)2H.

Thus, we have found

i 3
‘Tr[ovt_s}DB gb‘ < <H(—v1)2H_1T1_2H + 5) (t—s)*", forall v €[-r0). (76)
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We proceed now to bound the term I (¢) in ([J): owing to (0), we have
DE' I (¢) = (B, — B, g g(r) + I% (T, —o Tiot—4(+))
= (B, — B, ) o—y(r) + 17 (Wi () D s (7)
= (By_y, = BLo) Moo (r) + (Bi_y — By, ) Yoy o) (7). (77)
Hence, thanks to ([{7) and using the same arguments as in the proof of [[[§, Propositon
5.2], we obtain
E[I” (¢)* < cnlt — 5™, (78)
with a constant cy > 0 independent of v.
Finally, ([G) and () imply E|(B3,_,(v1))"|* < ¢, [t — s|* for any v, € [-r,0), and
thus, according to our stationarity argument:
E| (B2 (01, 02))%|* < ca [t — 5|, (79)

for any v; € [—r,0) and vy € [0, 7].
3) Case i # j. This case can be treated similarly to [I, Proposition 5.2], and yields the
same kind of inequality as in equation ([9).

Our claim E[|BZ(vy,v2)|?] < c|t — s|*¥ now stems easily from the inequalities we have
obtained for the 3 cases i = j and v; > 0,7 =7 and v; < 0, and i # j.
0

We can go one step further, and state a result concerning B? as an increment.

Proposition 5.4. Let B? be the increment defined at Proposition p.3. Then B? satisfies
Hypothesis [[.1 and [[.3.

Proof. First, we have to ensure the almost sure existence of B (vy, vy) for all s,¢ € [0, 7.
This can be done by noticing that B2 (v, v5) is a random variable in the second chaos of
the fractional Brownian motion B, on which all LP-norms are equivalent for p > 1. Hence
we can write:

E} st (v1,v2)) m}p < CHpy p|t — 5|2pH (80)

for any 4,7 € {1,...,d} and p > 2. With the same kind of calculations, one can also
obtain the inequality

E|(B2,,,(vi,v2))7 — (B2, (v1,02))7|" < caronp (It — 1P + |52 — 5177 .

Then, a standard application of Kolmogorov’s criterion yields the almost sure definition
of the whole family {B2 (v, v); s,t € [0,T]}, and its continuity as a function of s and ¢.

Moreover, a direct application of Lemma gives
5B2(’U1, ’Ug) = 5(B(’U2 + ’U1)) ® 5(B(’U2)), (81)

and Fubini’s theorem for Stratonovich integrals with respect to B also yield easily Hypoth-
esis [ Finally, it is readily checked that B2(vy,vs) € C)Y (R%%) for any 1/4 < v < H,
vy € [—r,r| (separating the case v; = 0) and vy € [0,7]. Indeed, it is sufficient to apply
Corollary 4 in [[] (see also inequality (90) in [[[{]), having in mind the bound (B() and
expression (BI)).

U
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5.3. Delayed volumes. We study now the term B3(vy, vy), starting from a similar state-
ment as in Proposition p.3:

Proposition 5.5. Let B be a d-dimensional fractional Brownian motion, with Hurst
parameter H > 1/4. Then, for s,t € [0,T], vi € [—r,7], va € [0,7], such that vy + vy > 0,
the doubly delayed volume, denoted by B3(vi,vs) and defined by ([71), is well defined. In
addition, we have E[|B3(vy, v9)|?] < c|t — s[5 for a strictly positive constant ¢ = i 1.0, v,
such that it goes to oo if v1 — 0 or vy — 0, but is also well defined if v = vy = 0.

Proof. Here again, we focus on the case 1/4 < H < 1/2, and due tho the stationarity
property of the fBm, we shall work without loss of generality on the interval [0,¢ — s]
instead of [s,t] in the sequel. For notational sake, we will also set 7 = ¢ — s in the
remainder of the proof.

1) Case i = j = k. Consider the process ¢ = (B (v1,v2)") I (-). We will define
(B3(v1,v9)) as [ 1,d°Bi, which amounts to show that ¢ € D"*(H([0,7])) and to
compute the trace of the process .

With this aim in mind, let us first compute the Malliavin derivative of : it is easily
seen that

D4, (82)
= (Bl_,, — B, o)V vm ) (1) Moo () + TP (Mg o) (7) Dy o) (+)) Do, (1)
= (B:"—vl - Bivg—vl)]l[—vz,U—vz}(T)]I[O,T} (u) + (B’Z,—vz - Bi—i—vl)]l[—UQ—vl,u—UQ—vﬂ(T)]l[oﬂ'} (u)

From this identity, one can check that 1 € D"?(Hg([0,7])). We will now evaluate
fOT 1, d° Bt by separating the Skorokhod and the trace term in the symmetric integral.

(i) Evaluation of the trace term. We start by observing that DPB"4,, can also be written
as:

Dr]?l@bu = IBi (]1[-+v1,u—vz] (T)]l[—vz—vLU—vz—vﬂ ()) ]I[O,T] (u)
+17 (]l[—v2—v1,-—v1] (T)]l[—vz,U—vz} ()) Ig 7 (w). (83)

Apply then Fubini’s Theorem in order to get
/ <DBl7ybu7 ]l[u—s,u+e}>7,tdu
0

T—v2—v1 T )
o A A T —— P (51)
—v2—V1 w+v2+v1
T—v9 T )
_'_/ </ <]l[—v2—v1,w—v1}7 H[u—e,u—i—a])?‘( du) dBim (85>
—v2 w—Hvo

where the last two integrals have to be interpreted in the Wiener sense, and are well-
defined according to the criterions in [[§].
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Let us evaluate the scalar product in (B4): for a fixed vo > 0, u € [w + vy + vq, 7],
w € [—vg — v, T — vy —vq] and € € [0, v2), we can write

<]1[w+v1 U—v2] ]l[u—a,u—i-a] > H

:§(|—v2+6\2H—|—v2—8|2H+|w+vl—u—5|2H—\w+vl—u+€|2H)
1
:5((112—6)2H—(vg+6)2H+(u—w—vl+5)2H—(u—w—vl—e)zH)

=2H(— 03"+ (u—w—v)? e+ o(e?).
If v = 0, one can prove similarly that for € small enough,
(Mwotoyu—vo]s Wu—euge]) e = 2H (u — w — v1)*7 e 4 o(e?).
This yields easily the relation

1 2H -1 + (u —Ww — U1)2H_1) if Vo > 0,

ll_{% 2_€<]1[w+v1,u—v2}> ]l[u—e,u—l—s])?'( - { H(u —w— ’01)2H_1 if vy = 0.

The same kind of elementary arguments work for the scalar product in expression (§3),
and one obtains:
1

}:1_1% 2_€<]1[—v2—vl,w—vﬂ7 ll[u—e,u+€]>7'[ = H( - (U —w+ U1>2H_1 + (U2 + v+ U)zH_l) .

Thus, by an application of the dominated convergence theorem (whose details are left to
the reader) we get, for a fixed vy > 0,

D' (86)

T—V2—01 1 )
— / ( — HU%H_I(T —w—vy —vp) + 5[(7’ —w — vl)zH — USHDdBfU

—v2—v1

1 T—v2 ‘
+ 5/ ((Ug + U1)2H — (T —w + ’01)2H + (T + (%) + ’01)2H — (21)2 + (% -+ U))2H>dBZ),

—v9

and for vy = 0, we end up with:

i1 |
TI'[QﬂDB Ip = 5 / (T — W — U1)2HdBZ]

—v1

1 [7 .
= / (427 — (7 — w0 (0 — (01 + w)? )dB,

0

For the remainder of the paper, the relation a < b stands for a < C'b with a universal
constant C'. Starting from equation (B{), let us evaluate Tr[O,T]DBlw for v9 > 0. Observe
first that one can write E[|Tro D" ¢} < S, Ji, where J; can be decomposed itself as
Jy = [] Fi(w)dBL2), with

Fi(w)=(1—w), Fw)=(T+uv+ vl)2H — (ve +v1 + w)2H
Fy(w) = (g +v)* — (1 —w v +u)*", Fyw) = (1 —w+vy)* — 3.

Thus, thanks to relation (7), we obtain:

2
1/2—H
Ji=1Fllon) = cn HD / Fl’

—T

L2([o,])
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Furthermore, each F; is a power function, whose fractional derivative Di/f “ME can be
computed explicitly. It is then easily shown that E|TrjgDP'9[? < ¢y, 775, where
CHuwo, T = CH,TU§(2H_1) + cy. Analogously, for vy = 0, we get E|Trj 1 DP'¢|? < cyr®

(ii) Buvaluation of the Skorokhod term. We shall prove that E|[I (1)|* < cpop7
and to this aim, let us decompose 1 into its Skorokhod and trace part. This gives
E[T7 (¢)* < 2E|I7 (¢1)[* + 2E[I7 (¢2)|?, where

w—w2 ‘
7pl(rw) = / [BZ v1 _Bl—vg vl]dBZ

—v9

bo(w) = TrpDP e, with ¢ = (B, — B v u(-).
The proof that
E[I% (2)* < cror®,

where cp, 7 — 00 if v7 — 0 but is also well defined if v; = 0, can be obtained usin_g the
same arguments as for Step (i), and we then concentrate on the Skorokhod term 7' (1).

To estimate E|7%'(¢;)[?, we use first identity (B§), which can be read here as E|T7" (¢;)|?
= E[(¢1, DP'I Bl_(qﬂl)) ]. Taking into account relation ([[Q), the expression (Bg) we have
obtained for DP9, and the isomorphism (F7), we end up with

E (117 (60)] S Qi+ Q2+ Qs (87)
where 01, (2, (3 are respectively defined by:

Q = E|p2Hy|

L2([0,7])

Q = E|DY2, ( / (B, — B.,,_ m]dB;)
2

2

L2([—v2,7—v2])
2

Qs = E Dl—/(i_—ljg—vl) (/ [BQZU v2 BTZ"H)l]dBQZU)

Fvatu1 L2([—v2—v1,7—v2—1])

We now estimate those 3 terms separately, starting with @)1: invoking the very definition
(E3) of the fractional derivative Dl/ 2 , it is easily seen that Q1 < Ay + Ao, where

_ 2
T r—uy . ; ; 1
Al = E/ </ [Bu v B—vz vl]dBu) mdr

. . 2
weverpi i gl [TR[gi_pi 14Bi
A2 — / (/ f u—uv1 v2— 'Ul] u f [ u—v1 2— 1] dw) d’f‘

(w — ryp/=i

The term A; is easily bounded: according to Fubini’s theorem and to our previous bounds
on B2, we have

T r—v3 ) 2 1
Av= | E B, , — B’ dB, | ————7d
= (L e = Praciont)

T 1 T
< CH/Ov r 7(7_ — r)1—2H " S CHgT ; 7(7_ — r)1—2H r 2HT
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The term A, is a little longer to treat. However, by resorting to the same kind of tools, one
is able to prove that Ay < cy7%¥, and gathering the estimates on A; and A,, we obtain
Q1 < cy7® as well. Finally, after some tedious computations which will be spared to the
reader for sake of conciseness, we obtain the same kind of bound for ()5 and Q3.

Now one has to reverse our decomposition process: putting together our estimates on
Q1,Q2, Q3 and plugging them into (B7), we get E[|15 (¢1)|*] < cy78¥, with a constant
cyg > 0 independent of vy, v9. Finally, gathering the bounds on the Skorokhod and the
trace term, one obtains E[|(B3 (v, v2))%|?] < c|t — s|%.

2) Other cases. The previous arguments and computations can be simplified to obtain
the desired result for the case i =k # jand j =k #i. Thecasesi =7 F# kand i # j # k
can be treated by means of Wiener integrals estimations. This finishes the proof of our
claim E[|B3(vy, v9)|?] < |t — s|5H.

O

As in the case of delayed Lévy areas, and with exactly the same kind of arguments, one
can push forward the analysis in order to deal with B3 as an increment:

Theorem 5.6. Let B® be the increment defined at Proposition [p.4. Then B® satisfies
Hypothesis [[.1. Taking into account Proposition [5.4, Theorem can thus be applied
almost surely to the paths of the d-dimensional fBm with Hurst parameter H > 1/4.
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