A discrete approach to Rough Parabolic Equations
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Abstract: By combining the formalism of [8] with a discrete approach close to the con-
siderations of [6], we interpret and we solve the rough partial differential equation dy; =
Ay dt+ 3" fi(ye) dzt (t € [0,T)) on a compact domain O of R™, where A is a rather general
elliptic operator of LP(O) (p > 1), fi(p)(§) = fi(p(§)) and =z is the generator of a 2-rough
path. The (global) existence, uniqueness and continuity of a solution is established under clas-
sical regularity assumptions for f;. Some identification procedures are also provided in order
to justify our interpretation of the problem.
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1. INTRODUCTION

The rough paths theory introduced by Lyons in [17] and then refined by several
authors (see the recent monograph [12] and the references therein) has led to a very
deep understanding of the standard rough systems

dy; = Zo—ij<yt) dl’i y Yo=ac R SRS [07T]7 (1)
j=1

where o;; : R — R is a smooth enough vector field and = : [0,7] — R™ is a so-called
rough path, that is to say a function allowing the construction of iterated integrals (see
Assumption (X)., for the definition of a 2-rough path and [18] for a rough path of any
order). The theory provides for instance a new pathwise interpretation of stochastic
systems driven by very general Gaussian processes, as well as fruitful and highly non-
trivial continuity results for the It6 solution of (1), i.e., when z is a standard Brownian
motion.

One of the new challenges of the rough paths theory now consists in adapting the ma-
chinery to infinite-dimensional (rough) equations that involves a non-bounded operator,
with, as a final objective, the possibility of new pathwise interpretations for stochastic
PDEs. Some progresses have recently been made in this direction, with on the one hand
the viscosity-solution approach due to Friz et al (see [2, 3, 10, 9]) and on the other hand,
the development of a specific algebraic formalism by Gubinelli et al (see [14, 15, 8]).

The present paper is a contribution to this global project. It aims at providing, in
a concise and self-contained formulation, the analysis of the following rough evolution
equation:

m
pw=1v€ELFO) | dy=Aydt+Y fily)dai , tel[0,T], (2)
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where A is a rather general elliptic operator on a bounded domain O of R™ (see Assump-
tions (A1)-(A2)), fi(¢)(&) = fi(p(€)) and = generates a m-dimensional 2-rough path
(see Assumption (X).). Although the global form of (2) is quite similar to the equation
treated in [8], several differences and notable improvements justify the interest of our
study:

(i) The equation is here analysed on a compact domain O of R". This allows to simplify
the conditions relative to the vector field f;, which reduce to the classical assumptions
of rough paths theory, ie k-times differentiable (K € N*) with bounded derivatives (see
Assumption (F)g).

(ii) The conditions on p are less stringent than in [8], where p has to be taken very large.
It will here be possible to show the existence and uniqueness of a solution in L?(O)
(for a smooth enough initial condition 1) as soon as p > n (see Theorem 2.11). In
particular, we can go back to the Hilbert framework of [15] for the one-dimensional
equation (n = 1,p = 2).

(iii) Last but not least, the arguments we are about to use lead to the existence of a global
solution for (2), defined on any time interval [0,7]. This is is a breakthrough with
respect to [15, 8], where only local solutions are obtained, on a time interval that
depends on the data of the problem, namely x, f and .

In order to reach these three improvements, the strategy will combine elements of the
formalism used in [8] with a discrete approach of the equation, close to the machinery
developped in [6] for rough standard systems. A first step consists of course in giving
some reasonable sense to Equation (2). We have chosen to work with an interpretation
a la Davie, derived from the expansion of the ordinary solution (see Definition 2.6),
and we have left aside the sewing map at the core of the constructions in [8]. Note
however that the expansion under consideration here relies on the operator-valued paths
X®t X owt X*0 which were identified in [8] (see Subsection 2.3), and which plays the
role of an infinite-dimensional rough path adapted to the problem. When applying the
whole procedure to a differentiable driving path z (resp. a standard Brownian motion),
the solution that we retrieve coincides with the classical solution (resp. the It6 solution),
as reported in Subsection 2.4. Together with the continuity statement of Theorem 2.12,
this identification procedure allows to fully justify our interpretation of (2) (see Corollary
2.13 and Remark 2.14).

Once endowed with this interpretation, our solving method is based on a discrete
approach of the problem: as in [6], the solution is obtained as the limit of a discrete
scheme the mesh of which tends to 0. Nevertheless, some fundamental differences arise
when trying to mimic the strategy of [6]. To begin with, the middle-point argument at
the root of the reasoning in the diffusion case (see the proof of [6, Lemma 2.4]) cannot
take into account the space-time interactions that occur in the study of PDEs, i.e.,
the classical estimates (22) and (23). Therefore, the argument must here be replaced
with a little bit more complex algorithm described in Appendix A, and which will be
used throughout the paper. Let us also mention that the expansion of the vector field
fil@)(€) :== fi(p(£)) is not as easy to control as in the standard finite-dimensional case,
even if one assumes that the functions f; : R — R are very smooth. Observe for instance
that if WP (a € (0, 1)) stands for the fractional Sobolev space likely to accomodate the



solution path, and if f; is assumed to be differentiable, bounded with bounded derivative,
then one can only rely on the non-uniform estimate (see [23])

| fi(@) lwer < | fill o) + 1 fi | @) [ @llwer  for any ¢ € WP,

Consequently, more subtle patching arguments must be put forward so as to exhibit a
global solution. The strategy involves in particular a careful examination of the depen-
dence on the initial condition at each step of the procedure (see for instance the controls

(45) and (46)).

The paper is structured as follows: In Section 2, we gather all the elements that allow
to understand our interpretation of Equation (2), and we state the three main results
of the paper, namely Theorems 2.10-2.12. The three sections that follow are dedicated
to the proof of each of these results, with the existence theorem first (Section 3) and
then the uniqueness (Section 4) and continuity (Section 5) results. Finally, Appendix A
contains the description and the analysis of the algorithm at the root of our machinery;,
while Appendix B is meant to provide the details relative to the identification procedure
in the Brownian case (see Proposition 2.9).

For the sake of clarity, we shall only consider Equation (2) on the generic interval
[0,1]. It is however easy to realize that the whole reasoning remains valid on any (fixed)
finite interval [0, 7] at the price of very minor modifications.

Throughout the paper, we will denote by C*P(R;R!) (k,I € N*) the set of Rl-valued
functions which are k-times differentiable with bounded derivatives.

Finally, we will use the classical convention for the summation over indexes 'y, =
>; 'y;, whenever the underlying index set is obvious from the context.

2. INTERPRETATION OF THE EQUATION

We first give some precisions about the setting of our study, as far as the operator
A, the driving path z and the vector field f; are concerned (Subsection 2.1). Then we
introduce the notation and the tools designed for our analysis (Subsections 2.2 and 2.3),
and which enable us to interpret (2) (Subsection 2.4). We finally state the three main
results of the paper (Subsection 2.5), and we discuss some possible extensions of the
strategy to rougher driving paths (Subsection 2.6).

2.1. Assumptions. As it was announced in the introduction, we mean to tackle the
equation dy; = Ay, dt + f;(y;) dzi, t € [0,1], in LP(O), where O is a bounded domain of
R™, Ais an elliptic operator, fi(¢)(£) := fi(p(§)) and x is a Holder path. More precisely,
to be in a position to interpret and solve this equation, we will be led to assume that
(some of) the following conditions are satisfied:

Assumption (Al): A generates an analytic semigroup of contraction S on any
LP(O). Under this hypothesis, we will denote Sy := S, (s < t), B, := LP(O), B, =
Dom(A?), and we endow the latter space with the graph norm |¢||s, , := [[A%¢l L 0)-
We also assume that for any function g € C*P(R;R), there exists a constant c; such that

lg()ll, 2, < cg{l+ llell5,)0, ) (3)



and for any function g € C>®(R;R), there exists a constant ¢ such that

lg()lsa, < cg{l +llellz,,} if o€ (1/2,1) and 2ap > n, (4)

oa,p — g

where, in (3) and (4), g(p) is just understood in the composition sense, i.e., g(¢)(&) :=
9(¢(E))-

Assumption (A2): If 2ap > n, then B, , is a Banach algebra continuously included
in the space B, of continuous functions on O.

Assumption (X),: x allows the construction of a 2-rough path
(z,x?) € C]([0,1];R™) x C37([0, 1];R™™)

for some (fixed) coefficient v € (1/3,1/2). In other words, we assume that z is a ~-
Holder path and that there exists a 2-variable path x? (also called a Lévy area) such
that forany 0 < s <u <t <1,

[xh| <clt—s[" and X7 —xp? - x50 = (0 - @) (@), — @)

We will then denote
Il = Aas €7 (10, 1 R™)] + N €7 ([0, 1) 7],

where
2
— X2
Nlz; CJ([0,1;R™)] == sup M NIRE (0,1 R = sup |27.
o<s<t<1 [t — $| 0<s<t<1 |t — s|

Assumption (F);: f belongs to CKFP(R; R™).

Before pondering over the plausibility of these conditions, let us precise that we hence-
forth focus on the mild formulation of Equation (2)

y = S+ / Spdzi fily) . te[0,1]. (5)
0

This is a standard change of perspective for the study of (stochastic) PDEs (see [5]),
which allows to use the regularizing properties of the semigroup. In retrospect, owing
to the regularity assumptions on f, it will however be possible to make a link between
the mild and strong interpretations of the equation, see Remark 2.14.

Application: Properties (A1)-(A2) are satisfied by any elliptic operator on LP((0,1)™)
that can be written as

A== Oclay-0g) +c . DA)=Wr(0,)")nW"((0,1)").  (6)

ij=1
where ¢ > 0 and the functional coefficients a;; are bounded, differentiable with bounded
derivatives on [0,1]". Indeed, under these assumptions, it is proven in [7] that A gen-
erates an analytic semigroup of contraction. Then, thanks to [20], one can identify the
domain D(A5) with the complex interpolation [L,, D(A,)], and one can use the result
of [22] to assert that [|.[[p(ag) ~ [|.] F2g, Where F74 is the classical Triebel-Lizorkin space



described (for instance) in [21]. The results of [21] (resp. [23]) finally enables us to check
Condition (A2) (resp. the controls (3) and (4)).

As far as Condition (X), is concerned, the process that we have in mind in this paper
is the fractional Brownian motion B¥ with Hurst index H > 1/3, for which the (a.s)
existence of a Lévy area has been established in [4]. Condition (X), is in fact satisfied
by a larger class of Gaussian processes, as reported in [12].

In brief, under the above-stated regularity assumptions, the results that we are about
to state and prove can be applied to the stochastic equation

AV, = | =Y O (aij- 0, Yy) + Yy | dt+ > fi(Ya)dB"™  te[0,1], £€(0,1)"

ij=1 i=1

2.2. Holder spaces. We suppose in this subsection that Assumption (A1) is satisfied.
In order to introduce the functional framework of our analysis, let us focus on the
following consideration: we know that one of the most appropriate space for the study of
rough standard systems is the set of Holder paths {y : [0,1] — R?: |y — ys| < c|t — 5|}
(see [13]), and this is (among others) due to the convenient expression for the variations
of the solution y of (1), namely y, — ys = f; 0ij(y.) dzd. Here, if we denote by y the
solution of (5) (assume for the moment that z is a differentiable path), it is readily
checked that for all s < t,

t
Y — Ys = / S dx’ fi(ya) + aisys, where az := Sy —1Id.

With this observation in mind, the following notation arises quite naturally:
Notation. For all paths y : [0,1] = B, and z : S, — B, where S, := {(t,s) € [0,1]* :
s < t}, we set, for s <u<te0,1],

(5y)ts =Y Ys o, (&y)ts = (5y>ts — Q4sYs = Yy — Stsy57 (7)

(3z>tus = Zts T Rtu — Stuzus- (8)

The (ordinary) system (5) can now be written in the convenient form

=1 , ()= / Swdil, fiys) . st € [0,1] (9)

To make the notation (7)-(8) even more legitimate in this convolutional context, we let
the reader observe the following elementary properties:

Proposition 2.1. Let y : [0,1] — B, and x : [0,1] — R be differentiable paths. Then it
holds:
o Telescopic sum: 6(0y)ms = 0 and (0y)is = Y20 g Sttssr (0Y)1ss1e, for any partition
{s=ty<t; <...<t, =1t} of an interval [s,t] of [0,1].
e Chasles relation: if Jps := fst S dxy Yy, then 5j = 0.

Like with the standard finite-dimensional systems, the rough-paths treatment of Equa-
tion (9) leans on the controlled expansion of the convolutional integral f: St dxt fi(yy)-
To express this control with the highest accuracy, we are naturally led to consider the



following semi-norms, that can be seen as adapted versions of the classical Holder semi-
norms: if y: [0,1] =V, 2: Sy — V and h: S — V, where V is any Banach space and
Sz = {(t,u,s) €[0,1]*: s <wu < t}, we denote, for any A > 0,

A 50

Ny C(a V)] = sup 1OV o008V = sup el (10)
a<s<t<b |t — s t€lab]

Nz (a bV = sup 2 np (@)= sup Ll

a<s<u<t<b |t — 8‘)\

Then C}([a, b]; V) stands for the set of paths y : [0,1] — V such that N[y; C}([a, b]; V)] <
o0, and we define C3([a, b]; V) and C3([a, b]; V) along the same lines. With this notation,
observe for instance that if y € C}([a,b]; £(V,W)) and z € CJ([a,b]; V), the path h
defined as hus = Yruzus (5 < u < t) belongs to C3 ™ ([a, b]; W).

When [a, b] = [0, 1], we will use the short form C (V') := C}([a, b]; V).

a<s<t<b |t — s|*

2.3. Infinite-dimensional rough path. By anticipating the proof of Proposition 2.8,
we know that, when z is a differentiable path, the expansion of f; Sty dx! fi(y,) puts
forward the three following operator-valued paths constructed from z:

t t t
/Studxi , /atudxz ; /Stu dz! (027) ys.

A priori, these expressions do not make sense for a non-differentiable y-Hélder (rough)-
path x. An integration by parts argument, retrospectively justified by Lemmas 2.3 and
2.4, leads here to the general definition:

Definition 2.2. Under Assumptions (A1) and (X),, we define the three operator-valued
paths X%, X% qnd X* by the formulas

t
Xg;’l = Sts(5l'i)ts — / Astu(él'z)tu du, (12)
X (620 — / ASy (827 ) d, (13)
t
X G, X2 / A [ + (627) (629 )us] (14)

If in addition Assumption (F)y is satisfied, we set F;;(p) == fl(v)- f;j(p) and we associate
to every path y : [0,1] — B, the two quantities

JL = (0y)is — X' filys) — X2V Ey(ys), (15)
K} = (0y)s — X5 filys). (16)

Lemma 2.3. Suppose that = is a m-dimensional differentiable path and let x2 be its
Lévy area, understood in the classical Lebesque sense as the iterated integral xi;” =
fst dx! (0a7)ys. Then, under Assumption (A1),

¢ ¢ t
Xﬁ’lZ/ St dzy, ng,z:/ a dz,, Xff’”:/ Stu d,, (027)us. (17

S



Proof. As aforementioned, this is just a matter of integration by parts. For instance,
one has

t t
/ Sy . (627)s = / S (247

S

t
B / Stu du ( (6X2 Zj)tus + X2 v Xt2uw)

s

— /St'u,du (=62 (027 )us — x5

s

t
= S,x> / ASp [X57 + (02" (627).s] du.

s

O

Observe now that the three expressions contained in (17) can also be directly inter-
preted as Ito integrals when x stands for a standard Brownian motion. This interpreta-
tion remains consistent with Definition 2.2:

Lemma 2.4. Suppose that x is m-dimensional Brownian motion defined on a complete
filtered probability space (2, F, P), and let x? be its Lévy area, understood in the Ité sense
as the first iterated integral of x. Then, under Assumption (A1), the three identifications
of the previous lemma remain valid in this context.

Proof. Tt suffices to replace the integration by parts argument with Ito’s formula, upon
noticing that only Wiener integrals are involved here. For X**, we know indeed that for
any fixed s, the process u — x27 = ["dz! (627),, is a semimartingale and

/Stud-fZ((S.iEj) _/ Spu du(x317).

To end up with this subsection, let us highlight the regularity properties that will be
at our disposal throughout the study:

0

Proposition 2.5. Under Assumptions (A1) and (X),, one has, for all o € (0,1), s €

[0,7),
X7 € CY(L(Buy. Bay)) N CF (L (Bas Bainy)). (18)
Xax’i c C%H_a(»c(Ba,pv Bp))’ (19)
X704 € C3(L(Ba g Bap)) N C3 " (L(Bap, Bainsp): (20)

We will denote by || X ||,a.x the norm attached to X = (X*, X, X**) through Properties
(18)-(20), that is to say

[ Xy = Z {NIX™5 C(L(Bap, Bap))] + - + NIXTTC7 7 (L(Bay, Baswp)) } -

1,j=1

With this notation, one has HXHWM < CyaxlX|ly. Moreover, if X stands for the path

associated to another trajectory T satisfying (X),, then

1X = Xl < cram {1+ 1%l + 1%l 1x = %], (21)



Proof. Properties (18)-(20) are straightforward consequences of the well-known estimates
(see [19])

—K —1—k
[Sts@l|Basny < Cult = s| " @80, » [1ASPlBasny < crlt = s " llellBa,, (22)

lassells, < calt — s [[@lls,,- (23)
For example, for any ¢ € B, ,,

t
X5 oy < Nl {lt= o Wil + [ 1= DSl du

t
cmmﬂwmw{u_ﬂ%mﬁ/ﬁ_uru%ﬁw}
S

< cpullzliyllells,, [t ="

IN

The controls of || X|| a.x and || X —X||, o« can be readily checked from the very definitions
(12)-(14). Observe for instance that

t t
||/ AStu(da:’)tu((Sx])usdu—/ ASp (07") (077 )us dul| £(5,,8,)

S

S / ||AStu||£(Bp,Bp) {|§<xZ - jl)tu} ‘(5*rj>us‘ + {(Ciivz)tu{ |5(:E] - jJ)us}} du

t
> > -1
< et fel R =&l ([ =l o )

2 ~ ~
< eft =T+ [xly + Xy} e = x5
U

2.4. Interpretation of the equation. Let us now turn to the interpretation of (9) for
a generic 2-rough paths x = (z,x?). Like in [6], our approach is based on the Taylor
expansion of the ordinary mild equation. We first give the general definition of a solution
and then we clarify this definition by considering the two previously-known situations,
namely when z is a differentiable path and when z is a standard Brownian motion.
Remember that the notation JY has been introduced in Definition 2.2.

Definition 2.6. Under Assumptions (A1), (X), and (F), for all A > 0 and ¢ € By,
we will call a solution in By, of the equation

v = S + /0 Seufilya) drt . te[0,1], (24)

any path y : [0,1] — By, such that yo = ¢ and there exists two coefficients j > 1,& >0
for which

T € Ch(0.1:B,) and JV € C5(10,1); By,). (25)

Remark 2.7. The reader familiar with the strategy of [6] will not be surprised by the
condition JY € C4([0,1]; B,) for some coefficient > 1. The second condition JY €
C5([0,1]; Byp) may be less expected. In fact, due to the property (23), the fractional
spaces B, naturally arise from the controlled expansion of fst Spu dx, f;(y.) (observe for
instance (27)).



Proposition 2.8. Suppose that x is a m-dimensional differentiable path, and let x* be
its Lévy area, understood in the Lebesgue sense. We suppose that Assumptions (A1) and
(F)y are both satisfied. Then, for alln € (0,1) and ¢ € B,,,, the (ordinary) solution of
Equation (24) is also a solution in B, , in the sense of Definition 2.6.

Proof. Let y be the ordinary solution of (24), with initial condition ¢ € B, ,. Then
y € CY([0,1]; B, ) and since (dy);s = fst Siu dx!, f;(y,) and f is bounded, one clearly has
y € C1(]0,1]; B,). Now, notice that owing to the identification (17), we get
¢ ¢
Kt = [ Suudel fin) = XERw) = [ Suwdsl 5080

and so, due to (23), one has

t
1K, < elleionll e | 1160l du (26)
t
< oy [ {160l + lawleie, o], (27)

t
< cmgy/ {lu=s|+u—s"} du < cqppy |t—s|1+n.
S

To complete the proof, observe that by resorting to the identification (17) once again,
we can write J, = fst Sy dxt M, with

us?

My, = 5(fi(y))us — (627 )us [ (ys) - f(vs)
- /0 dr fz/(ys + r<5y)us) . (6y)us - ((ij)usfz/(ys) : fj(ys)

1
= / dr fz/(ys + T((Sy)us) C Aysls
0

T / 0r £ (e + 7(00)as) - (0)us — (029 f2(0) - (),

and thus
' 1 1
M, = / dr fz/(ys + T((Sy)m) “QysYs + / dr fz‘/(ys + T((Sy)US) K
0 0

+/0 dr fz‘/(ys +r(5y)us) 'ng’jfj(ys) +/0 dr [fz/(ys + T(éy)us) - f{(ys)] : (5mj)usfj(ys)>
(28)

where we have used the trivial relation X%’ = X4 (§a7),. From this expression, it is
easy to show that ||M],||s, < ¢, |u— s|", which leads to (25) with p=1+mn,e=1. O

Proposition 2.9. Suppose that x is a m-dimensional standard Brownian motion defined
on a complete filtered probability space (Q, F, P), and let x* be its Lévy area, understood
in the It sense. Suppose also that Assumptions (A1) and (F)y are both satisfied. Then,
for all n € (1/2,1) and ¢ € B,,, the Ito solution of Equation (24) is almost surely a
solution in B, ), in the sense of Definition 2.6.
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Proof. For the sake of clarity, we have postponed the proof of this result to Appendix
B. O

Together with the forthcoming uniqueness result contained in Theorem 2.11, the
above-stated properties allow to identify, in the two reference situations (i.e., when x is
a differentiable path and when x is a standard Brownian motion), the solution in the
sense of Definition 2.6 with the classical solution. We will then lean on the continuity
Theorem 2.12 to fully justify our interpretation of (24) (see Remark 2.14).

2.5. Main results. With the tools and the definitions we have just introduced, we are
in a position to state the three main results of this paper, which successively provide
the existence, uniqueness and continuity of the solution to (24).

Theorem 2.10. Under Assumptions (A1), (X), and (F)y, for ally € (1 —~,v+1/2)
and ¢ € By, Equation (24) admits a solution y in B, in the sense of Definition 2.6,
which satisfies

NTy; C1([0,1]; B,)] + Ny; CL([0, 1); By )] < CllIxly ¢ 15,
for some function C' : (RT)?> — R growing with its arguments.

Theorem 2.11. Ifp > n and if Assumptions (A1), (A2), (X), and (F)s are all satisfied,
then for all v € (1 —~,v+1/2) and ¢ € By, the solution y in B, , given by Theorem
2.10 is unique. Moreover, for any

0<p<inf(3y—1,7+9 -1L,v-(~-1/2),
there ewists a constant cg . 58 such that for all n,

n Cap,f,8
k:Hol,a{(QnHytz - ytg“lgw/?p < (Qn)ﬂ )

where y™ stands for the path given by the discrete scheme (35).

Theorem 2.12. Under the assumptions of Theorem 2.11, the solution of (24) is con-
tinuous with respect to the initial condition and the driving rough path. More precisely,
if y (resp. §) is the solution in B.., associated to (x,x?) (resp. (Z,%?)), with initial
condition v (resp. 1;), then

Ny = §:C1([0,1]; B,)] + Ny — 7€ ([0, 1]; By )]
< C (Il 18l 1., 1Ml ) {110 = Bl + 1 = %l } o (29)

for some functions C : (RT)* — RT growing with its arguments.

Together with the identification result established in Proposition 2.8, these three the-
orems offer another perspective on the solution of Equation (24), which may be more in
accordance with the formalism used in [12] for rough standard systems:

Corollary 2.13. Under the assumptions of Theorem 2.11, suppose that v € B, and
let (Z™),, be a sequence of differentiable paths such that ||z — Z"||, + ||x* — x*>™||2, — 0
as n tends to infinity, where X2™ stands for the standard Lévy area constructed from ".
Let g™ be the (ordinary) solution of (24) associated to each T". If y is the solution of
(24) given by Theorem 2.11, then

Ny = 3% C1([0,1: B,)] + Ny — 5:C1 (0, 1]; Byp)] = 0 (30)
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as n tends to infinity.

Remark 2.14. Through the latter result, one can see that the exhibited solution y is a
solution in the rough paths sense, that is to say a limit of ordinary solutions with respect
to some particular topology (compare with [12, Definition 10.17]). In this context, y
can legitimately be called a mild solution of (2), as a limit of classical mild solutions.
Furthermore, it is worth noticing that given the regularity assumptions on f;, if we
suppose in addition that the initial condition ¢ belongs to the domain D(A,), then
each (ordinary) mild solution " is also a strong solution (see [19, Theorem 6.1.6]).
Consequently, if 1 € D(A,), y can also be considered as a strong solution of (2), keeping
in mind the topology of the underlying convergence result (30).

2.6. Extension to rougher paths. Before we turn to the proof of Theorems 2.10-2.12,
let us say a few words about the possibility of extending these results to a rougher path
x, or otherwise stated when the Hélder coefficient +y is smaller than 1/3.

Remember that for standard finite-dimensional rough systems, the results obtained
by Davie in [6] have been generalized to any v € (0,1) by Friz and Victoir ([11]):
essentially, the system (1) can be interpreted and solved provided that (i) the vector
field 0;; is smooth enough and (ii) one is able to construct the iterated integrals of = up

to the k-th order, where = <~ < 4.

As far as Equation (24) is concerned, let us first consider the next step of the procedure,
which corresponds to % <y < % For more simplicity, we assume that f; is infinitely
differentiable with bounded derivatives. Suppose for the moment that x is a differentiable
path, and let us introduce, on top of (X%, X X**) the two additional operator-valued
paths

t t

arr __ i 7 raxx,ijk _ i 2,7k

X = / ap, dz., (627 )us ,  Xis = / Spu dx, X575,
S S

Let us also define F}!(¢) = fi(¢), Fi;(¢) = fi(¢) fi(¢), () = fI'(9) - fi(9)  fule) +
fi(@) - fi(®) - fi(p), and the three intermediate quantities
Lty = (Oy)es — Xi'FH ) K= 0y)e — X0 Fl(ys) = XV F (),

(2 (2

Jis = (0y)ss — ths’in'l(yS) - Xz?sx’ijFii'(yS) - thsm’mkng(ys)

Once endowed with this notation, a Taylor expansion of the (ordinary) equation (24),
similar to (28), shows that for all s <t € [0, 1], one has
t
N T, TT,i] zxwijk i K
(5y)ts = th El(yS) + th ]}Wé(yS) + th ’ Fsk(ys) + / Stu dZEu yisv (31)
where the 'residual’ path y* can be decomposed as y** = y#*! + 42 with

1
yg’shl = / dr [ (ys +7(0Y)us) - [ausys + ngJFjjl (ys) + Xzfz’]ijQk(ys)]
0

1 1 .
+/ dr/ dr' v [}/ (ys + 7(0y)us) - (027 )usf5(ys) - X0 Fi(ys), (32)
0 0
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ﬁ7i72 —_—
us

1
A dr f:(ys + T(éy)us) : Kg,s
1
+/0 dr [ (ys +1(0y)us) = £ (yo)] - x23% - fiys) - £ (ys) - f(ys)
1 1
+/0 dr/o d?“/rfi”(ys + T<5y)u8) Ly (6xj)u8 ) fj(ys)

" / dr / 0 [ (e + 7(69)s) — 2 (00)] - (027 e (02 - f5(42) - fews)- (33)

By looking closely at these expressions, it is not difficult to realize that the arguments
displayed in the forthcoming sections 3-5 can be adapted to the decomposition (31) so as
to handle the case where v € (%, 3] (compare for instance (32)-(33) with (40)-(43)). This
supposes that the intermediate paths JY, K¥, LY should be controlled with the respective
topologies Cy” (B,) N C5(By,),C3(B,),C37(B,), and that the space parameter 4 should
be picked in the (non-empty) interval (1 —~,v + 1/2), as in Theorems 2.10-2.12. This
also supposes, in order to extend the path X*** that x allows the construction of a
3-rough path x = (v,x2 = [[ dvdz,x® = [[[ dvdrdr) € C] x C3” x C3”. We know that
this assumption covers in particular the case of a fractional Brownian motion with Hurst
index H > 1/4, see [4].

The situation gets more complicated as soon as vy < 1/4, since we can no longer pick
7 in the (now empty) interval (1—-,y+1/2), and this assumption played a fundamental
role in our estimates. Indeed, on the one hand, the condition 4" > 1 —  ensures that
the order of the terms derived from (32) or (41) is greater than v+~ > 1, or otherwise
stated that these paths can be considered as residual terms. On the other hand, the
condition 7/ < v + 1/2 is used in some estimates like (47) to go from By, to Bz
and thus take profit of the linear control (3) (instead of the quadratic control (4)).
Therefore, when v < 1/4, some sharpness is to be lost in our estimates and the method
under consideration in this paper would only provide us with a local solution, on a time
interval linked to x, f and ¥. To overcome this difficulty, it may be useful to modify the
path (X*, X X** Xerz X@r ) into a more appropriate trajectory, which would for
instance includes mixed operators such as

t
X1 (o1, o) = / S dy, [auspr - 2], @1,92 € B. (34)

Observe however that the extension of (34) to a generic y-Holder path x (with v < 1)
can no longer be done via an integration by parts argument (as in Lemma 2.3), which
considerably increases the difficulty of the study.

3. EXISTENCE OF A SOLUTION

This section is devoted to the proof of Theorem 2.10. Thus, we henceforth suppose
that the assumptions of the theorem, namely (Al), (X), and (F),, are all satisfied.
Besides, we fix a parameter 7' € (1 — 7,7 + 1/2) and an initial condition ¢ € B,/ ,.
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3.1. Additional notation. We consider the sequence (II"),, of dyadic partitions of [0, 1]
(e, t} = Qﬁn) and we define the discrete path y™ following the iteration formula:

v =Y i = S g+ Xel e filyi) + XE F(y) Lt eI (35)

The path y™ is then extended on [0, 1] by linear interpolation. For the sake of clarity, we
will denote in this section J" := JY" and K" := KY". Observe that owing to the very
definition of y", one has J;éﬂtz =0.

In the rest of the paper, we will also appeal to the discrete versions of the generalized
Holder norms introduced in Subsection 2.2. Thus, for any n € N, we denote [a, b],, :=
la,b] N II™ and

; Oh)ss
NG 10 Bagl) o= sup TVl
tn<s<t<ty [t — |
s, tell™
We define the two quantities N'[.; C3([a, b]n; Bayp)] and N.;C3([a, b]n; Bayp)] along the

same lines.

Now, for any (not necessarily uniform) partition II of [0, 1] made of points of II", we
define the path J™! for all s < ¢ € II" as

) 0 if (s,t) NI =0
T = (6T s if (s, )N =u
n n N-1 n n . ~ ~ -
Jis — thN T k=1 StEkHJnggk - St£1 i1s if (37t> NIl = { 1 ytN}

Remark 3.1. Since Jﬁgﬂtg = 0, one has in particular J{Z’Hn = J['. Besides, if I1, 1T are
two partitions of [0,1] made of points of II" and such that II N (s,t) = {t1,...,tn}
(N > 3)and II N (s,¢) = {l1,. .. lg—1,lpq1, ... In} for 1 < k < N — 1, then Jg’ﬁ

JZ;H Sttk+1<5jn>£k+lt~kt~k—1‘ With the same notation, if IT N (s,¢) = {f1,...,tx_1}, then

T — T = (6

tintn_1°

3.2. Preliminary results on J". We fix {j < t; € II" and we apply the algorithm

described in Appendix A to the uniform partltlon {tp, pits oty }. Set N = q—p, and
(k—p)(ty

so, forany k € {p,...,q}, tf =t + T. We also denote by (II"").cq1,.. . n—1} the
(decreasing) sequence of partitions of [¢},#7] deduced from the algorithm, and 0 .=
{ty thiqs -ty ). Finally, set Jt"g;g = Jﬁ;’g’m. With this notation in hand, one has

N-1

n _ § n,m+1
Jt:}t; — {Jt”t” - t"’t" } .

m=0

Once endowed with this decomposition, we can show the following result, which turns
out to be the starting point of our reasoning:
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Lemma 3.2. For all 1 > 1 and k > 0, there exists a constant ¢ = c,, .. such that
K n=y'
Vgl < e {Jtn —tn]"+ e —en] "}

(N8I C5 (1t 0 By o)) + NI CL (It 105 B - (36)

and
1 lls, < [t — 2" NT3T5 CL(LER, #2103 By)) (37)
Proof. We use the notation of Appendix A. By refering to Remark 3.1, one easily deduces
N-1
n,m _ gn,m+1
> {Jtztz oty }
m=0
-1 Ay
— Zl (0J )tzlt%k/;r,lﬂt;kz . + AZ . Stgt;% (0J )tZ+k,tLtZ+kmt:+kT;
r= r m=Ar—1
* <5Jn)tgt;+kAM—1+1t;+kx?\M,1+1 - 11{AM?1+1<N_1}(6Jn)tgtg+k1v—1tg'

Then, if C,, := N[0 C5([t7, t"]n: By p)] + N[0T CH([t2, t7]n; B,)], one has

p’7q p’rq

N-1
DM = T s,
m=0

-

< 20, |t -t

M—-1 K A /
- %
n n n
+C Z tg — tZHc* + Z ty — tp+k7t prkh tp+k;
A +1
r=0 Tt m=A,_1+2
< o {la-ul + g -pl )
M—-1 — K A A
k4 1 . kX7
r—1+1 m -+ — M
24> C|1- + Sl —=2 |k, =k
=0 m=Ar_142

< gy {}t’; — 2"+ |t — t;]“”/} Ch,

thanks to Proposition 6.2. The second control (37) can be obtained with the same
arguments, upon noticing that (65) entails in particular

— Aan| 1 & e
; 1 - mm:;1+2 |k — k| b < e < o0
U
Lemma 3.3. For every path y : [0,1] — B, and all s < u <t € [0,1],
(89 tus = X 6 (fi(y)us — X0 (027 )us iy (ys) + Xt 6(Fy5 () s (38)

and also

~

<5Jy>tus - [tus + [[tus + I[[tus + I‘/;usa (39)
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with .
Lis i= Xfu’i (/ dr fi(ys + 1(0y)us) - Kgs) , (40)
[y = X2 ( [ s+ 600 - {ay + XSZ”fj(ys>}) S @
[ = X5 ( / dr [F/(ys + 1(69)us) — £1(us)] (awwfj(%)) S @)
Vi = Xfui’ija(ﬂj (y))us (43)

Proof. Those are only straightforward expansions. For (38), we use the fact that if
Mys := Gishs, then (6m)ws = (09)tushs — gru(Oh)us, together with the algebraic relations

(OX™ s =0, (60X, = X5 (627 ) s for all s <u <t,

that can be readily checked from the expressions (12) and (14). The expansion of
8(fi(y))us — (027)ysFi;(ys) which then leads to (39) has already been elaborated on in
the proof of Proposition 2.8, see (28). O

3.3. Existence of a solution. Thanks to the above preliminary results, we are first
able to control J" on successive time intervals independent of n:

Proposition 3.4. Suppose that p, e satisfy

1
Iy>pu>1 | v+ >pu>1 7—(7’—§)>6>0. (44)
Then there ezists a time Ty = To(x, f, 7,7, u,€) >0, Ty € 11", such that for any k,
NI C3([RTo, (k + 1)To A]; By )l < 1+ llyig N, (45)
and
NT™ Cy (KT, (K + D)To A]; By)] < 1+ |lyig ls,, - (46)

Proof. This is an iteration procedure over the points of the partition, for which we first
focus on the case k = 0 in (45) and (46). Assume that both estimates hold true on
[0,%7],. Then, for any t € [0,%7],, one has, thanks to (18), (20) and (3),

lils,, < Wils,, + 1Sotls,, + <=0 {I£@)s, 0, + 155 @) s, J47)
< Wals,, + 15w0ls,, + k00D {14 o), }
< & {1+ els,, ) (48)
and so N[y"™; CY([0,t7]n, By p)] < ¢4 {1 + H@D”BW/W} Besides, if s <t € [0,2]],,
1Oy eslls, < 1l + X S s, + 1K By () s,
< ft—sldy {1+l |-

and hence

Ny CL(0. 810 B < ¢ {1+ wls,, |- (49)
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One can also rely on the estimate
n n xx,1j n 2
IKE s, < 1ls, + IXE 7Py s, < cglt— s/ {1+ 10l }- (50)

Now, from the decomposition (39), we easily deduce, for all 0 < s <u <t € [0,27,]n,

~ n 3 !
16T sl < By {1+ Wl , b {1t = s+ 1t = s}
Indeed, one has for instance

L7 (s + 7(0y)us) — fi(Ws)] - (027 us f5(ys) I,

< carlu= s 169l
ot = 5" {169 asllz, + lausyils, }

2 ! 2
< e {1+ Ils,, f {lu— s 4= s < g lu— s {14 80, )

where the constant ¢, may of course vary from line to line. Consequently,

IN

NI CLI0, i By)) < 5 {1+ W0l } {7877+ + T3+
On the other hand, it is readily checked from (38) that
16T ele, < g {1+ Il 1= o772
and therefore
NI C T2 ([0, 00 By < 5 {14 1ls,,, b
By using the estimate (36), we get
NP G0, s Bo)) < L {1+ Wl } (T 73 120,
It only remains to pick 7 such that
(T g1y D) <,

We can follow the same lines to show (46) from the estimate (37).

[t is now easy to realize that the same reasoning (with the same constants) can be applied
on the interval [Tp, 275 by replacing ¢ with yi, and then on the interval [2T5, 3Tp),
ete. O]

Corollary 3.5. With the notation of Proposition 3.4, there exists a constant c, ¢ such
that for any k,

NI G (IRTy, (k42T Bp)) < {1+ Wiy s, f+os {1+ ltizlls, , |+ (51)

N[JR§C§([[]€TO7 (k; + Z)TO A 1]]71; B,Yl7p):| < {1 + ||y(lk+1)TO||57,7p} + Cu 5 {1 + ||yZT0||Bq/,p} .
(52)
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Proof. If kTy < s < (k+ 1)1y <t < (k+ 2)Ty,

~

Jis = JZ,L(kH)To - St,(k+1)To J&Jrl)To,s - (5Jn)t,(k+1)To,s-
We already know that

1 enym Ny + 1y sl < 1= sl {2+ i s, + iz s, | -
By using the decomposition (39), together with the estimates (48), (49) and (50), we get

H(SJ”)t’(kH)TO’SHB < et —s* {1 + |‘?JZTOHB¢,,,}’ which yields (51). (52) can be shown
with the same arguments. 0

Proof of Theorem 2.10. With the same estimates as in (48), we first deduce from Propo-
sition 3.4

Ny CL[K Ty, (k + )Ty A]n; By y] < C:}c,f {1 + HyZToHBv’,p} '

where the constant c;’ s does not depend on k. As Tj is independent of y", this leads to

Ny (10,11 Brp)) < 2 {1+ 0], } (53)
From this uniform control, we get, by repeating the argument of Corollary 3.5,
NI CH (10,100 B < e {1+ 10, } (54)
and then
Ny (10110 B,)] < & {1+ Il } - (55)

Now remember that y" is extended on [0, 1] by linear interpolation, and so
Ny €l ((0,1]:B,)] < 3N [y"; €I ([0, 1]n; By)]
< BNy Cl([0,1]0: By)] + ey Ny CL([0, 1 By )
< & {1+ 1ls,, }-

Thus, we are in a position to apply the Ascoli Theorem and to assert the existence of
a subsequence y™ of y™ that converges to an element y in CY([0,1];B,). It remains to
check that y is a solution of (24). To do so, let s < t € [0, 1] and consider two sequences
Sn, < tn, € II"* such that s, decreases to s and ¢, increases to t. Then

15N, < 198 — I8 lls, + 175" = 2, s, + 12, s, (56)
On the one hand,
172 = J% " 18, < co Ny —y™;C([0,1]; B,)] — 0,

while on the other hand

t"kS"k t"k5”k

n n . . .. ..
VI = T s, < e LI = X e + IXE = XE e, )

e LIl = it s, + s — 92D, }
from which we easily deduce, with the uniform controls (53) and (55) in mind,

175" = g2, s, = 0.

tnksn
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Finally, owing to (54),

1 s, < L {1+ els,, 1= sl
Going back to (56), this proves that JY € C§(]0,1];8,). Then we follow the same
lines starting with the estimate NJ";C5([0,1],; By )] < c; {1 + ||1/JH37,7P} to get
JY € C5([0,1]; By ), and so y is indeed a solution of (24) in B,/ ,.
4. UNIQUENESS OF THE SOLUTION

In this section, we mean to prove Theorem 2.11. Accordingly, we assume that p > n
and that Conditions (A1), (A2), (X), and (F)s are all checked. Let y be a solution of
(24) in B, for some (fixed) parameter v € (1 — v,1/2 + «), with initial condition
Y € By, and let y"™ be the path described by the scheme (35), with the same initial
condition 1.

We introduce, for all s <t € 1", the quantity

Ny =y Q[s, tn)] =
Ny =y CI([s, s By)] + Ny =y CU([s, thas By )] + NEY — K53 ([, ] By)].
Besides, we fix 1 > 1, ¢ > 0 such that || J[|5, < c[t —s|" and [|J{|[s, < c|t —s|".

The proof of Theorem 2.11 is based on the two following preliminary results, which aim
at controlling, as in the previous section, the residual term J:

Lemma 4.1. For all i > 1 and k > 0, there exists two constants c,,cp such that if
s<tell,

n ]_ ]_ K 71—~
[t = Jis s, , < cy{(2n)6 + (271)“_1} + {|t o e ] }

(NI = 7 );C5 (5. s By )] + NIO(IY = 17" ); CE (s, i By |

n C. t_S il - n il
198 = T2 N, < st + il = o NIF = 57):CE i )

Proof. Going back to the notation of Subsection 3.1, we decompose JY, — JY. as
= T = [T = | 4 R
with, if s =t} and t =1},

1-2
U
Rfs T Jtzlnfl + Z Stt?ﬂ J’glﬂt?'
i=k
To handle the term into brackets, we use the same arguments as in the proof of Lemma
3.2, which yield here

,Hn nvnn o~
A P R i e

[N = 7)€ ([, i By o)) + NO(Y = 1 ): 4 ([5.11: B,)] }
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and
1T = T8 s, < e [t = sIPNTS(TY = T ) CE ([, t]n; By))-

Then it suffices to observe that

o n ]
”R?SH HBp— lL T {|t tl 1}+Z‘tz+l_t }_én)ﬁ

and

IRE 5,0,

1+1} o CT)M < Cyy { (2};)5 + (271;“—1 } : (57)
U]

Lemma 4.2. Set ji :=inf(y +~/,37v). Then for all s <t € 11",
NI = J7); CE ([, thns By)] < CysuN Ty — 95 Q([s, ), (58)
NI = 7). C3 ([, T By p)] < €y Ny = 47" Q([s, 1) (59)

Proof. (58) is a consequence of the decomposition (39). Indeed, one has for instance, if

Ny == NTy: €] ([0, 1]: B,)] + Ny; €2([0, 1]; B,y )]
1 (s +7(0y)us) = fi(ys) = fi(ye +7(0y")us) + fi (W) |13,

1
< WAdﬂW@ﬁWWMM%ﬁW£+W@fMH@MJm

1
i [ 695 — 5l
0

IN

1
Ny |u — S|”/ dr'||(ys + 17" (0y)us) — (W5 + 77" (0Y" us) | 5o
0
+cplu—s|" Ny —y"; Q(I)]
< cpw, lu—s|" Ny —y™; Q(1)],

where we have used the continuous inclusion By, C B. As for (59), it suffices to
observe, with the expression (38) in mind, that for instance, due to the assumption (A2)
and the control (4), one has

||X;l<fz(yu) - fi(yZ))HBﬂﬂ’p
< et — s/ 1 filw) = D,

1
Scwf4W/mﬂwﬁM%—%M%—wmw
0
1
S(HFﬂW%—WMQMdWMMWM—%WmP
0
< CafNy Ny [t = 8T Ny =y Q(I)]
< copn |t — s Ny — 7 QUI)], (60)

where, to get the last estimate, we have appealed to the uniform control Nyn < ¢ 7.4
established in the proof of Theorem 2.10. O
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Proof of Theorem 2.11. Let 17 <1 € IT". Write
3y — ") = X5 [fils) = Filu)] + X5 [Figlys) — Fy)] + [T — 2
and use the two previous lemmas to deduce first

Ny =y CU ([0, T1]wi By)] < €y TIN Ty — 3 Q([0, 1)) +

Cy

@)

and secondly

Ny =y G0, T1lw; By p)] < ey s TINTy — 35 Q([0, T1]10)]

+ L,

C .
Y (Qn)a (2n>,u,—1
Then, since K, — K\ = X7 [Fi;(ys) — Fy(y™)] + [st — Jgj} , one has

Cy

NIEY = K5 C7([0, Tilws By)] < ey TIN Ty — 4™ QU0 Ta]lw)] + (27

and we have thus proved that

1 1
Ny =y Q0. T1])) < g g TNy — 4™ Q0. 1)) + ¢ { i } |

Choose Ty such that ¢, , ;77 = & to obtain
1 1
— ™ Q([0, T1]n)] < 2¢, :
N[y Y aQ([[ ) 1]] )] > 26y, { (Qn)g + (271)“_1}
By using the same arguments on [kT7, (k + 1)T1],, we get

1 1
N[y — y"’ Q([[le; (k’ + ]-)Tl]]n>] S 20; { (277,)5 + (2")#‘1 } + Ca:,nyle — yZTl ||B’y’,p’

and it is now easy to establish that

n 4 " 1 1
Ny =y €1 ([0, 1 Bp)] + Ny =y € ([0, 103 Byrp)] < €y { @ Ty
(61)
This inequality clearly proves the uniqueness of the solution and therefore, it enables
us to identify y with the solution constructed in Section 3. This identification allows
in turn to choose p and € as in Proposition 3.4 and to assert that N, < ¢, ry, which

completes the proof.

O

5. CONTINUITY OF THE SOLUTION

It remains to prove Theorem 2.12. In accordance with the statement of this result,
we suppose that p > n and that Assumptions (Al), (A2), (X), and (F)3 are all satisfied.
We fix v/ € (1 —v,7 + 1/2) and the two initial conditions 1, € B, . We denote
by X = (X%, X% X (resp. X = (X%, X%, X**)) the path constructed from (z,%x2)
(resp. (Z,%?)) through Definition 2.2. With this notation, we define y™ as the path
described by the scheme (35) and ¢" as the path obtained by replacing (¢, X*, X*%)
with (1&, Xz, X“) in the latter scheme.
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Besides, we define J and K by replacing (X*, X**) with (X%, X %) in Formulas (15) and
(16). For the sake of clarity, we also set J" := J¥", K" := KY" J":= J¥" K" = KV",
and as in the previous section, we introduce the intermediate quantity

Nly" = 7" Q([s. )]
= NTy"=§"; €] ([5, s B)I+NTy" =35 C ([, s By p)JHN K" = K™ C5 ([, 13 By)].
Remember that owing to the results of Section 3, we can rely on the uniform control
Ny™; CA?([[Q n; By)l + Ny™; C?([[O, n; By p)] + NTK™; ng([[ov 1n; Bp)] < caps

with an equivalent result for 3". The proof of Theorem 2.12 now leans on the two
following lemmas:

Lemma 5.1. For all it > 1 and xk > 0, there exists a constant ¢ = c . such that if
s<tell,

1= Tl < el = s+ 1= s}

(NI = T7): € ([, i By )] + MO = T €[5, 11: B,)] }

and

1T = Tills, < elt = s/" NS(I" = J"); C5 ([s, thns By)]-
Proof. 1t suffices to follow the lines of the proof of Lemma 3.2. O
Lemma 5.2. Set ji :=inf(y ++/,37v). Then for all s <t € 11",

NI = Yol 1 B,)] < €z (N — 77 Qs A1) + e~ %0} (62)
and

NI = T");:C3([5, ] Byrp)] < oz {N[y” — 7" Q([s,t]n)] + [Ix — ﬁllv} . (63)

Proof. This is the same type of arguments as in the proof of Lemma 4.2. For (62), resort
to the decomposition (39) and notice for instance that

1 1
Xz ( [ e stz +600) K:zs) _ Xz ( [ ar i+ 650 K:s) s,
0 0
< |l X5 = X e sl K, + 1 X0 28,.8,)

1 1
|| / dr /(7 + 1 (0y")as) - KT — / dr /(5 + (05" )as) - K7 s,
0 0

ot — 8|7 I = %||, + ez |t — ul”

{H [ Utz + 69700 = £+ 67700 Kl

IN

1
[ e a0 - K2~ K,
0

< Gaplt = s Ix =%y + Gy 1t = s Ny = 5 (s, 1),

where we have used the continuous inclusion B, C B. (63) can be proved likewise,
with the same kind of estimates as in the proof of (60).
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O

Proof of Theorem 2.12. By following the same procedure as in the proof of Theorem
2.11, we first deduce

Nly" =" Q([0, To])]
<o ATINE = 7 QU0 Tl + 19 = dlls,,, + x — %[, }.

Indeed, one has for instance, if 0 < s <t <75,
X5 Lfiy) = fi@)ls, < calt = | llyd = 52 ls,
o |t = s {18 = ™) aolls, + 14 = dls,,, }
< colt— sl {TINT" — 7 Q0. T + 1l = Gl }

Then we take Ty such that ¢!~ -T) = I so as to retrieve
x7x7¢7¢ 2

Ny = 7 QU0. Za))) < 2!, o {llv —dlls,, + I~ 1.}
Repeating the procedure on [Ty, 275], (275, 315],..., leads to the uniform control
Ny = 5" C1 ([0, 1]0: By)] + Ny — ™ CY([0, 1]n; By )]
< oapi {10 = Dls,, +IIx =%l } . (64)

To conclude with, let us introduce, for all s < ¢t € [0, 1], two sequences s, < t, € II"
such that s,, decreases to s and t,, increases to ¢, and write (for instance) successively

||5(y - g)tSHBp S ||5(y - g)tthBp + ||6(y - g)tnanBp + ||S(y - g)snSHBp’

The control (64), together with the approximation result (61), then provides (29).

IN
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6. APPENDIX A: A USEFUL ALGORITHM

We give here the description and an analysis of the algorithm used in the proofs of
Lemmas 3.2, 4.1 and 5.1.

Consider a generic partition {0,1,2,..., N}. We remove the inner points of this partition
({1,2,...,N — 1}) one by one according to the following procedure (see Figure 1):

e At step 1, we successively remove, from the right to the left, every two points, starting
from N (excluded) until 0 (also excluded). Then, still at step 1, we take off the point
of the (updated) partition between 0 (excluded) and the last removed point, if such a
middle point exists.

e We repeat the procedure with the remaining points (steps 2,3,...) until the partition
is empty.

We denote by:
e M the number of steps necessary to empty the partition.
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° (km)me{l 77777 ~n—1} the sequence of successively removed points.

e it the point of the partition (at 'time’ m of the algorithm) that follows k,, (when
reading from the left to the right), k.. the point that precedes it.

e A, the total number of points that have been taken off at the end of step r. We
also set Ay := 0.

klg k? kl
Kk kKKKt KKKk k——k——k—+—k—
+ - +
k2o K Ky Fas Ky ka0
e L
k34
I 7 7 } X } X } X |
k36
: X : X |
k37
: X |

FIGURE 1. The algorithm for N = 38. Each line corresponds to one step.
Thus, M =5, Ay =19, Ay =29, A3 = 34, A, = 36.

Lemma 6.1. For every r € {0,1,..., M},

27"
<1 and 2M-1 < N < 2M+1,

OgAT—N(l—i)<1.

In particular, ’Ar — A — QET

Proof. This stems from a straightforward iteration procedure based on the formula
A1 = A+ L%J, re€{0,1,..., M — 1}, where |.| stands for the integer part. [

Proposition 6.2. Suppose that > 1,0 <+ <1 and k > 0. Then

M—-1 k* : ad 1 Ay k+—’
DA e X o] R e 69
r= m=Ar_1+

for some finite constant c, , . independent of N.

Proof. Actually, we use the following explicit expressions: at step r (r € {1,..., M —1}),
if N — A,_; is even, one has, for every m € [A,_; + 1, A, — 1],

k=N —2"(m— A,_,) + 2, (66)
ko =N —2"(m— A,_,), (67)
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and k} = N —2'(A, — A1) + 2", k; = 0, while if N — A,_; is odd, Formulas
(66) and (67) remain true for m € [A,_y + 1,4, — 1], but k; =0, k} =k} |, =
N —2"(A, — A,_1 — 1) + 2". From these expressions, we first deduce

M-1 - K M—1 K
ka1 1 2M
1_ r—1 - 27‘/{< 1 I <2

according to Lemma 6.1. Then, if N — A,_; is even, one has

Ap

DR TRt
m=A,_1+2 N
Ar—1 A~ A
r k|7 Bt
= > [1--= }k;—km\“r‘l—ﬁ k5|
m=A,_1+2 N N
2T(M—’Y') Ar=Ar 12 . kX -y }
= = Som )1— 2k
m=1
oryu—y' )
< & N)—v (A, — Ay —2)'
(27)™ . ) )
+w(f4r — A = 1) (N=2"(A, — A, — 1))
(2 o, @) .
S C:O;IW(AT - Ar—l - 2)1 v + N_'Yl (N -2 (A’r - Ar—l — 1))“

since A, — A,_1 > 2. In the same way, if N — A,_; is odd, one has

' k| _
>ooji- Ik =k
m:Ar71+2
or\u—' .
> C,?/ ( ]\f)'y/ (Ar — Ar—l — 2)1 v
(ZT)_,Yl —' r
oy (A= A = 2T (N = 27(A - A - 2))
(2 o, "
< T S o 2)'77 + oy (N =24 = A = 2))

since, in that case, A, — A,_1 > 3. Thanks to Lemma 6.1, we now easily deduce

1 M—1 Ay k+ —' C3 M—1 64 M—1
m + —|H o m\pu—1 [ r\p—
WZ Z 1_W ‘km_km = Nu—1 2(2 )" +Nuf“/’ Z<2 )T < cuy
r=1 r=1

r=1 m=A,_1+2

U

7. APPENDIX B

This section is devoted to the proof of Proposition 2.9. To this end, we will resort to
the two following lemmas, respectively borrowed from [15] and [1]:
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Lemma 7.1. Fix a time T > 0. For all o, > 0, p,q > 1, there exists a constant c
such that for every R € Co([0,T7; Bap),

NIR: CE(10,T): Bay)] < Vs 40 (R) + NIOR: G0, T): By

q 1/q
RUU

/ IRyl ”Bag dudv| .
0<u<v<T \ |V — ul

Lemma 7.2. For every p > 2, the Burkholder-Davies-Gundy inequality holds in B,. In
other words, for every T' > 0, if B is a one-dimensional Brownian motion defined on
complete filtered probability space (2, F, P) and H is an adapted process with values in
L*([0,T); B,), then for any q > 2, there exists a constant ¢ independent of H such that

([ v, du)ml | (68)

Proof of Proposition 2.9. On the whole, this is the same identification procedure as in
the proof of Proposition 2.8. The only difference lies in the fact that the direct estimates
of the integrals under consideration will here be replaced with a joint use of Lemmas 7.1
and 7.2.

We denote by y the (It6) solution of (24), with initial condition ¢ € B, ,. Let us fix
v € (1/3,1/2) such that v+n > 1 and 2y > 7. If one refers to [16, Theorem 1], one can

where

Uﬂ,q,avp(R) =

]SCE

sup H
0<t<T

assert that y € C)([0,1]; B,,) a.s, and one even knows that sup,c( ) £ [HythB } < 00
for every ¢ € N. Then, since (5y s = f St dz!, fi(y.), one has, thanks to Lemma 7.2,

t q/2
E[H / smdxzfxyu)n%p} < (/ HStufz'(yu)H?sde) ]

t
< et — S|q/2_1/ E [Hstufz(yu)”?’j‘p] du
S C|t _ 8“1/27 (69)

and consequently, with the notation of Lemma 7.1,

o] < (J] B (160nlt]
2 uav
a0 Y N O<u<v<1l |V — u|w+2

1/q
<// v — u|q(%—v)—2 dudv) < 00
0<u<v<1

by picking ¢ > 1/(3 — 7). Together with the result of Lemma 7.1, this yields y €
C7([0,1]; B,) a.s.

As far as K is concerned, we already know that 6KY = X =15(fi(y)), which leads to
OKY € C3([0,1);B,) as. Then, from the expression Kf, = [ S, dzl 6(fi(y))us, we

IN
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deduce, as in (69), E [HKE”SH‘;SP] < ¢t —s]?, and accordingly, thanks to Lemma 7.1,
KY€ Cy(0,1];B,) as.

Finally, for JY, we first lean on the decomposition (39) of 5JY to assert that §JY €
C37"([0,1]; B,) a.s. Then we appeal to the expression of J¥ that we have exhibited in
the proof of Proposition 2.8, namely Jf, = [’ Sy, da, M with M’ given by (28), to
show that [HJgquBp] <clt- S\q(%”). Together with Lemma 7.1, these results clearly
provide the expected regularity, i.e., J¥ € C5([0,1]; B,) a.s, with =~ +n > 1.

The control of the regularity of JY as a process with values in B, , stems from the same
reasoning. Indeed, we first deduce from (38) that 6JY € CJ([0,1];B,,) a.s, since for
instance || X" fi(yu)llB,, < Cofylt —u|” and

x,1 i Qv (p— L
X5 (027 )us iy ()|, < calt = 81772 | Fj(w)llgy ) < gy It — 517
We can then write JY as J/, = fst St dxt §(fi(y))us — Xff’ijFij(ys) to easily derive

E [HJtyquBn’p] < Capy |t —s|%, and hence J¥ € CJ([0,1]; B,,) a.s.
U
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