N
N

N

HAL

open science

Penalisation techniques for one-dimensional reflected
rough differential equations

Alexandre Richard, Etienne Tanré, Soledad Torres

» To cite this version:

Alexandre Richard, Etienne Tanré, Soledad Torres. Penalisation techniques for one-dimensional re-
flected rough differential equations. 2019. hal-01982781v3

HAL Id: hal-01982781
https://hal.science/hal-01982781v3

Preprint submitted on 15 Nov 2019 (v3), last revised 1 Sep 2020 (v5)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01982781v3
https://hal.archives-ouvertes.fr

Penalisation techniques for one-dimensional reflected rough differential
equations

Alexandre Richard* Etienne Tanré T Soledad Torres *

November 15, 2019

Abstract

In this paper we solve real-valued rough differential equations (RDEs) reflected on an irregular bound-
ary. The solution Y is constructed as the limit of a sequence (Y ™), en of solutions to RDEs with unbounded
drifts (1n)nen. The penalisation 1, increases with n. Along the way, we thus also provide an existence
theorem and a Doss-Sussmann representation for RDEs with a drift growing at most linearly. In addition,
a speed of convergence of the sequence of penalised paths to the reflected solution is obtained.

We finally use the penalisation method to prove that the law at time ¢ > 0 of some reflected Gaussian
RDE is absolutely contiuous with respect to the Lebesgue measure.

Key words: Reflected rough differential equation; Penalisation; Gaussian noise; Skorokhod problem.
MSC2010 Subject Classification: 34F05, 60G15, 60H10.

1 Introduction

Solving (stochastic) differential equations with a reflecting boundary condition is by now a classical problem.
For a domain D C R®, a mapping ¢ : R® — R°*¢ an initial value yo € D and an R%valued path X =
(Xt)te[o,r) sometimes referred as the noise, this problem consists formally in finding R°-valued paths (Y;):c[o,7]
and (Ki)sejo,7] such that vVt € [0,T7,

t
Y; =yo+/ o(Y) dX, + K,
0

Y, € Ev |K|T < 09,
t t

K], = / 1(x.copy dIK|, and K, = / n(X,) d|K].,
0 0

where |K|; is the finite variation of K on [0,¢] and n(x) is the unit inward normal of 0D at z. If X is a
Brownian motion and the integral is in the sense of It6, this problem was first studied by Skorokhod [29],
and then by McKean [25], El Karoui [11], Lions and Sznitman [23], to name but a few. For this reason, it is
called the Skorokhod problem associated to X, o and D (see Definition 2.4).

In the last few years, this problem has attracted a lot of attention when the driver X is a S-Holder contin-
uous path: in the “regular” case § € (%, 1), existence of a solution has been established in a multidimensional
setting by Ferrante and Rovira [14] and uniqueness was then obtained by Falkowski and Stominski [13]. In
that case, the integral can be constructed by a Riemann sum approximation and is known as a Young integral
[33]. Extensions of these results to the “irregular” case 8 < 1 can be handled with rough paths. We recall
that this theory was initiated by Lyons [24] and for a (multidimensional) S-Hoélder continuous path X and
o a bounded vector field, it provides a way to solve the equation dY; = o(Y;) dX;, where X = (X,X) is
the path X with a supplementary two-parameters path X (in fact higher order correction terms such as X
are needed if § < %, but we shall assume g > % for simplicity). Solutions will be understood here as an
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equality between Y; and yo+ fg o(Ys) dX when this integral is defined in the sense of controlled rough paths
[16, 19] (alternative approaches include the original definition of Lyons [24], the one of Davie [7] and Friz and
Victoir [18]). Existence of solutions of reflected RDEs with 8 € (1, 1) was proven by Aida [1] and Castaing,
Marie, and Raynaud de Fitte [6] under slightly different conditions. While Deya, Gubinelli, Hofmanova, and
Tindel [8] proved uniqueness for a one-dimensional path reflected on the horizontal line. In those works,
the existence is obtained through Wong-Zakai or Euler-type approximations, assuming that the boundary is
either a convex or sufficiently smooth set, or a hyperplane. On the other hand in the Brownian setting, the
reflected solutions have often been constructed by a penalisation procedure (see in particular [12, 23, 31]).
The present work extends for the first time this classical technique to rough paths, which allows to cover the
case of irregular boundaries.

We focus on one-dimensional (e = 1) solutions to rough differential equations which are reflected on a
moving boundary L : [0,7] — R, where the driver is a d-dimensional rough path X with Holder regularity
RS (%7 1) (note that by a slight abuse of notations, we may use X for X and the vocabulary of rough paths
even in the smooth case). It is proven that this problem has a unique solution, extending the result of [8] to
a moving boundary. The existence is obtained with the following sequence of penalised RDEs:

t t
Y = yo + n/ (Y — Ly)_ ds —|—/ o(Y]) dX,. (1.1)
0 0

For technical reasons, the drift function n(-)_ will be replaced by a smooth function ,, with at most linear
growth, the interpretation remaining that of a stronger and stronger force pushing Y™ above L. But unlike
classical ODEs and SDEs, solving RDEs with unbounded coefficients is known to be tricky [2, 21, 22].
However, in case only the drift is unbounded (smooth and at most linearly growing) and o is smooth and
bounded, Riedel and Scheutzow [28] proved the existence of a semiflow of solutions. Inspired by a result
of Friz and Oberhauser [15], we propose an alternative approach. We prove in Proposition 3.1 that any
RDE with a drift having a bounded derivative has a unique global solution, which has a Doss-Sussmann—
like representation [10, 30]. This last property turns to be extremely useful as it allows to transport the
monotonicity of (¥, )nen (¥n < ¥ni1) to the penalised solution, leading to Y™ < Y"1, We are then able to
prove the uniform convergence of Y and K := [/ 1, (Y)" — L) ds to Y and K, which are then identified
as the solution to the Skorokhod problem described above. This reads (recall we assumed e = 1):

t
Y: = yo +/ o(Ys)dXs+ Ky and Y, > L, Vte[0,T], (1.2)
0

and the non-decreasing path K increases only when Y hits L. In addition, we obtain a rate of convergence
in the previous result: the uniform distance between Y™ and Y is at most of order n~”. Up to a logarithmic
factor, this result extends the optimal rate obtained in the Brownian framework by Stominski [31]. Interest-
ingly, our proof provides a new application of the rough Gronwall lemma, of [9].

Besides, when X is a Gaussian rough path, the convergence of the sequence of penalised processes also
happens uniformly in LY(Q2), v > 1, and a rate of convergence is obtained.

The penalisation approach is a natural technique to solve reflected (ordinary, stochastic or rough) dif-
ferential equations, and it also has fruitful applications to the study of the probabilistic properties of the
solution. As an example, we prove that if o is constant, if L = 0, and if the noise is a fractional Brownian
motion with Hurst parameter H € [%, 1), then at each time ¢ > 0 the law of the solution Y; is absolutely
continuous with respect to the Lebesgue measure on (0, 00). We expect to carry further investigations in this
direction to relax the assumption on o and to get properties of the density.

Organisation of the paper. In Section 2, a brief overview of rough paths definitions and techniques is
presented, followed by a set of precise assumptions and the statement of our main results. The existence
of solutions for RDEs with unbounded drift (Proposition 3.1) is presented at the beginning of Section 3
(the proof can be found in Appendix A.1), followed by the existence of a solution to the penalised equation
and some penalisation estimates. The proofs that lead to the convergence of the penalised sequence to the
reflected solution (Theorems 2.7 and 2.10) are contained in the rest of Section 3: first it is proven that Y™ and
K™ converge uniformly (we show monotone convergence of Y™ towards a continuous limit), then that Y is
controlled by X in the rough paths sense, which permits to use rough paths continuity theorems to show that
Y and K solve the Skorokhod problem. In Section 4, we prove that there exists at most one solution to the



one-dimensional Skorokhod problem with moving boundary (Theorem 2.6) and then we prove Theorem 2.8
(and its probabilistic version Theorem 2.11), which gives a rate of convergence of the sequence of penalised
paths to the reflected solution. In Section 5, after recalling a few facts concerning Malliavin calculus and
fractional Brownian motion, we prove that the reflected process with constant diffusion coefficient and driven
by fractional noise admits a density at each time ¢ > 0 (Theorem 2.12). Eventually, the a priori estimates
that are used in Sections 3 and 4 are stated and proven in Section A.2.

Notations. We denote by C' a constant that may vary from line to line. For k € Nand T > 0, CF([0,T); F)
(or simply CF) denotes the space of bounded functions which are k times continuously differentiable with
bounded derivatives, with values in some linear space F. If F and F are two Banach spaces, L(E, F') denotes
the space of continuous linear mappings from E to F. In the special case £ = R? and F = R, we also
write (R?)’ to denote the space of linear forms on R?. By a slight abuse of notations, we may consider row
vectors as linear forms and vice versa. In this case, if z € R%, the notation z” will be used for the transpose
operation. The tensor product of two finite-dimensional vector spaces F and F' is denoted by F ® F. In
particular, R? @ R¢ ~ R¥*¢ ~ M%¢(R) is the space of real matrices of size d x e.

Let f be a function of one variable, and define

Ofse:=fe — [s- (1.3)
The 2-parameter functions are indexed by the simplex Sy 71 = {(s,t) € [0,T]? : s < t} rather than [0,T]?.
If I is a sub-interval of 0,77, then S; = {(s,t) € I? : s <t}. For 8 € (0,1) and a function g : S 1] = F,
the Holder semi-norm of ¢ on a sub-interval I C [0,T], denoted by ||g|/g.r (or simply ||g|lg if I = [0,T7]), is
given by

lgllg.r = sup LAB.
(s,t)€ST (t - 8)
s<t

The B-Holder space C5 ([0, T); F) is the space of functions g : Sjo,7) — F such that [|g|ls < co. The 3-Holder
space C?([0,T); F') is the space of functions f : [0, T] — F such that [|§f||s < oo (hereafter || f||s will simply
be denoted by || f||z). With a slight abuse of notations, we may write g € C#([0, T]; F) even for a 2-parameter
function, and if the context is clear, we may just write g € CP.

Similarly, we also remind the definitions of the p-variation semi-norm and space. For p > 1, a sub-interval
I C[0,T] and g : Sjo,7) — F, denote by ||g||,,r (or simply ||g||, if I = [0,77]) the semi-norm defined by

m—1

||g||£,1 = sup Z |gti7ti+1 |p’
T =0

where the supremum is taken over all finite subdivisions © = (tg,...,¢,,) of I with tg <t; < - <t,, € 1,
Vm € N. We define V¥ the set of continuous 2-parameter paths g with finite p-variation, and V? the set of
continuous paths f : [0,T] — F such that ||§f]|, < oo (with the same abuse of notations, ||df||, will simply
be denoted by || f]l,)-

Note that we shall use roman letters (p, g,...) for the variation semi-norms and greek letters (a, 3,...) for
Holder semi-norms in order not to confuse || - ||, and || - |- When p = 1, we write || f||1-var to avoid confusion.

Remark 1.1. The space C® (resp. VP) is Banach when equipped with the norm f — |fo| + ||flls- (resp.
|fol + 1| fll, ). When this property will be needed, the paths will start from the same initial conditions, thus
we may forget about the first term and consider || - ||z (resp- || - ||p) as a norm.

Lastly, the mapping ¢,(z) = x V 2P, > 0 will frequently appear in upper bounds of control functions
that are used to control the p-variations of penalised and reflected solutions.

2 Presentation of the Skorokhod problem and main results

2.1 Notations and definitions on rough paths and controlled rough paths

In this section, we briefly review the definitions and notations of rough paths and rough differential equations,
gathered mostly from Friz and Victoir [18] and Friz and Hairer [16]. We also make precise the meaning of
the Skorokhod problem written in Equation (1.2).



For 8 € (%,%) (resp. p € (2,3)), we denote by X = ((Xt)te[O)T],(X&t)(s)t)eg[oj]) € CP(0,T]; R?) x
C?8([0, T); R ®@R?) (resp. in VP([0,T]; RY) x V3 ([0, T]; RY®@R?)) a rough paths, and denote by €0 ([0,T); RY),
or simply ‘Kgﬁ (resp. 7P ([0, T7; R%) and 7F) the space of geometric S-Holder rough paths (resp. p-rough paths)
with the following homogeneous rough path “norm”

IXll5 = 1X1l5 + /X2 (resp. [IXIl; = X7 + [IX]|Z)-

Hereafter, we use the notation X € ‘59/3 even if g8 > %, although the iterated integral X is irrelevant in this
case. This notation permits to present our results in a unified form. Our main results are expressed in Holder
spaces, but the p-variations play an important role in the proofs, due to the nature of the compensator
process K (which is non-decreasing and thus in V?).

For a geometric rough path X € %f ([O, T, Rd), one would like to give a meaning to the following equation:
dY; = b(Yy) dt + o(Y:) dXs. (2.1)

We choose here to formulate the problem in the framework of controlled rough paths. We recall it here for
the notations (see [16, Definition 4.6]).

Definition 2.1 (Controlled rough path). Let X € C?([0,T];R?) (resp. X € VP([0,T];R?%)). A path Y €
CA([0,T); E) (resp. Y € VP([0,T]; E)) is controlled by X if there exist a path Y' € CP([0,T]; L(R?, E)) (resp.
Y’ € V2([0,T); L(RY, E))) and a map RY € C2°([0,T); E) (resp. RY € VZ([0,T); E)) such that

V(s.t) € Sor, 0Yay = YIX, 0 + RY,.

The path Y is called the Gubinelli derivative of Y (although it might not be unique), and RY is a remainder
term. The space of such couples of paths (Y,Y") controlled by X is denoted by Cf((E) (resp. V% (E)).

Now if X is a geometric rough path, the rough integral of Y against X is classically defined by

T
[ v x = 2 Yirb¥ o, YK, 22)

where (7, )men is an increasing sequence of subdivisions of [0, 7] such that lim max(t]}, — ") = 0 and
m— 00 ?

0r =0, t" =T. The existence of this integral has been established by Gubinelli [19] for the Holder topology

(see also [16, Proposition 4.10]). For technical reasons related to the nature of the compensator term K,
which is clearly in V! but not so clearly Hélder continuous, it will be convenient (see Lemma A.1 and its
proof) to use a similar result in p-variation topology.

Theorem 2.2 (Friz and Shekhar [17], Theorem 31). Let p € [2,3). If X € ”f/gp([O,T];Rd) and (Y,Y') €
VE(L(RY,R®)), then the rough integral of Y against X ewxists (and the limit in (2.2) does not depend on the
choice of a sequence of subdivisions). Moreover, for any (s,t) € S, 1),

t
[ ¥ X = Ve X = VXt < Gy (Xt IR g o + XD ol o) - (23
S

Lastly, recall the following definition, borrowed from [18, Def. 1.6].

Definition 2.3 (Control function). Let I be an interval and recall that St denotes the simplex on I. A control
function is a map w : Sy — Ry which is super-additive, i.e. w(s,t) + w(t,u) < w(s,u) for all s <t <wel,
and continuous and zero on the diagonal, i.e. lim;_4_,ow(s,t) = 0.

For instance, if X € V?(I) for some interval I C [0,T7], then wx(s,t) = ||XH£ is a control function on Sj.

BER|



2.2 The Skorokhod problem

Having at our disposal a rough integral in the sense of Equation (2.2), we can give a meaning to Equation
(1.2), also referred to as Skorokhod problem associated to o and L, denoted by SP(o,X, L).

Definition 2.4. Let X € (fgﬁ([O,T];Rd). We say that (Y, K) solves SP(c,X, L), or that it is a solution to
the reflected RDE with diffusion coefficient o started from yo > Lo and reflected on the path L, if

(i) (Y,o(Y)) € V& and (Y, K) satisfies Equation (1.2), in the sense that both sides are equal, where the
integral [, o(Ys) dX, is understood in the sense of (2.2);

(i) Vt € [0,T], Yy = Ly;
(i4i) K is nondecreasing;
(iv) ¥t €10,T], fg(Ys — L;) dKs =0, or equivalently, fg gy, 20y dKs =0 .

Remark 2.5. In item (i), it is also possible to define solutions to reflected RDEs in the sense of Davie as
in Aida [1] and Deya et al. [8].

2.3 Main results
As an extension to a moving boundary of the theorem of [8], we have the following result:

Theorem 2.6. Let X = (X,X) € €2([0,T};R?) for some g € (3,1)\ {3}, let L € C*([0,T);R) with
a > 3V (1—p), and assume that o € C}(R,(R?)’). Then there is at most one solution to the problem
SP(o,X, L) with initial condition yo > Lg.

In particular, this theorem is crucial to ensure that the solution we construct does not depend on a choice
of penalisation.

Since the penalisation terms n(-)_ in (1.1) are not differentiable, we replace them by smooth non-increasing
functions v, such that

Wy, € C, ¢l € Cs° and ), < 0;
VYn € N, Yy eR, (—1+ny_)VvO0<y,(y) < ny_; (2.4)
wn gwn+1~

With these notations and assumptions, one can consider the penalised paths defined by

t t
Y = o +/ Gn (Y — Ly) ds+/ o(Y) dX,, te[0,T]. (2.5)
0 0

For each n € N, Proposition 3.2 will ensure that there is a unique solution to (2.5), understood in the sense
that the left-hand side of (2.5) equals its right-hand side with the last integral defined as in (2.2). This is
new since 1, is unbounded.

Theorem 2.7. Let X = (X,X) € ‘Kf([(),
o> 3V (1—-p). Assume that o € C}(R, (R
each n € N, Y™ denotes the solution to (2.

Then ((Yt”,fot Y (Y — L) ds)te[o,T]) y converges uniformly on [0,T] to (Y, K), the solution to the
ne
Skorokhod problem SP(o,X,L), and Y € C”.

J;RY) for some B € (5,1)\ {3} and let L € C*([0,T};R) with
"), that (Yn)nen satisfies condition (2.4), and that yo > Lo. For

NN

Furthermore, we obtain a rate of convergence of the sequence of penalised processes to the reflected
solution.

Theorem 2.8. Assume that the hypotheses of Theorem 2.7 hold. Then the penalised solution Y™ converges
to Y with the following rate, for some C > 0:

YneN* Vtel0,T], 0<Y,-Y"<Cn P



Compared with the Theorem 4.1 of Stominski [31] for reflected diffusions, we see that our result matches
the optimal rate, up to a logarithmic correction. However the result of Stominski [31] is in L”(€2) whereas
the previous theorem is pathwise. We will be able to close this gap partially in Theorem 2.11 when X is a
Gaussian rough path.

2.4 Main results for Gaussian-driven RDEs

In case X is a Gaussian process, several papers give conditions (see in particular Cass, Hairer, Litterer, and
Tindel [5]) for X to be enhanced into a geometric rough path. Cass, Litterer, and Lyons [4] also proved
that such conditions yield that the Jacobian of the flow has finite moments of all order (see also [5] with a
bounded drift).

Let (9, F,P) be a complete probability space, and let X = (X!,... X?) be a continuous, centred Gaussian
process with independent and identically distributed components and let R(s,t) = E (Xgth) denote the
covariance function of X!. Following Cass et al. [4], let

R( 24 ) =Bl - xbex - x)
be the rectangular increments of R. Then for r € [1, %), we might assume that R has finite second-order
r-variation in the sense

ti,t; "

1Rl 0,792 = | sup ZR( o > = (Hcor)

r=(t:) o Uil
ﬂl:(t;)

Under this assumption, X can almost surely be enhanced into a geometric rough path X = (X, X) and for
any o € (%, 217), X € €,'. Moreover, this assumption permits to obtain upper bounds on the Jacobian of the
flow of a Gaussian RDE, which shall help us to obtain convergence results in L7(€2) (Theorem 2.10).

Remark 2.9. A typical example of process satisfying (Hcoy) is the fractional Brownian motion (Bf)i>o.

We recall that for any Hurst parameter H € (0,1), (Bf);>0 is the centred Gaussian process with covariance

E (B/BI) = % (T + 27—t =), Vi, s> 0.

Such a process is statistically H-self-similar and increment stationary (e.g. for H = 1

5, this is a standard
Brownian motion). Most importantly regarding the theory of rough paths, if H € (%, %], its covariance satisfies
(Heoy) with r = ﬁ, so that it can be enhanced into a geometric rough paths. If H € (%, 1), then one can
solve differential equations driven by B in the Young sense (i.e. without needing to enhance BY ). Besides,

its sample paths are almost surely B-Holder continuous, for any < H.

Theorem 2.10. Let o € C2(R, (R%)), let () nen satisfy condition (2.4) and yo > Lo almost surely. Let X =
(X1,..., X% be an a.s. continuous, centred Gaussian process with independent and identically distributed
components, and let R be its covariance function. Assume that either X € CP([0,T];R?Y) a.s. and L €
CP([0,T};R) a.s. for some B € (3,1), or that:

e R has finite second-order r-variations for some r € [1, %), as in (Heov);

e and L € C*([0,T);R) a.s. for some a > 1— 3 and that E[||L[]2] < oo, for any vy > 1.

Then the conclusions of Theorem 2.7 hold in the almost sure sense and moreover, the convergence holds in
the following sense: ¥y > 1,

lim E [ sup |Y; -Y"|"| =0. (2.6)

n—-+o0o te [07T]

As a follow-up to the remark initiated after Theorem 2.8, one may wonder if a rate of convergence works
in L7(£2), so as to compare it with Theorem 4.1 of Stominski [31]. But observe that Theorem 2.8 is proven
through a Gronwall argument and the constant C' appearing there is thus of exponential form. Besides, the
p-variation norm of JX (the Jacobian of the flow of the RDE) appears in this exponential, and only has
sub-exponential moments [4, Theorem 6.5]. This explains the logarithm appearing in the following result.



Theorem 2.11. Assume that the hypotheses of Theorem 2.10 hold. Then for any v > 1,

E || suplog (n? sup |Y; — Y;’DP < 0.
neN t€[0,T)

The last result of this paper is a nice application of the previous penalisation technique and results, which
are used to prove the existence of a density for the reflected process when the noise is a fractional Brownian
motion. It is presented under simplified assumptions as the general case would be out of the scope of the
present paper and will be further investigated in a separate work.

Theorem 2.12. Let B be a one-dimensional fractional Brownian motion with Hurst parameter H € [%, 1),
and let b € C}. Let (Y, K) be the solution to the Skorokhod problem reflected on the horizontal azis

t
V20, Yi—got [ WY dst Kt B Yizo,
0

Then for any t > 0, the restriction of the law of Y; to (0,00), i.e. the measure [1iy,~0}P] o Y, !, admits a
density with respect to the Lebesgue measure.

Note that unless otherwise stated (mostly in Section 5), we will only consider the case 5 € (%, %) Indeed
if g e (%7 1), Young integrals can be used, which makes proofs easier.

3 Existence of reflected RDEs by penalisation

In this section, we will prove Theorems 2.7 and 2.10. The outline of the proof is as follows:

First, in Subsection 3.1, the solution of the penalised equation Y is expressed in Doss-Sussman form,
involving the rough path flow of some auxiliary process Z™. This is then used to prove that the sequence
(Y™),en is non-decreasing.

In Subsection 3.2, a general result about penalised differential equations (Lemma 3.4) allows to obtain, by
comparison of ODEs, an upper bound on Y which is independent of n (Lemma 3.5). This leads to the proof
of existence of Y as a pointwise non-decreasing limit, (Proposition 3.7).

To identify the limit Y as the solution to SP(o,X, L), we first derive a priori estimates on the p-variation
of 7(Y™) and RY") (Lemmas 3.8 and A.1). The reason the p-variation appears here instead of the Hélder
norm is explained in Subsection A.2.

In Subsection 3.4, we use these a priori estimates to deduce that [; o(Y,") dX, is uniformly (in n) Hélder
continuous (Corollary 3.9). By using again Lemma 3.4, it follows that ||(Y™ — L)_||cc — 0, and since this
term appeared in the upper bound on Y;* — Y (in Lemma 3.5), one now obtains that Y is continuous. By
Dini’s theorem, this implies that Y™ converges uniformly to Y (Proposition 3.11).

In Subsection 3.5, the uniform convergence and the a priori estimates of Lemma 3.8 are used to prove that
Jo oY) dX,, converges uniformly to [ o(Y,) dX,. Hence the penalisation term K™ := [ ¢, (Y]" — L) ds
also converges uniformly to some path K, which has the properties for (Y, K) to be the solution of SP(o, X, L).

3.1 Flow of an RDE and existence of a global solution to (2.5)

We aim at solving (2.1) with an unbounded drift b. Recall that the Doss-Sussmann representation (Doss [10]
and Sussmann [30]) provides the solution of an SDE with one-dimensional noise as the composition of the
flow of ¢ with the solution of a random ODE. However its multidimensional generalization requires strong
geometric assumptions on o (see [10]). Instead, Friz and Oberhauser [15] established a less explicit but similar
formulation in terms of flows, requiring that both ¢ and b are bounded with bounded derivatives.

Note that when the vector fields are unbounded (which is the case of 1), known counter-examples show
that global solutions of RDEs may not exist. Nevertheless, for an RDE with coefficient V = (V4,...,Vy) on
Re¢, there are several existence results (|21, 22], [18, Exercise 10.56] and [2]) but they are not applicable here.
However this general approach neglects the special nature of the drift term and its smooth driver “dt” by
considering it as any other component of the rough driver. On the other hand, Riedel and Scheutzow [28]
proved that under a linear growth assumption on b, (2.1) has a unique semiflow of solutions. Under similar
assumptions, we provide here a Doss-Sussmann representation of the solution.



Let B € (3,3), X € €7 ([0,T];R?) and o € Cj(R%; L(R%,R®)). Consider the RDE
dY; = o(Y;) dXy, (3.1)

and denote by (U’?i%())te[o . the solution started from yq, yo — Utxﬁ(’)o the flow of the solution, JtX;%O
Jacobian and JOX . the inverse of the Jacobian (note that Cj is enough for existence and uniqueness in (3.1)).
We know that the smoothness of the flow depends on the smoothness of o for any , yo — U;c¥ is Lipschitz
continuous and twice differentiable (see for instance [15, Proposition 3]). According to [4, Corollary 4.6],
J750 is uniformly (in (¢,0) € [0, T] x R) bounded by a quantity depending only on p = S, X ||,0,7) and
the so-called a-local p-variation of X (see [4, Definition 4.3]). We denote this upper bound by C¥.

The inverse of the Jacobian Joo', = (J;v7,)~" is also the Jacobian of the flow of the same RDE with X

evolving backward. Thus, as noticed in the proof of [5, Theorem 7.2], Jg(;'t is also bounded by C¥:

its

X X
sup max (1758 o 0.1, 15 o 0.71) < CF < o0, (3:2)
Yo R

Note also that with o € Cf, Jgit and JtX;'O are Lipschitz continuous, uniformly in t.
Besides, when X is Gaussian with i.i.d. components and satisfies (Hcoy), CF has finite moments of all orders
(|4, Theorem 6.5] and [5, Theorem 7.2]). As observed in [5, Section 7], Jov* satisfies the following linear

—-
RDE, for any fixed z:
AT, =AML,

where M depends on the flow Utﬁ%. If e = 1 (recall e is the dimension of the space in which y lives), it is
thus a consequence of the fact that Jgizo = 1 and of the uniqueness in the previous equation that Jg(ft >0
for any z € R and any ¢ > 0. Hence it follows from (3.2) that

VzER, Ji > (CH)7I(>0). (3.3)
Proposition 3.1. Let d,e € N*. Let o € C}(R°, L(R% R®)) and assume that
be CHR,R®) and Vb e Cp(R%,R**).

Let 5 € (%, 1), and let X € Cfgﬁ ([0,T),R%). Then for any initial condition yo, there exists a unique (Y,Y') €
Cg such that' Y solves Eq. (2.1) on [0,T] in the sense of controlled rough paths, and Y' = o(Y). Moreover,

— X;Zy
Vi =Uis . , t€10,7],
Zy =yo+ [, W(s, Zs) ds

where
Wi(t,2) = 2 b (Ufig) . (t,2) €[0,T] x RE.

The proof is postponed to the Appendix A.1. The idea is to derive first the local existence and a Doss-
Sussmann representation on a small time interval. Global existence is then achieved by stability of the ODE
in the Doss-Sussmann representation. This extends a result of Friz and Oberhauser [15] to unbounded drifts.

As a consequence of Proposition 3.1 and up to a slight adaptation due to the boundary term L, there is
a global solution to the penalised RDE (2.5).

Proposition 3.2. Let ¢ € C}(R;(R?)), n € N, and 1, satisfying (2.4). Let B € (3,3), let X €
%gﬁ ([O,T],Rd) and let (Lt)iepo,1) be a barrier in C*([0,T],R), with a > 1— . Then for any initial condition
yo such that yo > Lo, there exists a unique (Y™, Y"') € Cf( such that Y™ solves Eq. (2.5) on [0,T] in the

sense of controlled rough paths, and Y™ = o(Y™). Moreover,

Yr = X;zy
t T e , t€[0,T], (3.4)
Zgl :y0+f0 Wn(st;l) ds

where
Wn(t,2) = J5% 4, (Ufig - Lt) , (t,2) €[0,T] x R.



Remark 3.3. o The path o(Y™) is controlled by X and its Gubinelli derivative is o'(Y™)o(Y"™) (¢o'(y)
is an element of L(R, L(R?,R))). In particular, RV € C?2([0,T], (RY)) (see [16, Lemma 7.3]).
e For 3 > %, our assumptions on the coefficients meet those from [20] and thus there exists a unique
solution to (2.5). Moreover, the previous Doss-Sussmann representation holds also true by a simple
application of the usual chain rule for Young integrals.

Proof. For y € R2, define by, (y) = (¥n(y! — y2),0)7, where we used the notation y = (y*,y%)7 € R2. In

P
U(g ) (1) ), so that & € Cy (R?; L(R?,R?)). Finally, since o + 3 > 1, let

X e ‘Kgﬁ be the Young pairing of X and L (see [18, Section 9.4]). Proposition 3.1 ensures that there exists a
unique solution Y™ € C#([0, T]; R?) to the following RDE with drift

the same way, define o(y) =

AY;* = b, (V) dt + (Y, dX,.

Since Y™ corresponds to the first component of Y™ and (Y™ L) is controlled by X , it is not difficult to check
that Y™ is controlled by X (with Gubinelli derivative o(Y™)), and the result follows. O

3.2 Existence of the limit path

The following result will be used several times in the sequel. It gives uniform estimates for solutions of
integral equations with drift coefficient v,,. The proof is postponed to the Appendix.

Lemma 3.4. Let ¥ > 0, £, (¢g")nen be continuous functions such that g = 0, and assume that for each
n €N, f is a solution to:

=g+ (= 0,) du, VEe[0,T],
1o = fo = Lo.

(i) Then for all t € [0,T],

Vn €N, [6f3, — 6bo. < V269" — 6lo,.|loc, 0.4

(ii) Let B € (0,1). If £,(¢")nen € CP([0,T],R) and f§ > Lo, then
VEe [0,T], YneN, ¢, (f" —£4,) < U, (8 4 wi=F)pt=~F
where U,, = C(||C]|g + |lg™[|g + 3T P).

We now propose a comparison result. Jointly with the Doss-Sussmann representation (3.4) and Lemma
3.4, it will imply the existence of Z and Y as pointwise limits of (Z") and (Y") (Proposition 3.7).

Lemma 3.5. Let n € N and Y be the solution of (2.5) given by Proposition 3.2. Recall that Z™ is the
solution of the random ODE in (3.4).

(i) There exists C > 0 which depends only on o, 3,T such that for any (s,t) € Sjo 71,

1
Z;L < ZZI < Z? +C 03( <(|”X|”B,[O,T] \ |||X|||§,[07T])(t - S)ﬁ + sup |Lu - LS| + (st - LS)> .

u€[s,t]

(i) There exists C' > 0 which depends only on o, 3,T such that for any (s,t) € Sjo, 11,

1
Y Y2 < C(CF) (uxnﬁ,m,ﬂ VXIS ) (= $)* 4+ sup Ly — Lyl + (Y — Ls>_> .

w€ls,t]



Proof. For any s € [0,T), define ( t<_s)te[s 7] as the solution of the following (random) ODE:

ZZ—& - stl +OJ / ’l/)n ( u(—OuHS - Lu) du, te [S,T].

In view of (3.2), there is W™ (t,2) < C’Xwn( .o — L), and by the comparison principle for ODEs, it follows
that Z7 > Z". Observing that

t<—s
. T
Uvu<—0u(_g = [Ju<—0e + U M_e Uvu<—()g = Uu<_0 +~/Z J <_O dz

> U <—O + (CJ) ( U+—s Zn)

where the last inequality follows from (3.3), it comes that

Zico< 72+ OF [ 00 (V5 + @) Ficu - 20~ 1) du 1€ s T)

As the solution of an RDE, there exists C' > 0 depending only on 3 such that U; ;%0 satisfies (see [16,
Proposition 8.3]):
)V (ol

1080 < ¢ { (Iol )"} = Caxs (55

It follows that for any t € [s, T,
t
Ziy 2224 CF [ n (V7 = Coxalu— ) + (€N B, ~ 22) - L) du
t
<20+ X [ n (<0 = L= = Coxlu— o) 4 (€)M (Ze s~ 22) = (Lu -~ L)) du

For each s € [0,T), consider now the solution Z, _ of the ODE

Ziea =00 = L) = Caslt =+ [ b0 (B = (B = 1) du, 1€ s.T]

It satisfies, for all t € [s,T], Zy, , > —(Ys” —Ly)_ —Cox.p(t—s) +(CF)"1(ZI_,— Z™) (by the comparison
principle of ODEs). By Lemma 3.4, . satisfies:

|7:;5 + (Y — L) — (L — Ls)| < V26 (Ca,x,ﬁ(t — s)’B + sup |L, — LS|> , Vtel[s,T].

u€[s,t]
Hence the previous bound yields, for any s € [0,T) and ¢ € [s, T,

Zn < Z?eg < Zn + CJ ( tes T (st - LS)* + CU’X,B(t - 5>B) ’

and this bound implies easily (i).
The second assertion (ii) is now derived using the inequality below, (i) and (3.5):

Y=Y < sup U 15,10,y — 9)7 + CF| 27 — 271.
Yy

O

Remark 3.6. In the previous proof, we did not estimate directly the Hélder reqularity of fo s<—0 ) dXs,
since a standard a priori estimate would depend on n. This question will be treated in the next subsection.

Proposition 3.7.
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(i) Let the notations and assumptions of Theorem 2.7 be in force. Then the sequences of paths (Z™)nen
and (Y™ )nen defined in (3.4) are nondecreasing with n. Besides,

sup sup |Zj'| < +oo0 and sup sup |Y}'| < +oo.
neN¢€[0,T] neNt€[0,T]

(i1) Now let the assumptions of Theorem 2.10 be in force. Then the previous conclusions hold in the almost
sure sense and moreover, for any v > 1,

E lsup sup |Z]]Y < 400.

neNte[0,T)

< +o0o and E|sup sup |¥*|”
neNte[0,T)

Proof. (i) In view of (3.3) and the fact that 1,, < 4,1, it follows from the comparison theorem for ODEs
that Z" < Z"t1. Besides, the mapping z — U is increasing since its derivative is J;>'5 which, similarly
to (3.3), is positive. Hence Y < YT,

Moreover, applying Lemma 3.5(i) with s = 0 yields

20 < yo+C CX <<|X|||ﬂ,[O,T] VKIS o, 2p)2° + sup
ue |0,

|Lu - LO|> , te [OaT] (36)
[0,2]

Besides, since Z" is non-decreasing, it follows that Z;" > yo, hence sup,,cysupcjo,m) |Z}'] < 400. To prove
the second part of claim (i), we apply Lemma 3.5(ii) with s = 0 to obtain

1
Y < |yl + C (CF)? <(|||X|||B,[0,T] v |||X|||§,[0,T])tﬁ + Sl[l()pt] | L — L0|> : (3.7)
ue|0,

(#4) Now if X is a Gaussian process satisfying the assumptions of Theorem 2.10, it suffices to use (3.6)
and (3.7), as well as the following estimates: for any v > 1,

E[IXII}0m] < o0 E[CF)] <00 and E[ILI}m] < oo (3.8)

where the first bound is a classical consequence of Kolmogorov’s continuity theorem (which follows from
(Heoy) for any 8 < 3-), the second one is [4, Theorem 6.5] and the third one was an assumption in Theo-
rem 2.10. Then Claim (%) holds true. O

3.3 Uniform (in n) a prior: estimates on the sequence of penalised processes

For any p > 1 and any = > 0, recall that ¢,(z) = 2 V 2P, and define the control functions

V(s,t) € Sy, Rx(s,t):= H|X|||§,[s,t]’

Kx,kn(s,t) == Kx(s,t) + (6K7,)"

where
t
Kr = / Un(Y — L) ds, Vit € [0,T], (3.9)
0

denotes the penalisation term in (2.5).
We now obtain estimates on Y and R°®Y") which are uniform in n. These will be crucial in the limiting
procedure that leads to the proof of Theorem 2.7.

Lemma 3.8. (i) Under the assumptions of Theorem 2.7, one has

0 := Slélé (||U/(YH)U(YH)||p,[0,T] + ||RU(YTL)||g,[0,T]) < 00. (3.10)

(it) If in addition, the assumptions of Theorem 2.10 hold, then E(07) < oo, for any v > 1.

11



Proof. This proof relies strongly on the a priori estimates obtained in Lemma A.1. Notice that this lemma
applies here since we have established in Proposition 3.2 that Y™ is controlled by X. Hence by Lemma A.1(i),
one gets that for any (s,t) € Sy 1,

HY"HP 5 SC o (Kx k7 (8,1)) (3.11)

for some C' > 0 that depends only on p and o.
Now from Lemma A.1(ii), one gets that for any (s,t) € Sjo,7} such that |t — s| < dx,

||RG(Y”)H5,[S,t] S C K‘/X7Kn (S,t)

Then for any (s,t) € Sy 17,

Y™y e Y™y e
RO Ly =  sup SooriGE S RGN
m=(t:)Cls: tit1—t;<x tip1—ti>0x
< C Kx,gn(s,t)+  sup S rIGE (3.12)

m=(t:)Cls.t] tit1—t;>0x

By a standard rough path procedure, one gets that

3p_2
o(Y™), 2 t—s 2
S IR () T (e 0+ IXI )

é
tip1—t;>0x X

so that by using the above inequality in (3.12), it follows that

3p_o
) P t—s)\ 2
||RO’(Y ||§ ot < C ( ( 6X ) > HX7K7L (5’ t), V(S, t) c 8[07T]. (313)

In view of the definition (3.4) of Z™ and the bound (3.2) on J (recall also that J is positive), one has
b oxzn
Kp = K2 = [ 7 R oV - L) du < CX (20 - 2).
Hence Kx g (s,t) < (CF6Z1,)P + H|X|||p [, and since Z7 < Z" (and Z5 = Z§ = yo),
(Y™ 15 2-% n
IR oy < € (1405 7)) ((€F0Z2) + 111G 1) - (3.14)

Recall from Lemma A.1 that ix > C’1|||XH|[;1/B AT > 0. Hence (4) is proven.
To prove (i), note that (3.11) and the observation of the previous paragraph imply that

Y™ |lpsg < C <¢p (C§ZT) + &p (|||X|||p,[o,T]) p) .

Hence, combined with inequalities (3.6) and (3.8), one gets that E [supneN [y ||p o0, T} < 00, Vy > 1. Using

the regularity of o, we deduce that E {supneN o/ (Y™ o (Y™)|? < oco. As ix > C*1H|X|Hgl/’6 AT, it

follows that for any v > 1,

p.[0, T]]

(2—32) 1 (F-2)y
Ep ) < e | (X ve) | < 5.15)
In view of (3.14) and the previous inequality, it follows that E {supneN |RoO" )||p [0, TJ < o0. O

12



3.4 Uniform (in n) continuity of the sequence of penalised processes

Corollary 3.9. Recall that 8 = %. The rough integral in (2.5) is B-Hélder continuous on [0,T], uniformly

in n: there exists C > 0 depending only on 3, T, ||0]lc and ||o'||c such that
¢
V€ N, V(s.0) € Sy, | [ oY) aXa] < €O+ ©) (X5 + [t — o

where © was defined (independently of n) in (3.10).

Proof. In view of Proposition 3.2 and Lemma 3.8, Theorem 2.2 implies that || [ o(Y,") dXu||p,s, is bounded
from above by some control function which is independent of n:

||/0 U(Yun) qu p,[s,t] < HO'(Yn)”oo,[s,t]||X||p,[s,t} + ||0'/(Yn)a'(yn)”oo,[s,t]||X||§,[s,t]

+Cp (IIXI pls BT g g + 1Kl oo’ (Yo (Y™)]

p,[s,t])

<C(1+6) (I X1lp o + IX]

g,[s,t]) ;

where © was defined (independently of n) in (3.10). To conclude the proof, it remains to notice that since
(X.X) € 6}, | X lp,s0 < I1Xglt — 517 and [ X[l [ < [Xl25t — s[> < T7|X]|25(t — 5)°. B

Proposition 3.10. (i) Under the assumptions of Theorem 2.7, there exists C > 0 which depends only on p
and T, such that for any n € N*,

SEépT](YS" —Ly)- <CA+ (1 +0)(IX]lp + [IX]l25) + || Llls) n 7,
se|0,

where © was defined in (3.10). In particular, lim sup (Y.' — Ls)_ = 0.

S
n—oo SE[O,T]

(#t) If in addition, the assumptions of Theoremn 2.10 hold, then li_>m E[ sup |[(Y]'—Ls)-["] =0, Vy>1.
n—0o0 s€[0,T]

Proof. (i) Recall that (z)_ < %z/}n(ac) + ﬁ Applying Lemma 3.4(éi) and Corollary 3.9, one gets that

1

2n

<CA+|Llg+ 1 +0)(IX]ls+ IX]l2)) n~". (3.16)

Wn, sup (V- L) <C (1 2+ [ o) dxum) nf
s€[0,T] 0

which is the desired result.
(ii) Using (3.8) and Lemma 3.8 (ii), one gets that E[((1 4+ ©) (|| X||s + [|X]l25))"] < oo, ¥y > 1, so the
result follows from (3.16). O

Proposition 3.11. (i) Under the assumptions of Theorem 2.7, (Y™),cn converges uniformly to some process
(Yo)tepo) € CP.

(#t) If in addition, the driving noise X is Gaussian and the assumptions of Theorem 2.10 are satisfied, then
the convergence happens in LY (€ (C°, || - | jo,77)) (i-e. as in (2.6)), Vy > 1. Besides, Y has a (3-Holder
continuous modification and E[”Y”g,[o,T]] < oo, ¥y > 1.

Proof. (i) In view of the two inequalities of Lemma 3.5, we can now use Proposition 3.10 to pass to the limit
in the right-hand side of these inequalities, to get that Z and Y are (Holder-)continuous. Hence, arguing
with Dini’s Theorem, we now conclude that the convergences are uniform.

(7¢) Under the assumptions of Theorem 2.10, one deduces from the previous point that almost surely,
limy, 00 [|Y™ = Y|oo,j0,71 = 0. Moreover, Proposition 3.7 states that (Y™),cn is a nondecreasing sequence.
Thus [|[Y" =Y ||o, 0,77 < 2]|Y ||c,j0,77, and since E[||Y||107[O’T]] < oo (by Proposition 3.7 (ii)), the convergence
result is obtained by using Lebesgue’s theorem.

The Holder continuity of Y is a consequence of Lemma 3.5(ii) and Proposition 3.10 (4). O
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3.5 Identification of the limit process Y

Step 1: convergence of the rough integral.

Proposition 3.12. The path o(Y) is controlled by X, more precisely (o(Y),0'(Y)o(Y)) € V%, and the
following convergence happens in C°([0,T],R):

/O'J(Y;l) dXS—/O'a(Y) aX

Proof. First recall that o(Y™) is controlled by X and that its Gubinelli derivative is ¢’(Y")o(Y™) (Remark
3.3). By Proposition 3.11, ¢/ (Y)o(Y) € C?, o/(Y™)o(Y™) converges uniformly to ¢’(Y)o(Y), and in view of
Lemma 3.8, it follows that [|o’(Y")o(Y") — o' (Y)o(Y)|lp 0,7 — O for any p’ > p (by [18, Lemma 5.27]).
Similarly, R;(ty ) converges uniformly to Ra(y) =60(Y)st — 0’ (Ys)o(Y5)d X ¢, and it follows from Lemma
3.8 that R°(Y) € V3 (by [18, Lemma 5.12]) and |R°Y") — REY)|| oz — 0, for any p’ > p. Hence
2 1Y
(Y,Y’) € V&. Due to Inequality (2.3) applied with p’ > p and the two previous convergences in p’-variation,
| Jo oY) dX — Jo 0(Ys) dXllp jo,77 — 0, so the result follows in uniform norm. O

lim =0.
n—oo

00,[0,T]

A direct consequence of the previous proposition and of Proposition 3.11 is that K™ converges (uniformly)
to a limit path K so that for any ¢ € [0,T], Y; = yo + fo ) dXs+ K. As a limit of non-decreasing paths,
K is non-decreasing. Hence the properties (i) and (iii) of Deﬁmtion 2.4 are verified.

Step 2: Y > L. This is the result of Proposition 3.10. Thus property (ii) of Definition 2.4 is satisfied.

Step 3: points of increase of K. By the uniform convergence of K™ and the non-decreasing property of
K™ and K, it follows that dK™ weakly converges towards dK and since Y" converges uniformly to Y,

t t t
0> / (Y7 — Loy (Y2 — L) ds = / (Y7~ L) dK" - / (Y, - L) dK.,,
0 0 0

where the last integral exists in the sense of Lebesgue-Stieltjes integrals, since K is a non-decreasing path.
Since Y; — L > 0 (by the previous step) and K is non-decreasing, it follows that fo (Ys— L) dK > 0. Hence

for any ¢ € [0,T], fo (Ys — Ly) dKs = 0, which proves that the point (iv) is satisfied.

In view of the Steps 1 to 3, (Y, K) satisfies the properties (i), (ii), (iii) and (iv) of Definition 2.4. Hence
(Y, K) is a solution to SP(c,X,L). In addition, if X is a Gaussian process satisfying Assumption (Hooy),
we obtained in this section the probabilistic estimates that prove Theorem 2.10.

4 Uniqueness in the Skorokhod problem and rate of convergence of
the sequence of penalised paths

4.1 Uniqueness (Proof of Theorem 2.6)

In the case 5 > %, the uniqueness of the reflected solution is due to Falkowski and Stominski [13]. In the
case 5 < %, the uniqueness of the reflected RDE has been proven recently by Deya et al. [8]. The difference
between our work and [8] is that they have a fixed boundary process L = 0. Thanks to our Lemma A.1,
uniqueness still holds in case of a moving boundary with little change compared to [8].

Let (Y1, K') and (Y2, K?) be two solutions to SP(c,X, L), both with initial condition yo > Lg. By
definition, Y' and Y2 are controlled in p-variation. Since the main ingredients in this section are Lemma
A1 and the rough Gronwall lemma of [9], which both involve control functions (see also Remark A.2), the
p-variation topology is a natural choice. Consider the operator A which acts on functionals of Y'! and Y? as
follows: for any @ : C([0,T];R) — C([0, T]; R),

AD(Y) =Y — d(Y?).
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For instance, we shall write AY; = Y! — Y2, Ac(Y)s = o(Y}) — 0(Y2) and also §(AY)s; = A(6Ys4) =
Yl — Y — Y2+ Y2, ete,
By linearity, AY has Gubinelli derivative Ao (Y), ie. (AY,Aq(Y)) € V%, and R} = §(AY).; —
Ao(Y)s0Xss € V5. Similarly, Ac(Y) has Gubinelli derivative Ac’o(Y). Note that RAY = ARY and
that RA7(Y) = ARTY),

Set wg : Spo, 71 — Ry, a control function associated to (K, K?), as follows

wK(sat):H(Kl )Hlvar st]—éKst‘F(SKéta
and define the control functions Kx x and IZnyK by
V(s,t) € S Kxr(s,t) = [IXI) g +wic(s, )P

(4.1)
K'XKSt ZKXKst

Without loss of generality, assume that there exists 7 € (0,7] such that for any ¢ € [0,7], V! < Y2
Observe that

0(AY )t +wi (s, t) / Ao (Y), dX, + 6(AK)s s + wk (s, t)
/ Ac(Y), dX, +20K?,. (4.2)

By using Inequality (2.3), one gets that for any s < ¢ € [0, 7],

plst) + Q0’0 (Y)

t
|/ Ac(Y), dX, |<C{AY|5XH|+AY|X“\+HRA" e s,

5,[5,1&]} .

With dx > 0 as defined in Lemma A.1, one now applies Lemma A.1(iii) and Inequality (A.17) to get that
for any (s,t) € Sy, such that [t — s| < 0%,

t
[ A0() X < € (IAY oo + (s 0) {0+ Kl ) (Rrenc(s.0F) . 43)
Thus we get from (4.2) and (4.3) that
S(AY )sp + wic(5,8) < C (|AY [low s + wic(5,8)) (1+ X2 15,01 p (Rx.ic(5,1)) 7 +26K2 .

We are now in a position to apply the rough Gronwall lemma of Deya et al. [9, Lemma 2.11]' which reads:
for any (s,t) € Sjo ;] such that |t —s| < 0%,

JAY o+ wic(s,8) < 2exp {1V (CO+ X1 g,0.0) 8y (e (s:1)) ) | (AY +20K2,)

Assume now that there exists a sub-interval (s,t) C [0, 7] of length at most dx such that AY, > 0 for any
u € (s,t) and AY, = 0. In that case, ¥;? > L, and it follows that §KZ?, = 0 for any u € (s,t). Hence
|AY [|oo 15,4 +wi (5, 1) < 0 and this contradicts the existence of s and t. Thus AY = 0, and there is at most
one solution to SP(o,X, L).

4.2 Rate of convergence (Proof of Theorems 2.8 and 2.11)

In this subsection, A,, stands for the operator A introduced in the previous subsection. We shall use other
notations from this subsection, in particular the path Y! corresponds here to Y (the reflected solution),

1 Note that this lemma must apply to a non-negative function (here AY). In [9], the authors consider the function |AY],
but P. Gassiat brought to our attention the fact that it suffices to assume Y1 < Y2,
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and Y2 is Y. Recall that Rﬁ‘;’g(y) = 8(8,0(Y))ar — Apo’o(Y)s6X,, € V3. Here, the control function
associated to (K, K™) will be denoted by w, (instead of wx in Subsection 4.1), while Kx ., and /F%X,wn
denote the control functions which correspond respectively to Kx, x and /va, k in Subsection 4.1.

Denote by II;(y) the projection on the epigraph of L, i.e. II;(y) = y V L;. Consider the control function
defined by: V(s,t) € Sjo, 1,

Rxw, (5,1) := (1+ X[l 2 15.6)P0p (KX, (5,1)) - (4.4)

Before stating a first technical result, we recall that in Lemma A.1, it is proven that there exists a time
dx > 0, and that for any (s,t) € Sy 7 such that [t — s| < dx,

~ 1
1R2 7 g 1 < € {wn(s,) + (a5, 1) + 180 o o)y (R, (5,7 ) (45)
Lemma 4.1. Denote by © the quantity C (1+ (1+0) (| X||s + | X|l2g) + || L||g) that appears in the upper

bound of sup,co 1 (Y — Lg)— in Proposition 3.10. There exists C > 0 such that for any n € N*, for any
(s,t) € Spo,1) such that |t — s| < 6x, one has

[V = IL(Y™) oo < 9tV (CRx.wn (5:0) (Y = IL,(Y") + On~" + 20K, ,) .
Proof. Mimicking the beginning of the proof of the previous subsection (in particular Eq. (4.2) and (4.3)),

then applying Lemma A.1(iii) (which is exactly Equation (4.5)) and Inequality (A.17), one gets that for any
(s,t) € Spo, 1 such that |t — s| < 0%,

| / Ao(¥), dX,| < C (1A0Y ll s, + wns,6)) {1+ 1Kl o) (Rxn (5,6)7) }
and then
S(ARY )t + wn(s5,8) < C ([AnY lloo s + wn(5,1)) Fx o, (5,8)7 + 20K, .
The rough Gronwall lemma of Deya et al. [9, Lemma 2.11] now reads: V(s,t) € Sy 7] such that [t — s| < dx,
[ARY (oo, (s, + wa(s,t) < 2exp {1V (CRx,w,(s,1)) } (AnYs 4+ 26K,,).

With the current notation, Proposition 3.10 yields IT;(Y;*) — Y;* < ©n~#, vVt € [0,T]. Since Y — IL(Y") <
A,Y, we obtain that for any (s,t) € Sy 7y such that [t — s| < 0%,

1Y = IO oo oy < 26" (P C0) (v vy 11, (v = v+ 26K,0),

which gives the expected result. O
We now have all the ingredients to carry out the proof of Theorems 2.8 and 2.11.

Proof of Theorem 2.8. We will use Lemma 4.1 to obtain
Y = IL(Y™)||oo jo.7] < exp {2T0%" + (CFx,w, (0,T)) } (2+ Téx'©)n=". (4.6)

It is clear that the quantity Rx (0,7T) := sup, cy Rx,w, (0,T) is finite (we give more details in the next
proof, where X is a Gaussian rough paths). Hence the Inequality (4.6) yields the desired result since

[ARY [loc,fo,r) < 1Y = IL(Y™)lloo,fo,7) + [TL(Y™) = Y™ |loc 0,1
<exp {2T0%" + (CRx,x(0,7))} (2+ © + Téx'O)n 7, (4.7)

using Proposition 3.10 in the last inequality.
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To see that (4.6) holds, consider first the case s = 0 and ¢ € (0, dx): since Yy = IIp(Y]") = yo, one can
define

ty =T Ainf{t >0: Y, —IL(Y") =2n""}.
Of course, if t{; = T then the proof is over. So let us assume that ¢t < 7T and define
=T Ainf{t >t} : Y, —IL(Y") =n""}
and the mapping ¥ : [0, ') — [0, T] associated to dx as follows:
vVt e [0,T), 9t)=TA(t+x).

Notice that for any u € [t§,t}], Y, lies strictly above the boundary L, since Y, > n=F + I, (Y,?) > L,.
Hence 6Ky n = 0. It follows that for any u € [t7, 7 A O(t5)],

1Y = IL(Y™) oo ez < 9otV (CFxn (15 47 A0(15))) (2 +On~" +0). (4.8)

Then, we have one of the following possibilities:

1. if ¢t AY(t§) = T, then rephrasing (4.8), we get [|Y" — IL(Y"™) o sz < 9tV (CFx . (4.1) (24 0)n"
and (4.6) is proven (recall that by definition, [|Y — IL(Y™)lo 0,27 < 207 7);

2. if ¢ AY(t) =t < T, then (4.8) now reads
1Y = TL ) oo g gy < 267 (TFomnG0) (5 4 G5,

which is smaller than the right-hand side of inequality (4.6). Then, since Y;p — Il (Y1) = n~", we can
define

ty =T Ainf {t > 17 : V; — IL(Y;") =2n 7}
and if t5 < T, define also

th =T Ainf{t >t} Y, —IL(Y") =n""}
and move to the next step (iterate);

3. i (FAD(t) = O(tg) < T, then as in (4.8), we get [Y — IL(Y™) o g wegy) < 26 (CFxnE000) (9 | )05,
But now, we need to consider the times Yo (7)) = 92(t2), 93(t), ..., 97 (t1), as long as 9”7 (7)) < TAt}.
By an immediate induction, we obtain that for such J,

J—1
|y — H~(Yn)|‘oo,[tg,19J(tg)] < 27 exps JV | C Zﬁx’wn (ﬁjtg,ﬁj+1(tg)) 2+ J@)niﬂ,
=0

where we used 9°(t) = t. Note however that 97 (t}) = Jéx, so that J must be smaller than T35
Besides, by the super-additivity property of Kx ., , one gets

o _ _
1Y = TL(Y™) [loo,tz,07 g < 27°% exp {Tox" V (CRx w, (t§,T)) } (2 + Tox'O)n ",

which is smaller than the right-hand side of (4.6).

To conclude this step, observe that if 971 (t3) = T, then we proved (4.6). While if 97 T1(t3) = 7, then
one can move to point 2. and iterate.

Following this construction, there exists an increasing sequence (t7)ren € [0, 7] (possibly taking only
finitely many different values) such that limy o tf = T and for any k > 0, ||[Y — IL(Y"™)l|oo e, e, , ) 18

bounded by the right-hand side of inequality (4.6). This achieves the proof of this theorem. O
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Proof of Theorem 2.11. First, we provide a bound on K7 where (Y, K) is the solution of SP(o,X, L). Simi-
larly, observe that (L, 0) is solution of SP(0,0,L). We call Skorokhod mapping the function that takes any
continuous paths (z,1) and maps it to (y, k), where y = z+k is a path reflected on I. The Skorokhod mapping
is Lipschitz continuous in the uniform topology (call C's the Lipschitz constant), see for instance Equations
(2.1)-(2.2) in [13]. Thus one gets that

Kr = 1Ko oz < Cslivo + / o(Ya) dXo — Ll o
0
< Cs (C(1+O)(|X 15 + [Xll26) + | Lll) T (4.9)

where we used Corollary 3.9. But © depends linearly on C¥, and as already mentioned, this quantity may
not have exponential moments. Since an exponential of © appears in Inequality (4.7), this explains why
we cannot get a simple upper bound for E (||AnY||007[07T]). From Lemma 3.8 and the definition of © in
Lemma 4.1, recall that Vy > 1, E(©") < co. Moreover, we know from (3.15) that E(6%) < co. Finally, since
K& < K, one gets from (4.1) and (4.4) that

4

4
Roxun 0.7) €€ (1+ 1K1 o) (Z (KIS0 my + 57) v 32 (I o +Ké“~p2>> |

k=1 k=1
Hence, in view of the bound (4.9) on K, there exists a random variable K such that, for any v > 1,

E ((ilégmx,w” (O,T))‘Y) =E(K") < o0.

Using (4.7), it is now clear that for any v > 1, E [’ sup log (nBHAnY||OO7[O’T]) P < o0, O
neN

5 Application: existence of a density for the reflected process

In this last section, we aim at proving Theorem 2.12. Thus let us consider the following simplified problem
(compared to (1.2)), with constant diffusion coeflicient and one-dimensional fractional Brownian noise:

t
vt >0, Yt:y0+/b(Yu)du+Kt+Bt,
0

where B is a fractional Brownian motion with Hurst parameter H € [3,1), yo > 0, b € C}(R) and (Y, K)
is the solution of the Skorokhod problem above the constant boundary 0. Note that we added a drift b
compared to previous equations, which in the previous section could have been part of the vector field o.
However it is not necessary here to assume as much as a fourth order bounded derivative in this case, and
one can check that b € C} is enough to get existence with the method of Section 3.

As in the previous sections, Y is approximated by the non-decreasing sequence of processes (Y"),en:

t t
vt >0, y;"=y0+/ b(Y") du+/ o (V) du + By (5.1)
0 0

5.1 Malliavin calculus and fractional Brownian motion

Let us briefly review some fundamental tools and results of Malliavin calculus that permit to prove that some
random variables are absolutely continuous with respect to the Lebesgue measure. In a second paragraph,
we shall give a brief account of Malliavin calculus for the fractional Brownian motion, in a manner that
emphasises the applicability of the general results to the fBm framework.

Let D denote the usual Malliavin derivative on the Cameron-Martin space H = L*([0, 7). For any p > 1,

let DY? be the Malliavin-Sobolev space associated to the derivative operator D. We aim at applying the
following result of Bouleau and Hirsch [3] to Y.
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Theorem 5.1 (Th. 2.1.3 of [26]). Let X € D'2 be a real-valued random variable. If A € F and |DX |y >
0 a.s. on A, then the restriction of the law of X to A, i.e. the measure [LaP|o X~ admits a density with
respect to the Lebesgue measure.

Concerning the Malliavin calculus for fBm, we recall some definition and properties borrowed from [26,
Chapter 5] (see also [27, Section 2] for a more detailed introduction than what we present here). One possible
approach to this calculus is to consider the kernel I', defined for any H € (%, 1) by:

I(t,s) = {(:Hsé_Hf;uH_é(u—s)H_g du ift>s>0 (5.2)

0 ift <s,

where cp is a positive constant (see [26, Eq. (5.8)]). Note that for the standard Brownian motion (H = 3),
I'(t,s) = 10, (s). Then if B is a fractional Brownian motion,

DBy =T(t,s).
Furthermore, one can define an L2([0, T])-valued linear isometry T'* as follows: for any step function ¢,
T T )
or H-1
Pels) = / @(U)%(u,s) du = CH/ o(u) (%) ’ (u— S)H*% du.

The domain of I'* is thus a Hilbert space, which we do not need to characterise here, but only recall that for
any H € [%, 1), it contains Cy([0,T]). Besides, if the support of ¢ is contained in [0,¢] for some ¢t > 0, one
can verify that

tar

IMp(s) = %(u7 s)e(u) du. (5.3)

Applying the Malliavin derivative on both sides of (5.1), we obtain
t t
Vs,t >0, DY = / DY V(Y™ du +/ D,Y™ 4l (V) du +T(t, s).
0 0

Since for any fixed s > 0, the previous equality is a linear ODE in t, solving it yields

Wz, D=1 [1p0en] [ ) + ) ao}] ) (5.4

For the ease of notations, let us define, for ¢ = b’ + ¢/, or ¢ =¥, the process
t
£l = tua) e { [ o) av}.

5.2 Proof of existence of a density (Theorem 2.12)

Let t > 0. The scheme of proof is very similar to the one used by Tindel [32] for elliptic PDEs perturbed
by an additive white noise. First, notice that the sequence (DY;"),cn is bounded in L?(2; ). Indeed, the
mapping &. ;[b' +1))] is bounded uniformly in n and s € [0, 77, since ¢;, < 0. Hence it is clear that the same is
true of I'*Y;" (note that this is where things become difficult if one wants to consider the case H < 3). Since
Y™ converges to Y in L? (cf Theorem 2.10) and sup,,cy E (]| DY"||%) < oo in view of the preceding discussion,
we deduce that Y; € D2 and that (DY;"),en converges weakly to DY; in L?(Q;H) (see for instance Lemma
1.2.3 in [26]), i.e. that for any x € L?(Q) and any f € H,

lim E[x(DY", f)] = E (DY, f)] . (5.5)

n— oo

In the sequel, we shall apply this convergence to any non-negative y € L?(2), and to any f € H with a
sufficiently small support.
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Let g be a measurable set of measure 1 on which Y™ converges (uniformly) (cf Theorem 2.10). In view
of Theorem 5.1, it suffices to prove that for any a > 0, ||[DY:||x > 0 a.s. on the event

Qa:{wEQ()Z Y;Z?)a}
As in [32], we notice that it suffices to prove that for any k,j € N*, || DY;||x > 0 a.s. on the following event
Qag,j = {we Qy: Y}¥ > 2a and Y > a, for any s such that |t — 5| < i},
since Uk,jeN* Qakj = Qo
Hence let now a, k,j be fixed. Since the sequence Y™ is non-decreasing, Y > a a.s. on g ; for all
n>kandallsel[t—; 1 t+ ;71 and thus ¢} (Y") = 0. Hence on Q, x ; and for all n > k, (5.4) now reads
Vse[t—j 11, DY=T*C ,b](s). (5.6)

Based on the definitions of the previous section (in particular (5.3)), and for any non-negative f € L? with
support in [t — 571, ¢],

t t H-1L
(DY, f) = CH/ f(s)/ (%) (- S)Hfgfwt[b' + )] du ds. (5.7)
t—j—1 s
Thus using (5.6) and the boundedness of ', it follows that 1q, , . Eu [0 + 9] > lgaykyje*(t*“)”bl”oz hence
one gets
o , t t H-—L1
1Qak]‘<DYthaf> > ]-Qakje_j Lk Hw/ f(S)CH/ (g) ’ (U_S)H_% du ds
H o t—j—1 s s

t
= lga)kyje_fl”b/”“/ f(s)L(¢,s) ds.
t—j1

Hence the previous inequality and (5.5) yield that for any non-negative xy € L?(2) and any non-negative
f € L? with support in [t — j 1,1

1

E (1o, X{DYi, /) 2 E (1o, ,x e WI=(0(t, ), 1))

It follows that almost surely, 1o, , . D,Y; > 1Qa,,€7je_j71”b/”°°1j(t, s) for almost all s € [t — j~1,¢]. Hence the
following inequality holds almost surely on g j ;:

1y
IDY:ll3 > e Il |0t )1 51 gl > 0.

Applying Theorem 5.1 to DY; concludes the proof of Theorem 2.12.

A Proofs and a prior: estimates

A.1 Proof of technical results

Proof of Proposition 3.1. In a first step, we adopt the definition of solution given in [18, Definition 12.1]
(see also [15, Definition 3]), which gives Y as the uniform limit of some paths Y* which solve (2.1) with X
replaced by an approximating sequence of Lipschitz paths (X%, X¥). In the last paragraph of this proof, we
explain why this solution is also a controlled solution.

The local existence of a solution of (2.5) comes from [21, Theorem 3] (see also [18, Theorem 10.21]).
Uniqueness is also granted given the regularity of ¢ and b. In view of [21, Lemma 1] (see also [18, Theorem
10.21]), we know that either Y is a global solution on [0, 7], or that there is a time 7/ < T such that for any
7€ [0,7"), (Ys)sepo,r is a solution to (2.5) and that lim; ./ |Y;| = co. Thus we shall prove that Y; coincides
on [0, 7") with the solution to (3.4). Since the latter does not explode, it will follow that Y is a global solution.

Let us turn to the Doss-Sussmann representation. Recall from Subsection 3.1 that if o € C}, Jov', is
Lipschitz continuous, uniformly in ¢, but that due to the unboundedness of b, W (¢, -) is only locally Lipschitz
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(uniformly in t). This suffices to prove existence and uniqueness of a solution to 2z, = W(¢,2;) on a small
enough time interval. In fact, Jgf_;'t is bounded (see (3.2)) and C¥ := SUPye(0,7] |Ut)f_;%| < o0. Denote by
B(C¥) the ball of R® centred in 0 and with radius C7r. Thus
Xz X;0 X;z X;0
(W (t, 2)| < |JoS5b(Uilo)l + W (E, 2) — Jo. 50(Ur )]

0

<CF sup  |b(x)] + CFUNT) — bUY))
zeB(C¥)

< CF (Il 5c3) + V0l C¥ 1)

i.e. W has linear growth. This ensures the stability of the solution Z; to the ODE 7, = W (t, Z;), and
its global existence on any time interval (see e.g. [18, Theorem 3.7]). Thus the process (Ut)igt)te[o,T] is
well-defined.

Now to prove that (Y});cp,-] and (Uff_;gt)te[o,ﬂ coincide, one can follow the scheme of proof of [15,
Proposition 3]: let (X*).en a sequence of geometric rough paths such that (X*),en is a sequence of Lipschitz
paths with uniform S-Hélder bound, which converges pointwise to X. Denote by Y* the solution to (2.5)
where X* replaces X. Then (Y%, Z¥) is easily seen to solve (3.4) with X replaced by X*. As stated in [15],
it suffices to prove the uniform convergence of Z* to Z to get the result. Define
VU, - UXE

kE _ Xz Xk;z
M" = sup |J0(—S - JO(—S 50

s€[0,7],z€Re

and denote Jrip = sup,¢o, 71 \|J§(<_;'O||Lip which is finite (see the discussion of Section 3.1). Now the main differ-
ence with [15] lies again in the unboundedness of b: denote by Z = sup,cor)|Z:] < oo and

—=X X
Cy = SUP,c(o.11,.ep(0.7) Uicol < oo. Then for ¢t <,

X;zk Xk zk Xk zk
+ ‘JOHS _JOes | |b(U )|

s+0
} ds

t
> GV X;:Zs
< / {JLip|Z§—Zs| 1llo, i) +M* (b1l e, + Vbl U277 — UXE)

t
7 X;Zk 3 s
2tz < [ {10 - B o)

X;zk Xk zk i Zs
+ o5 11U, ) = bUXT)

s+0 s+0

s+0

k.ok A
XU —Uii’%I} ds
t
< / {JLip|Z§ — Zg| b+ M" b+ | Vb]| (CF + M*) (M* + CF|ZE — Z,]) } ds,
0

where b := max <||b||oo,B(C£,()7 ”bHoo,B(é)J))' Then, denoting C%! := b 4 || Vb||oC¥ and C%2 := bJr;, +
V]| (CF)2, one gets

t
sup |Z% — Z,| <tCP'MF* + 1| Vb|| oo (M*)? + CZ2(1 + Mk)/ sup |ZF - 7,| ds
s€[0,t] 0 u€l0,s]

< (CZ! +||Vb||ooM®) TM* exp (C%2(1+ M*M)T) , (A1)

by applying Gronwall’s lemma in the last inequality. By the continuity of the mapping (y, X) — U_)ﬁ(y) (see
[16, Theorem 8.5]), there is M* — 0 as k — co. Hence the inequality (A.1) implies that Z* converges
uniformly to Z. Since Y* has the representation (3.4), then so has Y.

Hence (Y}):e[o,-) and (UtX;gt)te[Oﬂ do coincide and since the latter does not explode in finite time, this
implies that there cannot exist 7/ > 7 such that lim;,,/ |Y;| = co. Thus Y is defined on [0, 7.

Finally, denoting M = sup,¢o 7 |Y;| and up to changing the drift b into a bounded smooth function b(*)
equal to b on the interval (—2M,2M), we get that ¥ solves an RDE with bounded smooth coefficients in the
sense of controlled rough paths (see [16, Theorem 8.4]). O
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Proof of Lemma 8.4. (i) Denoting k}* := ¥ fg UV (fI = £,) du, let 7" and g" be defined as follows:

(i)

t
Fo = 0fy — 0oy = —0bo, + g + \11/ Un(f7 = 0,) du
0
= g7 + k-

Observe that
. t t
FP = @7+ 022 [ g =@ +2 [ () b
0 0

2+2/ n_g") dk"
0

where we used the inequality fothn(f7 — £0) < (7 — L) bn(f7 — £,) < 0. It follows that

(F)? < @) + 2821157 = 7" oo 0.0 < @) + 201 F7 1+ [F7DITE = T lloo 0.
< 51177126 o, + AUFE T oo, 0,6

<5l 12 g + 5 (T2 + 1619712 0.0)
which implies the result.

The inequality ’L/Jn(CE)~Z —% —nx yields f* =4 > fi' —bo+g; — 59t —n¥ fo (fI¥ = ¢,) du. Denote
gy :=g¢ — 3Vt and f" the solution to

el = =t —n¥ /t(f;; 0 du. (A.2)
The comparison principle of ODEs implies that V¢ € [0,T], f* — ¢ > ft” — 4. Solving (A.2) yields
otz g~ et [ e g,
> (fy —Lo)e ™Vt + gre ™V + W /Ot e~ @Gr gy du , t € [0,T]. (A.3)
Since ¥, (z) < nx_, we now obtain from (A.3) that
g7t < (e [ e g a)
< nl[g"|stPe ™ + g7 || pn W /Ot e —w)P du, te0,T). (A4)

It is clear that n|[g"|st?e ™% < |[g"||s¥?n'~P. Thus one focuses now on the second term: an
integration-by-parts and the change of variables v = nWu yield

¢ t
n2\I// e MY ()P du = —ntPe Y 4 Bn/ e MUy dy
0 0
nW¥t
= —ntfe ™V 4 Bnlfﬁllllfﬁ/ VP e do
0
< Cn' Pyt~

Plugging the last inequality in (A.4) gives the desired result.

22



A.2 A priori estimates for controlled RDEs with finite variation drift

In the whole subsection, we consider two non-decreasing continuous paths K' and K2, and for some fixed
o € C}(R, (R?)), we may assume that there exist solutions Y and Y2 on [0, T to the following equations

,tel0,T), i=1,2,

Yy = dKj + o(Y{)dX,
Yg=y' €R

in the sense of controlled rough paths. Let us set for any (s,t) € Sjo 77,

RY, = 0Y}, — o(Y))6X., A3
R = Go(Y)ey — o' (VD)o (YI)O X, . '

Recall that the operator A was introduced in Subsection 4.1, and similarly to (4.1), consider Kx gi(s,t) :=
XN, (s, + OKL )P

Lemma A.1. Let K' and K? be non-decreasing continuous paths, let o € C}(R, (R9)"), let X € C? with
B € (%, %), and assume that Y and Y2 are controlled solutions as above. Then there exists C > 0 depending

only on p(= B71) and the uniform norm of o and its derivatives, and there exists 5x > C*1|||X|Hgl/’8 AT
such that:

(i) For any (s,t) € Sjo,11,
|\Yi||§7[s¢] <C ¢y (Kxxi(s,t), i=1,2.
(ii) For any (s,t) € Sy ) such that |t — s| < dx,

max ([R5, o, 1RO

[SISINTS]

) <C Kxi(s,t), i=1,2. (A.6)

)[s1]

(iii) For any (s,t) € Sy, such that |t — s| < ox,
IRA7 0y oy < O {uwiec(s,t) + (wic(s,) + 1A [l o)bp (R (.8)7) }

Remark A.2. Assertions (i) and (ii) are not surprising in light of classical a priori estimates (cf [16,
Proposition 8.3]), but the novelty is that the control depends on K and that we use the identity

(;K;t = ||Ki||p,[s,t]-

This equality, which relies on the fact that K' is non-decreasing, is crucial in Section 8 to establish the
evistence of Y and the uniform a priori estimates of Lemma 3.8.

Proof. 15t step. By a Taylor expansion,
. o vy .
oY)k = 'V + [ "o W) < ) d.

Y}

Hence the combination of (A.5) and the previous equality yields

) ) Y} }
R = o/ (VIRY | + /Y )Y — ) dy (A7)
and
IRZV| < o[l RY |+ Lllo" oo (Y7 — YI)2. (A.8)
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Since we assumed that Y! and Y? are controlled by X, the definition (A.5) of RY" and inequality (2.3)
applied to |f (VD) dX, — o(Y)0 X, | yield

[RY,| < 0K, + 10" (V) (V) Xaal + Cy (|

Mg gouy + 10" (Yl s K 10
Setting M = Cp(1+ [|0'[|oo + 3/l0”[loc) and

i
2

6x::T/\sup{5>O: /ix(s,t)%g 1 Vs, t €0,T] s.t. |t—s|<5}

using (A.8) and a standard argument [16, p.110], one obtains that for any (s,t) € Sy 1) such that |t —s| < x,
IR (lg sy < 20K%, + (2M + D)|[X|g 0. + 21V I3 .- (A.9)

Since we assumed that [|X[[|; < oo, observe that [|X[[, 4 < [IXIlz]t — 5|% and therefore we deduce that
ox = (2M||[X[ll5)~ 1B AT, as claimed in the statement of the Lemma.
We recall briefly how to deduce a bound for ||Y||,. By the definition (A.5) of RY', and using estimate (A.9),

|6Y el < 200, + (2M + 1)[IX g o0 + 20IY°II7

Jsf) T o oo [ X M1,

Arguing as in [16, p.111-112] with the only difference that there is now the term 5K;’t, one obtains (up
to choosing a possibly larger M which would still depend only on p and the uniform norm of ¢ and its
derivatives) that for any (s,t) € Sjo,7] such that |t — s| < dx,

Y2 g < C Rxrilsit), i = 1,2, (A.10)

[s,t] =

for some C' > 0 that depends only on p and o. Besides, one can get a global upper bound as in [16, Exercise
4.24], obtaining that for any (s,t) € Sjo 1y,

e 1o S C(Bxki(s,t) V Rx ki(s, 1)) = C ¢ (Kx ki(s,1)) -
The inequality (A.6) now follows easily from (A.10), (A.8) and (A.9). This achieves to prove (i) and (ii).

2°d step. Given the definition of RA°(Y) and RAY, we deduce from (A.7) that

1 1
RA7Y) —o/(YNRY, + (5Y1,)? / (Y} — (0¥ uyu du — o' (Y2)RY: — (5Y2,)? / o (Y2 — (6Y2)uu du
0 0

1 1
o (VRS + A/ (V). B} + AV [ o"(V = 0¥ du+ (0Y2)* | Ac(Yi = (8Yan)u)u du
0 0
Hence
R < C{IREY |+ IAVIIRY |+ 1A(Y20)?] + IAY lloo o (9Y2) } (A1)

We now provide an upper bound on |RAY| in terms of RAU(Y)

IR [ =[6(AY )50 — Ao (V)6 X 4|
t
— I5(AK) o+ / Ao(Y) dXy — Ac(Y) 6 X o]

< wic(s,1) + |20 (V)Xo + Cp (|

pto) + 1A GO X5 o) - (A12)

Thus plugging (A.12) into (A.11) yields

Ac(Y o 2
IRSTY) < GRllRA O o g1 X [ s, + C{“’K(&t) +AY|(IRY | + [Xoul) + |A(6Y5 )7

FIAY [l g (Y202 + 200 (V) e 1K1 5 [st} (A.13)
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3r step. We now provide bounds for [A(0Y; ;)% and Ao’ (Y)|, s,q. Observing that |[A(0Y; ,)?|
|6(AY )s4| [0Y,}, +0Y2,| and using the Cauchy-Schwarz inequality, one gets that for any subdivision m = (¢;
of [s, 1],

2

PIINC AL (Zlé (AY )t |P % Z |6Y L, + 6, #’)

< |lav)} all” +v)E L,

< CIAY|IE |, Kxox(s,0)?, (A.14)

p,[s,t]
using (A.10) in the last inequality. Now, using the smoothness of o, observe that

1 1
B(A0'0(V))as] = |AY: [ (o'oY (V2 4 AV ) du =AY, [ (0’0} (V2 + AY. u) dul
0 0
1

1
<[6(AY)s | (0'0) (V7 + AYiu) dul + |AYL] [ [(0'0) (Vi + AY, w) — (0'0) (Y7 + AY, u)] du
0 0

< C(|6(AY )s4] + |AY] (|0Y t|+\6<AY)stl))
< C (I6(AY )il + |AY] (I6Y,] + [6Y2])) -

Therefore, using again (A.10),
1
1A e (Y)lp s, < C (llAYHp,[s,t] + [[AY oo, 5,1 ﬁx,K(SJ)‘") : (A.15)

4*h step. The inequalities (A.10), (A.6), (A.14) and (A.15) plugged into (A.13) now provide that for any
s,t) € 8. such that |t — s| < 0x,
Sio,) such th 1

2
IR Mg (5.0 < CollRA Mg (5, g1 X ||p,1s,5) + C{wK(S,t) + |AY oo, (5.6 (Hx,K(S,t)P + HXHg,[s,t])

FIAY |lp bk (5,8)7 + [AY [loo oy Fix i (5, 1)

2,st]}'

Besides, since HX’K(s,t)% XNz (s, < /‘T/X’K(Sﬂf)%, we get that for any (s,t) € Sy 7 such that [t — s| < 0%,

+ (1A Tl o1 + 1AY oo o0 Fix i (5,8)7 ) [X]

1
IRA" DNy (o < ol RA" g ol Xl o1 + € {wic(5,) + IAY lloo fosa Fix e (3,807 + A [ o B i (5,7 §

In view of the definition of M and dx in the first Step, there is || X|[, (s < (2C,)~" for any |t — s| < dx.
Thus for any (s,t) € Sjo,7] such that [t — s| < x, one gets that

IRy o < 20 {wic(s,8) + 1A oo o B s (5,10 + A I o i s (5,7 | (A.16)

5th step. It remains to bound |AY |, [s,- From the definition of AY and Inequality (2.3),

t
[0(AY )5t = [6(AK)s0 +/ Ao (Y)y dXu| < wi(s,t) + [Ac(Y)s|[0 X ] + [Aco (V)] X il

+Cp (IR g ol X o + 1A' 11X 5 10 -
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The previous bounds (A.15) and (A.16) can now be used as follows: V(s,t) € Sy, ) such that [t — s| < dx,

51041

X gy (i (5,8) + IAY oo o B s (5,107 + [AY [ e s (5,7 )

I8Y e < wc(6.8) + CLIAY g (IX g + 6

1
+ 11Xz 5,9 (llAYHp,[s,t] + [AY | oo, 5,1 /fx,K(S,t)P) }
1
< 3OV AY [l 1. (HX||p,[s,t]/‘€x,K(87t)" + HXHg,[s,t]) +wi (s, t) (14Ol X s.0))
+ ClAY ey (Fxc(5,6)F + Fix i (5,7 )

< Cy|AY

s (5,6)F + Clwic(5,8) + [AY oo o) (14 R (5,6)F + Fix e (5,07 )

where C'y > 0 depends only on p and o. Since

1 3\P
(5,1) = Clusc(5,6) + IAY e o0)” (14 Fix (5, 0)7 + Fix se(,)7 )

is super-additive, we obtain by a classical argument that V(s,t) € Sy 77,

p—1 3

1Y o < (2200)F) 7 (1V Fxc(5,0)'F ) x Cluwe(s,t) + 1A oo o) Y K i (5,1)7,
j=0
j#2

so that V(s,t) € Sy, 17

|AY

pis R ac (5,07 < Clwie(s,8) + | AY o) (R (5.7 V Bx (s, ).

By plugging the above bound into the right-hand side of (A.16), one obtains part (iii) of the desired result.
For further use, note also that the previous bound can be used in (A.15) to get that V(s,t) € Sjo,17,

1 1
1A o (V) |lp,1s.01X| 2. (5.0 < C (llAY| pls )X K (8,1)7 + ||AY||oo,[s,t]"‘fx,K(57t)P)

< Clwie(5,8) + 1AY e o) (B e (5,07 V e (s,1) ) (A.17)

Acknowledgements

This work was partially supported by the ECOS-Sud Program Chili-France C15E05 and the Math-AmSud
project SARC. The authors are grateful to Paul Gassiat for pointing out a simplification at the beginning of
the proof of uniqueness.

References

[1] S. Aida. Reflected rough differential equations. Stochastic Process. Appl., 125(9):3570-3595, 2015.

[2] I. Bailleul and R. Catellier. Non-explosion criteria for rough differential equations driven by unbounded
vector fields. 2018. ArXiv preprint arXiv:1802.04605.

[3] N. Bouleau and F. Hirsch. Propriétés d’absolue continuité dans les espaces de Dirichlet et applications
aux équations différentielles stochastiques. Séminaire de probabilités de Strasbourg, 20:131-161, 1986.

[4] T. Cass, C. Litterer, and T. Lyons. Integrability and tail estimates for Gaussian rough differential
equations. Ann. Probab., 41(4):3026-3050, 2013.

26


https://arxiv.org/abs/1802.04605

[5] T. Cass, M. Hairer, C. Litterer, and S. Tindel. Smoothness of the density for solutions to Gaussian
rough differential equations. Ann. Probab., 43(1):188-239, 2015.

[6] C. Castaing, N. Marie, and P. Raynaud de Fitte. Sweeping processes perturbed by rough signals. 2017.
Arziv preprint arXiv:1702.06495.

[7] A. M. Davie. Differential equations driven by rough paths: an approach via discrete approximation.
Applied Mathematics Research eXpress, 2008, 2008. URL https://doi.org/10.1093/amrx/abm009.

[8] A. Deya, M. Gubinelli, M. Hofmanova, and S. Tindel. One-dimensional reflected rough differential
equations. Stochastic Process. Appl., 129(9):3261-3281, 2019.

[9] A.Deya, M. Gubinelli, M. Hofmanova, and S. Tindel. A priori estimates for rough PDEs with application
to rough conservation laws. J. Funct. Anal., 276(12):3577-3645, 2019.

[10] H. Doss. Liens entre équations différentielles stochastiques et ordinaires. Ann. Inst. Henri Poincaré
Probab. Stat., 13(2):99-125, 1977.

[11] N. El Karoui. Processus de réflexion dans R™. In Séminaire de Probabilités IX Université de Strasboury,
pages 534-554. Springer, 1975.

[12] N. El Karoui, C. Kapoudjian, E. Pardoux, S. Peng, and M. Quenez. Reflected solutions of backward
SDE’s, and related obstacle problems for PDE’s. Ann. Probab., pages 702-737, 1997.

[13] A. Falkowski and L. Stominski. Stochastic differential equations with constraints driven by processes
with bounded p-variation. Probab. Math. Statist., 35(2):343-365, 2015.

[14] M. Ferrante and C. Rovira. Stochastic differential equations with non-negativity constraints driven by
fractional Brownian motion. J. Evol. Equ., 13(3):617-632, 2013.

[15] P. Friz and H. Oberhauser. Rough path limits of the Wong—Zakai type with a modified drift term. .J.
Funct. Anal., 256(10):3236-3256, 2009.

[16] P. K. Friz and M. Hairer. A Course on Rough Path, with an Introduction to Regularity Structures.
Springer, 2014.

[17] P. K. Friz and A. Shekhar. General rough integration, Lévy rough paths and a Lévy—Kintchine-type
formula. Ann. Probab., 45(4):2707-2765, 2017.

[18] P. K. Friz and N. B. Victoir. Multidimensional Stochastic Processes as Rough Paths: Theory and
Applications, volume 120. Cambridge University Press, 2010.

[19] M. Gubinelli. Controlling rough paths. J. Funct. Anal., 216(1):86-140, 2004.

[20] Y. Hu and D. Nualart. Differential equations driven by Holder continuous functions of order greater
than 1/2. In F. Benth, G. Di Nunno, T. Lindstrgm, B. @Qksendal, and T. Zhang, editors, Stochastic
Analysis and Applications, Abel Symposium, vol. 2, pages 399-413. 2007.

[21] A. Lejay. On rough differential equations. Electron. J. Probab., 14:341-364, 2009.

[22] A. Lejay. Global solutions to rough differential equations with unbounded vector fields. In Séminaire de
probabilités XLIV, pages 215-246. Springer, 2012.

[23] P.-L. Lions and A.-S. Sznitman. Stochastic differential equations with reflecting boundary conditions.
Comm. Pure Appl. Math., 37(4):511-537, 1984.

[24] T. J. Lyons. Differential equations driven by rough signals. Rev. Mat. Iberoam., 14(2):215-310, 1998.

[25] H. McKean. A Skorohod’s stochastic integral equation for a reflecting barrier diffusion. J. Math. Kyoto
Univ., 3(1):85-88, 1963.

[26] D. Nualart. The Malliavin Calculus and Related Topics. Springer, 2006.

[27] A. Richard and D. Talay. Holder continuity in the Hurst parameter of functionals of stochastic differential
equations driven by fractional Brownian motion. 2016. Arxiv preprint arXiv:1605.03475.

[28] S. Riedel and M. Scheutzow. Rough differential equations with unbounded drift term. J. Differ. Equat.,
262(1):283-312, 2017.

[29] A. V. Skorokhod. Stochastic equations for diffusion processes in a bounded region. Theor. Probab. Appl.,
6(3):264-274, 1961.

[30] H. J. Sussmann. On the gap between deterministic and stochastic ordinary differential equations. Ann.
Probab., 6(1):19-41, 1978.

[31] L. Stominiski. Weak and strong approximations of reflected diffusions via penalization methods. Stochas-
tic Process. Appl., 123(3):752-763, 2013.

[32] S. Tindel. Quasilinear stochastic elliptic equations with reflection: the existence of a density. Bernoulli,
4(4):445-459, 1998.

[33] L. C. Young. An inequality of the Holder type, connected with Stieltjes integration. Acta Math., 67(1):
251-282, 1936.

27


https://arxiv.org/abs/1702.06495
https://doi.org/10.1093/amrx/abm009
https://arxiv.org/abs/1605.03475

	Introduction
	Presentation of the Skorokhod problem and main results
	Notations and definitions on rough paths and controlled rough paths
	The Skorokhod problem
	Main results
	Main results for Gaussian-driven RDEs

	Existence of reflected RDEs by penalisation
	Flow of an RDE and existence of a global solution to (2.5)
	Existence of the limit path
	Uniform (in n) a priori estimates on the sequence of penalised processes
	Uniform (in n) continuity of the sequence of penalised processes
	Identification of the limit process Y

	Uniqueness in the Skorokhod problem and rate of convergence of the sequence of penalised paths
	Uniqueness (Proof of Theorem 2.6)
	Rate of convergence (Proof of Theorems 2.8 and 2.11)

	Application: existence of a density for the reflected process
	Malliavin calculus and fractional Brownian motion
	Proof of existence of a density (Theorem 2.12)

	Proofs and a priori estimates
	Proof of technical results
	A priori estimates for controlled RDEs with finite variation drift


