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. Bernoulli, 2020, 26 (4), pp.2949-2986.

hal-01982781v5

HAL Id: hal-01982781
https://hal.science/hal-01982781v5

Submitted on 1 Sep 2020

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.

10.3150/20-BEJ1212 .


https://hal.science/hal-01982781v5
https://hal.archives-ouvertes.fr

Bernoulli 26(4), 2020, 2949-2986
https://doi.org/10.3150/20-BEJ1212

Penalisation techniques for one-dimensional
reflected rough differential equations

ALEXANDRE RICHARD!, ETIENNE TANRE? and SOLEDAD TORRES3

YWniversité Paris-Saclay, CentraleSupélec, MICS and CNRS FR-3487, France.

E-mail: Alexandre.Richard @ centralesupelec.fr

2Université Cote d’Azur, Inria, France. E-mail: Etienne.Tanre @inria.fr

3 Facultad de Ingenieria, CIMFAV, Universidad de Valparaiso, Casilla 123-V, 4059 Valparaiso, Chile.
E-mail: Soledad.Torres@uv.cl

In this paper, we solve real-valued rough differential equations (RDEs) reflected on an irregular boundary.
The solution Y is constructed as the limit of a sequence (Y"), N of solutions to RDEs with unbounded
drifts (), en. The penalisation v, 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 continuous with respect to the Lebesgue measure.

Keywords: Gaussian noise; penalisation; reflected rough differential equation; Skorokhod problem

1. Introduction

Solving (stochastic) differential equations with a reflecting boundary condition is by now a clas-
sical problem. For a domain D C R, a mapping o : R® — R¢*?  an initial value yo € D and an
R9-valued path X = (X;):¢[0,7] sometimes referred as the noise, this problem consists formally
in finding R°-valued paths (Y;);e[0,77 and (K)o, 7] such that Vz € [0, T'],

t
Yoyt [ o(odx, + K,
0
Yl€51 |K|T<OO’
t t
Kli= [ MeandKl and K= [ XKL
0 0

where |K|; is the finite variation of K on [0, ¢] and n(x) is the unit inward normal of D at x.
If X is a Brownian motion and the integral is in the sense of Itd, 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
B-Holder continuous path: in the “regular” case g € (%, 1), existence of a solution has been es-
tablished in a multidimensional setting by Ferrante and Rovira [14] and uniqueness was then
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obtained by Falkowski and Stominski [13]. In that case, the integral can be constructed by a Rie-
mann sum approximation and is known as a Young integral [33]. Extensions of these results to
the “irregular” case 8 < % can be handled with rough paths. We recall that this theory was initi-
ated by Lyons [24] and for a (multidimensional) 8-Holder 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 g < %, but we shall assume 8 > % for simplicity). Solutions will be understood

here as an equality between Y; and yy + fot 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 g € (%, %) was proven by Aida [1] and Castaing et al. [6] under slightly different conditions.
While Deya et al. [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 approxima-
tions, 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 [12,23,30]). 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 re-
flected on a moving boundary L : [0, T] — R, where the driver is a d-dimensional rough path X
with Holder regularity 8 € (%, 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
Yt”=y0+nf (YS"—LS)_dH/ o (Y!") dX;. (1)
0 0

For technical reasons, the drift function n(-)_ will be replaced by a smooth function v, 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,
31]. This last property turns to be extremely useful as it allows to transport the monotonicity
of (Yn)nen (Wn < ¥n41) to the penalised solution, leading to Y < Y"1, We are then able to
prove the uniform convergence of Y”" and K" := fo Yn(Yy — Lg)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):

'
Y,:yo—i—/ o(Ys)dXs+K; and Y;>L; Vte€[0,T], ()
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
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n~#. Up to a logarithmic factor, this result extends the optimal rate obtained in the Brownian
framework by Stomifiski [30]. Interestingly, 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 (£2), y > 1, and a rate of convergence is obtained.

The penalisation approach is a natural technique to solve reflected (ordinary, stochastic or
rough) differential 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 ¢ > O the law
of the solution Y; is absolutely continuous with respect to the Lebesgue measure on (0, o00). We
expect to carry further investigations in this direction to relax the assumption on ¢ and to get
properties of the density.

Organisation of the paper. In Section 2, a brief overview of rough paths definitions and tech-
niques 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 ¥ 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 pro-
cess with constant diffusion coefficient and driven by fractional noise admits a density at each
time ¢t > 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 e N and T > 0,
C]lj([O, T]; F) (or simply C]}j) denotes the space of bounded functions which are k times contin-
uously differentiable with bounded derivatives, with values in some linear space F. If E and F
are two Banach spaces, L(E, F) denotes the space of continuous linear mappings from E to F.
In the special case E = 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 x € RY, the notation x” will be used for the transpose operation. The tensor
product of two finite-dimensional vector spaces E and F is denoted by E ® F. In particular,
RY @ R¢ ~ R¥*¢ ~ M9-¢(R) is the space of real matrices of size d X e.
Let f be a function of one variable, and define

8fsu = Ji = fs- 3
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The 2-parameter functions are indexed by the simplex Spo,77 = {(s,?) € [0, T1? :s <t} rather
than [0, T']2. If I is a sub-interval of [0, T'], then S; = {(s,7) € I?> : s < t}. For g € (0, 1) and
a function g : Sj0,7] — F, the Holder semi-norm of g on a sub-interval / C [0, T'], denoted by
llgllg,1 (or simply ||gllg if I =[O, T']), is given by

18s.1]
lgllpr = sup —=
(s,1)eS) (t—s)

s<t

The B-Holder space C’B([O, T]; F) is the space of functions g : Sjo,7] — F such that ||g||g < 0.
The B-Holder space C%([O, T]; F) is the space of functions f : [0, T] — F such that [|§f|g < 00
(hereafter ||5f || g will simply be denoted by || f]| g). With a slight abuse of notations, we may write
g€ ch ([0, T']; F) even for a 2-parameter function, and if the context is clear, we may just write
geCh.

Similarly, we also remind the definitions of the p-variation semi-norm and space. For p > 1, a
sub-interval  C [0, T'] and g : Sjo,71 — F, denote by ||g|l,; (or simply | gl if 1 = [0, T']) the
semi-norm defined by

m—1
gy, =sup Y Ignsi 17,
T =0
where the supremum is taken over all finite subdivisions 7 = (#y, ..., ;) of I with ) <] <

- <ty €l,Vm e N. We define Vzp 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, ||§f|, will simply be denoted by || £ ).

Note that we shall use roman letters (p, g,...) for the variation semi-norms and greek letters
(a, B,...) for Holder semi-norms in order not to confuse || - || , and || - [|. When p = 1, we write
Il f1l1-var to avoid confusion.

Remark 1.1. The space C# (resp. V?) is Banach when equipped with the norm f > | fo| +
Il fllg. (resp. | fol + Il f 1l p)- 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 || - || (resp. || - [|) as a
norm.

Lastly, the mapping ¢, (x) = x Vv x?, x > 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 differ-
ential 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 (2).
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For B € (3.5) (resp. p € (2,3)), we denote by X = ((X))ief0.71 Xs.)s.0eS01,) €
CA([0, TT; RY) x C28([0, TT; RY @ RY) (resp. in VP ([0, T1; RY) x VI ([0, T]; RY @ R?)) a rough
paths, and denote by %f([o, T1; R?), or simply %f (resp. “//gp([O, T1; R?) and ”f/gp) the space of
geometric B-Holder rough paths (resp. p-rough paths) with the following homogeneous rough
path “norm”

[SISENTS]

IXIlp = 1X1lg +/IXl25  (resp. Xy = 11X+ 1X]1;)-
Hereafter, we use the notation X € Cﬁf evenif g > %, 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 V1)

For a geometric rough path X e %ég ([0, T1,R¥), one would like to give a meaning to the
following equation:

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, T1; RY) (resp. X € VP ([0, T]; RY)).
A path Y € CP([0,T]; E) (resp. Y € VP([0,T]; E)) is controlled by X if there exist a path

Y’ € CA([0, T1; LRY, E)) (resp. Y’ € VP([0, T]; L(RY, E))) and a map RY € CoP ([0, T; E)
(resp. RY € Vz% ([0, T]; E)) such that

V(s,) €S0,y Y5, =Y8Xs, + R,

The path Y’ is called the Gubinelli derivative of ¥ (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 C‘;(E )
(resp. VY (E)).

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

T
/0 Y, dX; = mli—>moo Z Yt{n(th;n*ti’ﬁ-l + Yf/;"Xtim’tﬂ—l , (&)
nm:(tim)

where (m,,)meN 1S an increasing sequence of subdivisions of [0,7] such that
limy,—, 00 max; (17, | — ;") = 0 and £ = 0, 1,7 = T. The existence of this integral has been estab-
lished 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
Holder continuous, it will be convenient (see Lemma A.1 and its proof) to use a similar result in
p-variation topology.
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Theorem 2.2 (Friz and Shekhar [17], Theorem 31). Let p €[2,3). [f X € ”//gp ([0, T1; R4 ) and
Y, Y)e V)’; (L(R?,R®)), then the rough integral of Y against X exists (and the limit in (5) does
not depend on the choice of a sequence of subdivisions). Moreover, for any (s, t) € S[o,17,

t
/ Y dXy —Ys8Xs — Y X1 | < Cp(I1X1lp,1s.07 “RY I 215,11 F1XN g 5.1 Y’ ||p,[s,t])' (6)
s

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

Definition 2.3 (Control function). Let / be an interval and recall that S; denotes the simplex
on /. A control function is a map w : S — R4 which is

— super-additive, i.e. w(s,t) + w(,u) <w(s,u) foralls <t <uel,

— continuous on Sy,
— zero on the diagonal, i.e. w(s, s) =0.

For instance, if X € V7 (I) for some interval I C [0, T'], then wx (s, t) = ||X||§ 5] is a control
function on S;.

2.2. The Skorokhod problem

Having at our disposal a rough integral in the sense of Equation (5), we can give a meaning
to Equation (2), also referred to as Skorokhod problem associated to o and L, denoted by
SP(o, X, L).

Definition 2.4. Let X € %f([o, T1; RY). We say that (Y, K) solves SP(o, X, L), or that it is a
solution to the reflected RDE with diffusion coefficient o started from yy > Lo and reflected on
the path L, if

(i) Y,o(Y)) e V)’; and (Y, K) satisfies Equation (2), in the sense that both sides are equal,
where the integral fo o (Yy) dX; is understood in the sense of (5);
(i) V£ €[0,T], Y, > Ly;
(iii)) K is non-decreasing;
(iv) YVt e€[0, T], fé(YS — Ly)dK, =0, or equivalently, fot 1y, 21, 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) € €7 ([0, T1; RY) for some B € (3, D\ {3}, let L eC*([0, T]; R)
with o > % Vv (1 — B), and assume that o € C}f (R, (RYY'). Then there is at most one solution to
the problem SP(o, X, L) with initial condition yy > L.
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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) are not differentiable, we replace them by smooth
functions v, such that

Y, €C®, v, €C and vy, <0;
1
Vn eN, Vy € R, (—E—i-ny—)\/oiwn(y)fn)’—; N
WnSWn—Q—L

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

t t
Y,":yo—i-/ w,,(YS"—LS)der/ o(Y" dX,, 1€[0,T]. (8)
0 0

For each n € N, Proposition 3.2 will ensure that there is a unique solution to (8), understood in
the sense that the left-hand side of (8) equals its right-hand side with the last integral defined as
in (5). This is new since v, is unbounded.

Theorem 2.7. Let X = (X,X) € €7(10, T1;RY) for some B € (3, D\ {3} and let L €
C([0, T1; R) with o >  V (1 — B). Assume that o € C}(R, (R?)), that (Y)nen satisfies (7),
and that yy > L. For each n € N, Y" denotes the solution to (8).

Then ((Y/], fot Y (Ye — Lg) ds)ie[o,71)neN converges uniformly on [0, T] to (Y, K), the solu-
tion to the Skorokhod problem SP(0,X, L), and Y € ch.

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:

VneN*Vre[0,T], 0<Y,—Y'<CnP.

Compared with the Theorem 4.1 of Stominski [30] for reflected diffusions, we see that our
result matches the optimal rate, up to a logarithmic correction. However, the result of Stominski
[30] is in L7(S2) 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 et al. [4])
for X to be enhanced into a geometric rough path. Cass et al. [5] also proved that such conditions
yield that the Jacobian of the flow has finite moments of all order (see also [4] with a bounded
drift).
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Let (2, F,P) be a complete probability space, and let X = (X 1,...,X‘1) be a continu-
ous, centred Gaussian process with independent and identically distributed components and let
R(s,t) = E(X; X tl) denote the covariance function of X'. Following Cass et al. [5], let

s, t 1 1 1 1
R(J) =l - X! -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

1

7

-
ti, ti+1
IRl j0,72 == | sup R(," < 00. (Heov)
;10,71 £t
n=(t) 5 VARRY.
n'=@t)

Under this assumption, X can almost surely be enhanced into a geometric rough path X = (X, X)
and for any « € (%, 2]7)’ Xe %;‘. 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
LY (2) (Theorem 2.10).

Remark 2.9. A typical example of process satisfying (Hcoy) is the fractional Brownian motion
(BtH )i>0. We recall that for any Hurst parameter H € (0, 1), (BZH )i>0 1s the centred Gaussian
process with covariance

1
(P + 52—t —5?7), vi,s>0.

B(B!5!1) = |

Such a process is statistically H—self-similar and increment stationary (e.g. for H = %, this is
a standard Brownian motion). Most importantly, regarding the theory of rough paths, if H €
(%, %], its covariance satisfies (Hcoy) 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 (without needing to enhance B?). Besides, its sample paths are almost surely A-Holder
continuous, for any 8 < H.

Theorem 2.10. Let 0 € Cg(]R, (R9Y", let (Yn)nen satisfy condition (7) and yy > Lo almost
surely. Let X = (X L ¢ d) 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 eCP0,T);RY) a.s. and L € CE([0, T]; R) a.s. for some B € (%, 1), or that:

® R has finite second-order r-variations for some r € [1, %), as in (Hcoy);
e and L e C*([0, T]; R) a.s. for some o > 1 — 217 and that E[||L||g] < 00, forany y > 1.

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

lim ]E[ sup }Yt—Y,”}y]=O. )
n—>+00  Licro,7]
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As a follow-up to the remark initiated after Theorem 2.8, one may wonder if a rate of con-
vergence works in LY (£2), so as to compare it with Theorem 4.1 of Stomiriski [30]. 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 (see Theorem 6.5 in
[SD). This explains the logarithm appearing in the following result.

Theorem 2.11. Assume that the hypotheses of Theorem 2.10 hold. Then for any y > 1,
Y
]E[log(l +sup(nf Y —Y"| . 0 T])> ] < 00.
neN 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 e [%, 1), and let b € Cg. Let (Y, K) be the solution to the Skorokhod problem reflected on the
horizontal axis

t
Vi >0, Yt=y0+/b(Ys)ds+K,+BH, Y; > 0.
0

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

Note that unless otherwise stated (mostly in Section 5), we will only consider the case f €
(%, %). Indeed if B € (%, 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 Section 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"),cN is non-decreasing.

In Section 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 o (Y"") and RO (Lemmas 3.8 and A.1). The reason the p-variation appears here
instead of the Holder norm is explained in Section A.2.

In Section 3.4, we use these a priori estimates to deduce that fo o (Y]))dX, is uniformly (in
n) Holder continuous (Corollary 3.9). By using again Lemma 3.4, it follows that || (Y" — L)_ |0
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tends to 0, and since this term appears 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 Section 3.5, the uniform convergence and the a priori estimates of Lemma 3.8 are used
to prove that fo o (Y')dX, converges uniformly to fo o (Y,)dX,. Hence, the penalisation term
K" = fo Y, (Y]] — Ly)du also converges uniformly to some path K such that (Y, K) is the
solution of SP(o, X, L).

3.1. Flow of an RDE and existence of a global solution to (8)

We aim at solving (4) with an unbounded drift . Recall that the Doss—Sussmann representation
(Doss [10] and Sussmann [31]) provides the solution of an SDE with one-dimensional noise as
the composition of the flow of o with the solution of a random ODE. However its multidimen-
sional 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 o and b are bounded with bounded derivatives.

Note that when the vector fields are unbounded (which is the case of ), known counter-
examples show that global solutions of RDEs may not exist. Nevertheless, for an RDE with
coefficient V = (Vq, ..., V;) on R¢, there are several existence results ([21,22], Exercise 10.56 in
[18], and [2]) but they are not applicable here. However this general approach neglects the special
nature of the drift term and its smooth driver “d¢” 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, (4) has a unique semiflow of solutions. Under similar assumptions, we provide
here a Doss—Sussmann representation of the solution.

Let B (1, 1), X € €/ (10, TI;RY) and o € C}(R; L(R?, R?)). Consider the RDE

dY, = o (Y;)dX,, (10)
and denote by (U“_0 ),6[0 7] the solution started from yg, yo — UR_0 the flow of the solution,
J X ) ) its Jacobian and J (_yto the inverse of the Jacobian (note that o € Ci is enough for existence
and uniqueness in (10)). We know that the smoothness of the flow depends on the smoothness
of o: for any ¢, yo — U (_0 is Lipschitz continuous and tw1ce differentiable (see for instance
Proposition 3 in [15]). According to Corollary 4.6 in [5], teo is uniformly (in (¢, y9) € [0, T'] x
R) bounded by a quantity depending only on p = =1, |X|| p,[0,7] and the so-called «-local
p-variation of X (see Definition 4.3 in [5]) We denote this upper bound by CX

The inverse of the Jacobian J0<—z
RDE with X evolving backward. Thus, as noticed in the proof of Theorem 7.2 in [4], J0<_t
also bounded by C 3‘:

(J; 0) I is also the Jacobian of the flow of the same

Jo|| <X <. (11)

sup max(H T ol
YoeR

00,[0,T1’ 0, [OT)

Note also that with o € C}, J OH and JX < are Lipschitz continuous, uniformly in 7.



Penalisation techniques for one-dimensional reflected rough differential equations 2959

Besides, when X is Gaussian with i.i.d. components and satisfies (Hcoy), C§ has finite mo-
ments of all orders (Theorem 6.5 in [5] and Theorem 7.2 in [4]). As observed in Section 7 of [4],
Jgij satisfies the following linear RDE, for any fixed z:

dJ = dM, J)*

0<«t 0«1’

where M depends on the flow UtX (;_ZO. If e =1 (recall e is the dimension of the space in which y
lives), it is thus a consequence of the fact that Jg( (;_ZO = 1 and of the uniqueness in the previous
equation that Jg( j_zt > 0 for any z € R and any ¢ > 0. Hence, it follows from (11) that

VieR, JXi>(c¥) 0. (12)

0«1t =

Proposition 3.1. Letd,e e N*. Let o € C;f (R¢, L(RY; R?)) and assume that
beC'(R°,R°) and Vb eCy(RY,R).

Let B € (%, %), and let X € ‘55([0, T1,RY). Then for any initial condition o, there exists a
unique (Y, Y') € C'g such that Y solves Eq. (4) on [0, T] in the sense of controlled rough paths,

andY' = o (Y). Moreover,
Yt - Ux;ZI

t<0

t tel0,T],
Zi=yo+ | W, Zs)ds,
0

where

W(t,2) = Jo% b(UXS),  (1,2) €[0,T] x RE.

The proof is postponed to the Appendix A.l. 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 (8).

Proposition 3.2. Let o € C}(R; (RY)'), n € N, and , satisfying (7). Let B € (3, 3), let X €
%f([o, T1, R and let (L¢)teqo, 17 be a barrier in C*([0, T], R), with « > 1 — B. Then for any

initial condition yo such that yo > Lo, there exists a unique (Y",Y"") € C§ such that Y" solves
Eq. (8) on [0, T] in the sense of controlled rough paths, and Y"' = o (Y"). Moreover,

Y= Ut)i%)t’,
t tel0,T], (13)
Z? =0 —|—/ Wn(S, Z?)ds,

0
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where

Wt 2) = Il v (UNS = L)), (1,20 €0, TI xR

0<«t

Remark 3.3.

e The path o (Y") is controlled by X and its Gubinelli derivative is o/ (Y")o (Y") (o/(y) is an
element of £(R, £L(R?, R))). In particular, R°Y" e C28([0, T, (RY)) (see Lemma 7.3 in
[16]).

e For > % our assumptions on the coefficients meet those from [20] and thus there exists
a unique solution to (8). Moreover, the previous Doss—Sussmann representation holds also
true by a simple application of the usual chain rule for Young integrals.

Proof. For y € R?, define En(y) = (Wu(y' — ¥%),0)7, where we used the notation y =
(', y)T € R%. In the same way, define G (y) = ("(yl) 0) so that & € C}(R?; L(RIT!, R?)).

Finally, since @ 4+ 8 > 1, let Xe %ﬂ be the Young pairing of X and L (see Section 9.4 in [18]).
Proposition 3.1 ensures that there exists a unique solution Y e CP([0, T1; R?) to the following
RDE with drift

dY!' =b, (Y] dr +& (V") 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. .

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 ,,. The proof is postponed to the Appendix.

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

t
fo = fo=Lo.

(i) Then forallt €[0,T],
VneN, [8f, —8os| = v26]g" =8t | 0.
(i) Let B € (0, 1). If £, (§")nen € CP([0, T, R) and £ > €o, then
Vie[0,TL,VneN, v, (f =)<V, (v +w! =)=~

where W, = C(||£]lg + lIg" llp + 59 T=F).
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We now propose a comparison result. Jointly with the Doss—Sussmann representation (13)
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. Letn € N and Y" be the solution of (8) given by Proposition 3.2. Recall that Z" is
the solution of the random ODE in (13).

(i) There exists C > 0 which depends only on o, 8, T such that for any (s, t) € Sj0,11

1
zr <2 = 70+ (1K Mg .11 v IXIIG g, 7)) ¢ =)

+ sup |Ly— Ls|+ (Y" —Ls)_).

uels,t]
(ii) There exists C > 0 which depends only on o, B, T such that for any (s, t) € Sjo,T1.

v -1y

1
) )
= C(CF)((IXMp.t0.19 v XIS 0.77) ¢ = )P + sup Ly = Lyl + (2 = Ly) ).

ue(s,t]

Proof. For any s € [0, T'), define (2;’<_S) te[s,7] as the solution of the following (random) ODE:
Z'  =7"+ CX/ Yn ( WO”H —Ly)du, tel[s,T].

In view of (11), there is W"(¢,z) < Cz(w,,(U X;z L;), and by the comparison principle for

=
ODEzs, it follows that Zt"(_s > Z;'. Observing that

U ll(—)_U O_"_U

211
X, Z" X:Z"_, X; Z" X;z" ues
u<0 u<0 - Uu <—0 - Uu(—O + n

aodz
X;z}
2UL{(—O +(CJ) (ZZHA —Z?),
where the last inequality follows from (12), it comes that

Z,"H<Z”+fo Y ( %0+(C3‘) NZr_ = 2Z")—L)du, tels,TI.

As the solution of an RDE, there exists C > 0 depending only on S such that Ui_yg satisfies (see
Proposition 8.3 in [16]):

1

100 410,11 = CHUo Xl 0.79) v (I 2 Xl 0.77) P} = Cox e (14)
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It follows that for any ¢ € [s, T'],
Z)_ <7} +CY / t Y (Y2 = Cox pu—)f +(CX) " NZ0 _, = Z!) = L) du
s
<7Z'+C¥
x / (00— L)~ Coxplu— ) + () (Ziy — 22— (L~ L)) d

For each s € [0, T'), consider now the solution ?ﬁ_s of the ODE

—n

t
Zy y=—(Y"'— L) —Coxplt—s)* +/ Yu(Zyy— (Ly — Ly))du, tels, Tl
N

—n

It satisfies, forallt € [s, T], Z
the comparison principle of ODEs). By Lemma 3.4, Z'Z_S satisfies:

> —(Y! — Ly)— — Cox p(t —5)P + (€N (ZP_, — Z7) (by

t<s — 1<S§

[Z s+ (7 = L) = (L = L] = V26(Coxpt =) + sup 1Ly = Lyl), Vi€ls,T],

uels,t]
Hence the previous bound yields, for any s € [0, T) and 7 € [s, T'],

Zn<7'  <Z7'+ Cj‘(Z’H + (Y — Ly)_+ Cox,p(t — S)ﬁ)s

1<s

and this bound implies easily (i).
The second assertion (ii) is now derived using the inequality below, (i) and (14):
t—s)f +c¥|zr - z7|.

<—¥) ” 6,00,T] (

v/ - Y| < igﬂgll Uk -

Remark 3.6. In the previous proof, we did not estimate directly the Holder regularity of
fd o (U SX (_ZOS )dX, since a standard a priori estimate would depend on n. This question will be

treated in the next subsection.
Proposition 3.7.

(1) Let the notations and assumptions of Theorem 2.7 be in force. Then the sequences of paths
(Z")nen and (Y™),eN defined in (13) are non-decreasing with n. Besides,

sup sup |Z]'| <+oo and sup sup |¥'| <+oo.
neNtel0,T] neNrel0,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 y > 1,

E[sup sup |Zﬂy] <400 and E[sup sup |Y,”|y] < 4o00.
neNe[0,T] neNrel0,T]



Penalisation techniques for one-dimensional reflected rough differential equations 2963

Proof. (i) In view of (12) and the fact that ¥, < ¥, 41, it follows from the comparison theorem

for ODEs that Z" < Z"*!. Besides, the mapping z U 0 is increasing since its derivative is

JtX:o which, similarly to (12), is positive. Hence Y" < Y"“.

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

72 = 0+ CCX (X 0,71 v XIS 1) + sw |y~ Lol). 1€[0.T].(5)
€[0,1]
Besides, since Z" is non-decreasing, it follows that Z' > yo, hence sup, <y sup,ejo 71127 | <
~+o00. To prove the second part of claim (i), we apply Lemma 3.5(ii) with s = 0 to obtain
2
7] = 101+ C(CS (1K g0 v X g 1) + S [Lu=Lol).  (16)
7]

(i) Now if X is a Gaussian process satisfying the assumptions of Theorem 2.10, it suffices to
use (15) and (16), as well as the following estimates: for any y > 1,

E[|||X|||Z‘[O,T]] <o, E[(CX)"]<oco and E[||L||g’[0ﬂ] < 00, (17)

where the first bound is a classical consequence of Kolmogorov’s continuity theorem (which
follows from (Hcy) for any 8 < %), the second one is Theorem 6.5 in [5], and the third one was
an assumption in Theorem 2.10. Then Claim (ii) holds true. ([l

3.3. Uniform (in n) a priori estimates on the sequence of penalised
processes

For any p > 1 and any x > 0, recall that ¢,(x) = x V x”, and define the control functions

V(s t) € So,r, Kx(s,t) = |||X|||p [s,]°
KX,K”(S’ t) = KX(S, t) + ((SK.Zl,l)p’

where
t
=/ 1//,1(YS" — Ls)ds, vt € [0, T], (18)
0
denotes the penalisation term in (8).
We now obtain estimates on ¥ and R®") 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

© :ngg(ua/(Y'[)o(Y”) |07y + |R7OM| paom) <2 (19

(i) If in addition, the assumptions of Theorem 2.10 hold, then E(®Y) < oo, for any y > 1.
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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) € Sj0,77,

[Y"|17 15 = Cp (KX K2 (5, 0)), (20)

for some C > 0 that depends only on p and 0.
Now from Lemma A.1(ii), one gets there exists §x > 0 with the property that for any (s,?) €
S[(),T] such that |t — 5| < §x,

| RO >|| : 5.1 = CKX g (s.1).

Then for any (s, t) € Sjo, 77,

P ny, P n
= (X IR T e

=(t s,t
() Cls,t] Ti+1_li§5X [,'+1—[,‘>5X

[0

)

ny, P
<CKxxr(s.0+ sup Y [RIC)|2
w=(t;)C[s,t]

21

lit1—1i>08x

By a standard rough path procedure, one gets that

ok
Z |R’isfi+1

fiv1—1i>8x

t—s 37/)72
<C W (KXK"(S t)+||X||p[”)
so that by using the above inequality in (21), it follows that

o

23
) r—s\2
b §C<1+< S) )KX kn(s,t), V(s, 1) €81 (22)
j,[s.l] 8X ’ s

In view of the definition (13) of Z" and the bound (11) on J (recall also that J is positive), one
has

u

X;Z,
K=Kl = [ DRy = L) du = (2 - 20),
N
Hence, K x,k (s, 1) < (CX8Z7 )P + |||X|||1;M and since Z" < Z"*! (and Z! = Z{™" = yo),

n p
[RTE 0y = C+ 85 D )((CFoze) +IXING ) @y

Recall from Lemma A.1 that §x > C~! |||X|||;l/ﬁ AT > 0. Hence, (i) is proven.



Penalisation techniques for one-dimensional reflected rough differential equations 2965

To prove (ii), note that (20) and the observation of the previous paragraph imply that

)-

Hence, combined with inequalities (15) and (17), one gets that E[sup, ||Y"||;,[0’T]] < 00,

=

Y"1, 1501 = C(@p(CTZr) + ¢ (I1Xl . 10.7)

Vy > 1. Using the regularity of o, we deduce that E[sup, .y ||a’(Y")0(Y”)||;’[01T]] < 0. As
8x > C_1|||X|||El/ﬁ A T, it follows that for any y > 1,

3p 1 3p
Efsy 2] = CE[(IX} v T~)F "] <. (24)

In view of (23) and the previous inequality, it follows that E[sup, || RO IIj:7 . <oo. O

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

Corollary 3.9. Recall that = % The rough integral in (8) is B-Holder continuous on [0, T],
uniformly in n: there exists C > 0 depending only on B, T, ||0||co and |0’ || oo such that

t
/ o (Y;) dX,
N

where ® was defined (independently of n) in (19).

Vn €N, ¥(s, 1) € So,71, <Ca+0)(IXlls +IXll2p)lr — 517,

Proof. In view of Proposition 3.2 and Lemma 3.8, Theorem 2.2 implies that
Il fo o(Y))dX,ll s, is bounded from above by some control function which is independent
of n:

H /0 o (1) dX,

o SO o g 1X U+ o ()0 (V) gy XD g 1
p.ls,t

+Cp(1X 1 p.gs.0n | RZY™

\g,[s,f] Xl [ ) (V) ], 150)

< CU+O)(IX 1,151+ 1Kl 2. 5.1):

To conclude the proof, it remains to notice that since (X, X) € (ff, X1 p, 15,1 < I XMl glt — s|P
and [IX1l g 1 1 < IXlaplt — 5128 < TP gt — 5)°. O

5.t

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

S[%pT](Yf —Lg)_=<C(1+0+0)(IXllp+ IXl2p) + ILlIg)n ",
s€lo,

where © was defined in (19). In particular, limy, —, oo sups¢po 71(¥Yy — Ls)— =0.
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(ii) If in addition, the assumptions of Theorem 2.10 hold, then lim E[ sup (Y{' — LS)):] =0,
00 Tsel0,T]

Vy > 1.

Proof. (i) Recall that (x)_ < %Wn x)+ ﬁ Applying Lemma 3.4(ii) and Corollary 3.9, one gets
that

Vn, sup (Y:—Ls)_sc<1+||L||,s+va(Y£)qu
0

)
nt+—
5€[0,T] B 2n

<C(1+ILlg+A+O)(IXIlp + [Xll2p))n 7, (25)

which is the desired result.
(ii) Using (17) and Lemma 3.8(ii), one gets that E[((1 4+ ®) (|| X||g + IX|l28))"] < 00, Vy > 1,
so the result follows from (25). O

Proposition 3.11. (i) Under the assumptions of Theorem 2.7, (Y™"),eN converges uniformly to
some process (Y;)ie[0,1] € cP.

(i) If in addition, the driving noise X is Gaussian and the assumptions of Theorem 2.10 are
satisfied, then the convergence happens in LY (2; (C°, || - lloo,10,77)) (i.e. as in(9)), forany y > 1.
Besides, Y has a B-Holder continuous modification and E[”Y”E,[O,T]] < 00, forany 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.

(i1) Under the assumptions of Theorem 2.10, one deduces from the previous point that almost
surely, lim, o0 [|Y" — Y |loo,[0,7] = 0. Moreover, Proposition 3.7 states that (Y"),cN is a non-
decreasing sequence. Thus [|Y" — Y [lec.10,7] < 211Y lls0,[0,7], and since IE[||Y||§O,[0’T]] < 0o (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 3.10Gi). 0O

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 (6 (Y), o' (Y)o (Y)) € V¥,
and the following convergence happens in C°([0, T1, R):

/.G(Ys”)dXs —/.J(YS)dXS
0 0

=0.
00,[0,T]

lim
n—>0oo

Proof. First, recall that o (Y") is controlled by X and that its Gubinelli derivative is o’ (Y")o (Y™)
(Remark 3.3). By Proposition 3.11, ¢’(Y)o (Y) € C#, o/(Y")o (Y™) converges uniformly to
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o'(Y)o (Y), and in view of Lemma 3.8, it follows that [0’ (Y")o (Y") — o' (Y)o (Y) | p/ 10,77 = O
for any p’ > p (by Lemma 5.27 in [18]). Similarly, R;’jyn) ;gy) =

8o (Y)ss — o' (Ys)o (Ys)8Xs,s, and it follows from Lemma 3.8 that R°W) e Y7 (by Lemma 5.12
in [18]) and ||[R°Y") — RTD)|| , 0.7~ 0> for any p' > p.Hence (Y, Y’) € V§. Due to Inequal-
710,

converges uniformly to R

ity (6) applied with p’ > p and the two previous convergences in p’-variation, || fo oY) dX, —
fd o (Ys) dXs |l p 10,71 = 0, so the result follows in uniform norm. [l

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 + f(; o(Ys)dX; + K;. As a limit
of non-decreasing paths, K is non-decreasing. Hence, the properties (i) and (iii) of Definition 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 d K" weakly converges towards d K and since Y” con-
verges uniformly to Y,

t t t
0 2/ (YS” - L‘Y)Wn(ysn - Ls) ds :/ (st - Ls)de g / (Yv - Ls)sz»
0 0 0

where the last integral exists in the sense of Lebesgue—Stieltjes integrals, since K is a non-
decreasing path. Since Yy — Ly > 0 (by the previous step) and K is non-decreasing, it follows
that fé(Ys — Ls)dK > 0. Hence, forany ¢ € [0, T, fOt(YS — L) dK, = 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 (0, X, L). In addition, if X is a Gaussian process satisfying As-
sumption (Hcoy), 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 8 > %, the uniqueness of the reflected solution is due to Falkowski and Stominski
[13]. In the case B < %, the uniqueness of the reflected RDE has been proven recently by Deya

et al. [8]. The differ_ence between our work and [8] is that they have a fixed boundary process
L = 0. Thanks to Lemma A.1, uniqueness still holds in case of a moving boundary with little

change compared to [8].



2968 A. Richard, E. Tanré and S. Torres

Let (Yl, K 1) and (Y 2 K 2) be two solutions to SP(o, X, L), both with initial condition
yo > Lo. By definition, ¥ and Y2 are controlled in p-variation. Since the main ingredients in this
section are Lemma A.1 and the rough Gronwall lemma of [9], which both involve control func-
tions (see also Remark A.2), the p-variation topology is a natural choice. Consider the operator
A which acts on functionals of Y! and Y2 as follows: for any ® : C([0, T]; R) — C([0, T]; R),

ADY)=0(Y") — o(¥?).

For instance, we shall write AYs = YS1 — Ysz, Ao (Y)s = a(YSI) - O’(Ysz) and also §(AY)s, =
A@Ys ) =Y -V —¥2+ 72, etc.
By linearity, AY has Gubinelli derivative Ao (Y), i.e. (AY, Ac(Y)) € VE, and RSAJY =

8(AY)s — Ao (Y)8Xs; € V%. Similarly, Ao (Y) has Gubinelli derivative Ac’c (Y). Note that
R2Y = ARY and that RA°) = AR,
Set wg : Sjo,71 — R, a control function associated to (Kl, Kz), as follows

w (s, 0) = |(K', K?)

st

| =0K{, +8K;

” 1-var,[s,t

and define the control functions K x x and K X, K by

V(5.0 €S rr Kxk (.0 =IXI7 (, ,+wk (s, 0)7

~ 4 . (26)
Kxk(s.t)=Y Kxls 1)
j=1

Without loss of generality, assume that there exists t € (0, T'] such that for any ¢ € [0, 7],
Y! > Y2. Observe that
'
S(AY )5 +wi (s, 1) = / Ao (Y), dXy, +8(AK)s +wk (s, 1)
s
t
= / Ao (Y), dX, +28K/,. (27)
N

By applying Inequality (6), one gets that for any s < ¢ € [0, 7],

< C{AY, 18X, /| + AY X, | + | RATD)|

12_”[&1] ”X”p,[s,t]

t
/ Ao (Y), dXy

+ Ao, 5l Xz )

With §x > 0 as defined in Lemma A.1, one now applies Lemma A.1(iii) and Inequality (58) to
get that for any (s, ) € Sjo,7] such that |t — 5| < x,

< C(IAY oo 5.1+ wk (s D) { (1 + 1K1 15.1) 0 (K x & G5, t)%)}. (28)

t
/ Ao (Y),dX,
S
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Thus, we get from (27) and (28) that

~ 1
S(AY s +wi (s, 1) < C(IIAY lloo,s.11 + wk (s, 1) (1 + IIXIIg,[S,l])%(Kx,K(S, )7 +26K,,.

We are now in a position to apply the rough Gronwall lemma of Deya et al. (see Lemma 2.11 in
[91%) which reads: for any (s,1) € S[o,7] such that |t — s| < dx,

| AY lloo .1 + wi . 1) < 2exp{ 1V (C(1+ X g 1s.1) 8p (K x k(5. D)) }(AY; +25K] ).

Assume now that there exists a sub-interval (s, t) C [0, t] of length at most §x such that AY, >0
for any u € (s, ) and AY; = 0. In that case, ¥,! > L, and it follows that 5Ksl’u = 0 for any
u € (s, t). Hence, [|AY |loo,5,r] + Wk (s, 1) < 0 and this contradicts the existence of s and . Thus

AY =0, and there is at most one solution to SP(o, X, L).

4.2. Rate of convergence (proofs of Theorems 2.8 and 2.11)

With the notations of the previous subsection, ¥! now corresponds to Y (the reflected path) and
Y? corresponds to the penalised path Y”. The operator A will now be denoted by A,. Recall
that RSAj"(Y) =38(An0(Y))s.t — Apo'o(Y)8Xs s € Vi, Here, the control function associated
to (K, K™) will be denoted by w,, (instead of wg in Section 4.1), while K x ,,, and K X,w, denote
the control functions which correspond respectively to K x x and K X,k in Section 4.1.

Denote by IT;(y) the projection on the epigraph of L, that is Il;(y) = y v L;. Consider the

control function defined by: V(s, 1) € Sjo, 77,

KXo, (5:0) 1= (11X g 15.1) " 0p (KX, (5. 1)) (29)

Before stating a first technical result, we recall that in Lemma A.1, it is proven that there exists a
time &x > O such that for any (s, 1) € Sjo,7) with |t — s| < 8x,

1

[ RA 7O g = Clwnts. ) + (wa (s, 0) + 180 Y lloo.s.1)bp (KXo, (5. )7) ). (30)

Lemma 4.1. Denote by © the quantity C(1+ (1 + O)(IXIg + IXll28) + L1l g) that appears in

the upper bound of sup;c(o (Y — Ls)— in Proposition 3.10. There exists C > 0 such that for
any n € N*, for any (s, t) € Sjo, 77 such that |t — s| < 8x, one has

< 2"V, 6:0) (v, _ 1,(Y") + On P + 25K,.,).

“oo,[s,t] —

[ —m.(r")

Proof. Mimicking the beginning of the proof of the previous subsection (in particular Eq. (27)
and (28)), then applying Lemma A.1(iii) (which is exactly Equation (30)) and Inequality (58),

INote 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 that it suffices to assume Y 1 > Y2
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one gets that for any (s, t) € Sjo, 77 such that |t — 5| < 5x,

~ 1
< C(1ARY lloo.fs.01 + wals, D) { (1 + IIXII%[S,Z])%(KX,M (s,0)7)}

t
/ Ano (V) dX,
N

and then

— 1
‘S(Any)s,t +wp(s, 1) < C(”AnY”oo,[s,t] + wy (s, t))KX,w,, (s, t)» +23Ks,t~

The rough Gronwall lemma (Lemma 2.11 in Deya et al. [9]), now reads: VY(s, ) € Sjo,7] such
that |t — 5| < 8%,

”AnY”oo,[s,t] +wp(s, 1) < Zexp{l Vv (CEX,w,l (s, t))}(Aan + 28Ks,t)-

With the current notation, Proposition 3.10 yields IT,(Y;') — Y/' < OnB, vt € [0, T]. Since
Y —I1.(Y") < A,Y, we obtain that for any (s, #) € Spo,r] such that |t — 5| < 8x,

[¥ = TL(Y") | g oy = 2™ CRRm O (v, — 11, (1) 4+ T, (V) = Y7+ 28K,,0),

00, [s,t

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

Proof of Theorem 2.8. Let us admit the following inequality, that will be proven in the second
part of this proof

[y —m.(v")] | <exp{2T8g! + (CKx ., 0, )} 2+ T8 ®)n . 31

00,[0,T

It is clear that the quantity VX) k(0,T) :=sup,cn FX,w,, (0, T) is finite (we give more details in
the next proof, where X is a Gaussian rough paths). Hence, the Inequality (31) yields the desired
result since

[AnY lloo,i0.77 < ”Y - H'(Yn)”oo,[O,T] + HH(Y”) - ”oo,[O,T]
<exp{2T85' + (CKx. k(0. 7))} (2+© + T8 @)n 7, 32)

using Proposition 3.10 in the last inequality.
Let us now prove (31). Consider first the case s = 0 and ¢ € (0, 6x): since Yy = HO(Y(’f) = Y0,
one can define

ty =T A inf{t >0:Y — Ht(Yt”) = 2}1_’3}.
Of course, if t(’)’ =T then the proof is over. So let us assume that t('} < T and define

tt=TA inf{t >ty Y — H,(Y,”) = niﬂ}
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and the mapping 9 : [0, T) — [0, T] associated to éx as follows:
Viel0,T), 9@)=T A (+x).

Notice that for any u € [t6’, t{’], Y, lies strictly above the boundary L, since Y, > nPf 4+
I1,(Y}) > L,. Hence, ‘SKfSJi’ =0. It follows from Lemma 4.1 that for any u € [1;, 1] A 9 (1;)],

< 9 V(K x (t(r;,,]n/\a(zg)))<2nfﬁ +0n "+ 0). (33)

oo, [ty .ul —

[y - ()]
Then, we have one of the following possibilities:

L. if 1 AD (1) = T, then rephrasing (33), we get | Y —T1.(Y") lloo, (1277 < 2e1V(CK Xy (15.T)) o

(24 ©®)n~P and (31) is proven (recall that by definition, ||¥ — IT.(Y") loo.10.521 < 2n=F);
2. if 1} AV (1) =1t] < T, then (33) now reads

|y — . (v")| <2 CK X, .1 (2 4 Gy F,

oo, [#y,11']

which is smaller than the right-hand side of inequality (31). Then, since Y, "= IT " (Yt',’,) =
1

n~#, we can define

ty:=T /\inf{t >t Y — H,(Y,") = 2n_ﬂ}
and if t§ < T, define also

t3:=TA inf{t >t Y — H,(Yt”) :n_ﬁ}

and move to the next step (iterate);
3.9f 1 A9(@y) = D(ty) < T, then as in (33), we get ||V — n~(Y”)||oo,[tg,z9(tg)] <

2e1V(CK X0, (15.20)) (2 + B)n—F. But now, we need to consider the times D2(1]) =

¥ o ¥ (1), 1?3(t61), ...,ﬁj(t(’)‘), as long as ﬁ](té') < T At{. By an immediate induction,
we obtain that for such J,

[v —m.(r")]

oo, [t . 97 (1))]
J—1
<2/ exp{] v (C fo,wn (09 (1), 07! (z{,’))) }(2 +JO)np,
j=0
where we used ﬂo(t(’}) = t;;. Note however that o (ty) = J&x, so that J must be smaller

than T8y ! Besides, by the super-additivity property of Kx_y,,, one gets

|y —(y")| <278 exp{T85" v (CRx.w, (12, T))} (2 + T8 ©)n

o0, (1,97 (1)]

which is smaller than the right-hand side of (31).
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To conclude this step, observe that if 9/ H(tg) =T, then we proved (31). While if
pl+l (ty) = t{', then one can move to point 2. and iterate.

Following this construction, there exists an increasing sequence (t,’:)keN e [0, T]N (possi-
bly taking only finitely many different values) such that limy_ o #; = T and for any k > 0,
Y —I1.(Y") ”OO’[t;k’tgk-%—l] is bounded by the right-hand side of inequality (31). This achieves the
proof of this theorem. U

Proof of Theorem 2.11. First, we provide a bound on K7 where (Y, K) is the solution of
SP(o, X, L). Similarly, observe that (L, 0) is solution of SP(0, 0, L). We call Skorokhod map-
ping the function that takes any continuous paths (z, /) and maps it to (y, k), where y =z + k is
a path reflected on /. The Skorokhod mapping is Lipschitz continuous in the uniform topology
(call Cg the Lipschitz constant), see, for instance, Equations (2.1)—(2.2) in [13]. Thus, one gets
that

K1 =1Klloo,j0,11 < Cs

YO+/ U(Yu)dXM_LH
0 00,[0.T]

<Cs(CU+O)(IXNg + IXll28) + IL1Ig) T*. (34
where we used Corollary 3.9. But ® depends linearly on CX, and as already mentioned, this
quantity may not have exponential moments. Since an exponential of ® appears in Inequal-
ity (32), this explains why we cannot get a simple upper bound for E(||A,Y ||eo,0,77)- From
Lemma 3.8 and the definition of ® in Lemma 4.1, recall that for any y > 1, E(@y) < 00. More-

over, we know from (24) that E((S)};) < oo. Finally, since K7 < K7, one gets from (26) and (29)
that

4

4

— 2 2

KX, 0.T) < C(L+IXIG (1)) (Z(|||X|||’;{’[0,T] +K)V S (XI5 0.y + K7 )).
k=1 k=1

Hence, in view of the bound (34) on K7, there exists a random variable K such that, for any
y =1,

]E(supfx,wn (0, T)V) =E(K") < .
neN

Using (32), it is now clear that for any y > 1, E[log(1 + supneN(n‘6 1Y —Y"oo,10,71))7] < 00.O

5. Application: Existence of a density for the reflected process
In this last section, we aim at proving Theorem 2.12. Recall that (€2, 7, P) is a complete prob-

ability space. Thus, let us consider the following simplified problem (compared to (2)), with
constant diffusion coefficient and one-dimensional fractional Brownian noise:

t
vt >0, Y,=y0+/ b(Y,)du + K, + B,
0
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where B is a fractional Brownian motion with Hurst parameter H € [%, 1), y0>0,b¢€ C,l (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 sections 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 € Cg 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

(Yn)neN:

t t
Vi>0, Y'=y +/ b(Y,))du +/ V(Y du+ B (35)
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 mea-
sure. 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, T]).
For any p > 1, let D'? 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;.

Theorem 5.1 (Th. 2.1.3 of [26]). Ler X € D'2 be a real-valued random variable. If A e F and
IDX |3 > 0 a.s. on A, then the restriction of the law of X to A, that is the measure [1,P]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 Chapter 5 in [26] (see also Section 2 in [27], 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
He (3, 1) by:

t
(. s) = CHS%_HluH_%(u—s)H_%du ift >5>0, 36)

0 ift <s,

where cp is a positive constant (see Equation (5.8) in [26]). Note that for the standard Brownian
motion (H = %), ['(t,s) =10,/ (s). Then if BH is a fractional Brownian motion,

DyBI =1(,s).

Furthermore, one can define an L?([0, T'])-valued linear isometry I'* as follows: for any step
function ¢,

1

Toar T u\"2 3
F*w(S)=/ w(u)a(u,S)du=CH/ <p(u)<;> (u—s)""2du.
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The domain of T'* is thus a Hilbert space, which we do not need to characterise here, but only
recall that for any H € [%, 1), it contains C ([0, T']). Besides, if the support of ¢ is contained in
[0, ¢] for some ¢ > 0, one can verify that

rar
F*¢(5)=/ E(M,S)w(u)du- (37)

Applying the Malliavin derivative on both sides of (35), we obtain

t

t
Vs, >0, DSYZ”=f DY b’(y;)du—i—/ DyY) ¥, (Y))du+T(t,s).
0 0

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

t
Vi>0, DyY'= r*[l[o,,](-)exp{f (' (Y") + v, (Yg))duH(s). (38)

For the ease of notations, let us define, for ¢ = b’ + ¢, or ¢ = b/, the process

t
Esile] =1[o,z](S)eXP{/ ¢(Y5')dv}-

5.2. Proof of existence of a density (Theorem 2.12)

Let + > 0. The scheme of proof is very similar to the one used by Tindel [32] for ellip-
tic PDEs perturbed by an additive white noise. First, notice that the sequence (DY]"),en
is bounded in L*(2; H). Indeed, the mapping &.,[b’ + Y] is bounded uniformly in n and
s € [0, T], since v, < 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 < %). Since Y" con-
verges to Y in L? (cf. Theorem 2.10) and sup,en E(IDY/ l3y) < oo in view of the pre-
ceding discussion, we deduce that Y; € D2 and that (DY/")nen converges weakly to DY;
in L2(; H) (see, for instance, Lemma 1.2.3 in [26]), that is, for any x € L?*() and any
feH,

lim E[x(DY!, f)] =E[x(DY:, f)]. (39)

n— o0

In the sequel, we shall apply this convergence to any non-negative x € L?(2), and to any f € H
with a sufficiently small support.

Let ¢ 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 @ > O, | DY; || > 0 a.s. on the event

Q, ={weQo:Y; >3a}l.

As in [32], we notice that it suffices to prove that for any k, j € N*, | DY;|l% > 0 a.s. on the
following event

Qi ji= {a) € Qu: Ytk > 2a and Ysk > a, for any s such that |t — 5| < j*1 }
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Indeed |y jen+ Qak,j = Q2 (since by definition Qq «,j S Qa).

Hence, let now a, k, j be fixed. Since the sequence Y”" is non-decreasing, Y;' > a a.s. on
Qg j foralln > k and all s € [t — j_l, t+ j_l], and thus v, (Y!") = 0. Hence, on R4k, j and
for all n > k, (38) now reads

Vsel[t—j ' t], DY =T*E,[b]s). (40)
Based on the definitions of the previous section (in particular (37)), and for any non-negative

f € L? with support in [r — j !, 1],

t e H—% )
(DYI”,f)=CH/ f(s)/ (E) w—s)"728,,[b' + v, ] duds. 1)
t—j! s

Thus using (40) and the boundedness of &', it follows that lga‘k’jgu,,[b/ + ¥l =

1o , e~ =WlIPls hence one gets

a,k,j

1

T t t H—7
IQakj<DYtn7f>Z]‘Qakje_j b ”OC/ f(S)CH/ (E) (u—S)H_%duds
i G

t

I t
= IQa,k,jei‘/ IHb ”oo/ f(S)F(l‘,s) ds.
t—j-1

Hence, the previous inequality and (39) yield that for any non-negative x € L?(2) and any non-
negative f € L? with supportin [t — j ', ],

E(IQa.k,jX (DY, f)) = E(lﬁa,k,jXeijil”b/”m(r(t’ s f))

It follows that almost surely, lga_k,j D,Y; > 1901](11.6_]'71”}/”&1—‘(2‘,S) for almost all s € [t —
j~1, t]. Hence the following inequality holds almost surely on Qak,j:

| DYy ll% > e—j*1||b/\|oo H]"(t, ’)l[t—jfl,t] ”'H > 0.

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

Appendix: Proofs and a priori estimates

A.1. Proofs of technical results

Proof of Proposition 3.1. In a first step, we adopt the definition of solution given in Defini-
tion 12.1 of [18], (see also Definition 3 in [15]), which gives Y as the uniform limit of some
paths Y* which solve (4) with X replaced by an approximating sequence of Lipschitz paths
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(X*, Xk, In the last paragraph of this proof, we explain why this solution is also a controlled
solution.

The local existence of a solution of (8) comes from Theorem 3 in [21] (see also Theorem 10.21
in [18]). Uniqueness is also granted given the regularity of o and b. In view of Lemma 1 in
[21] (see also Theorem 10.21 in [18]), we know that either Y is a global solution on [0, T'], or
that there is a time 7/ < T such that for any 7 € [0, 7/), (Ys)se[0.7] is @ solution to (8) and that
lim;_, ;/ |Y;| = co. Thus, we shall prove that ¥; coincides on [0, t’) with the solution to (13).
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 Section 3.1 that if o € C?,

Jg‘ <—z is Lipschitz continuous, uniformly in ¢, but that due to the unboundedness of b, W(z, -)
is only locally Lipschitz (uniformly in #). This suffices to prove existence and uniqueness of a
solution to z; = W (¢, z;) on a small enough time interval. In fact, Jg( (_t is bounded (see (11)) and
C’U( = SUp;¢(0,7] |UtX(;_00| < 00. Denote by B(Cg) the ball of R¢ centred in 0 and with radius Cg.
Thus,

W] < IpEpWEDI + Wt 2) = I35 bW )]

<CJ sup |b<x>|+c§|b( teo) b(U5)]
xeB(CY)

< CT (16l g, gy + V01 CT21),

that is, 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., Theorem 3.7 in [18]). Thus, the
process (Uff_% Yreo.7] is well-defined.

Now to prove that (¥;);¢[0,7] and (U <0 ),e[o 7] coincide, one can follow the scheme of proof
of Proposition 3 in [15]: let (Xk)keN a sequence of geometric rough paths such that (X k )keN 18
a sequence of Lipschitz paths with uniform g-Hélder bound, which converges pointwise to X.
Denote by Y k the solution to (8) where X¥ replaces X. Then (Y%, ZF) is easily seen to solve (13)
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

| v |Ur<—() UXk;Z

s<0

MF= " sup ‘JXZ

O<«s 0<—v
s€l0,7],zeRe

and denote JLip = SUP¢[o 7] ||JsX ;0||Lip which is finite (see the discussion of Section 3.1).

Now the main difference with [15] lies again in the unboundedness of b: denote by Z =
—X X:

supepo.77 141l <ooand Cyy = SUP, (0.7].2¢B(0.Z) |Ut<_zo| < o00o. Then fort <,

Xk;Zf
‘I()<—s

Xk;Zf
(U™

s<0

! . .7k
zE =] = [ 1R - 0 o)

A RETICAL)

s<0 s<0

+ 0%

}ds
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)

t
X;Zs
sf{JLip|Z§—zs|||b||oo,3<c5)+Mk(||b|| B(Cx)+||Vb||oo| X _yX
0

+ CXIVblo|UXE —UX% |} ds

s<0

< /0 {Jip| Z¥ = Z|b + M*D + | Vbl oo (CF + M*) (M* + CF|ZE - Z,))} ds,

_x_). Then, denoting C%! : —b+||Vb||ooCX and C%2% .=

where b := max([1bll o, cx)- 121l o BEY)

bJLip + Vbl (CT)?, one gets
1
sup |2 — Z,| < 1C% ' M* + 1| Vblloo (M¥)? + CZ2(1 + Mk)/ sup |Z% — Z,|ds
s€[0,7] 0 uel0,s]
< (CH' + | VbllooM*) T M* exp(C#*(1 + M¥)T), (42)
by applying Gronwall’s lemma in the last inequality. By the continuity of the mapping (v, X)
U )f_f) (see Theorem 8.5 in [16]), there is M¥ — 0 as k — 0o. Hence, the inequality (42) implies

that Z* converges uniforrnly to Z. Since Y* has the representation (13), then so has Y.

Hence, (Y;):¢[0,7] and (U 0 ),elo 71 do coincide and since the latter does not explode in finite
time, this implies that there cannot exist t” > t such that lim,_, ;/ |¥;| = co. Thus Y is defined on
[0, T].

Finally, denoting M = sup,¢o 77 |Y:| and up to changing the drift b into a bounded smooth
function ™) equal to b on the interval (—2M, 2M), we get that Y solves an RDE with bounded
smooth coefficients in the sense of controlled rough paths (see Theorem 8.4 in [16]). ]

Proof of Lemma 3.4.

(i) Denoting k}' := W fol Y (f)} — L) du, let 7" and g" be defined as follows:

t
f;l = 3]%2; —8Lo,r = =84y +g;n + ‘IJ/ 1ﬁn( L:l - Eu)du

0

=g + A
Observe that
t t
— —m\2 -
(I = @)+ () 2 [ g = @) +2 [ (6 + @
2 t
<@ +2 [ @ -wa.

where we used the inequality ?Z Y (f — ) < (fF — L)Y (f)} — £,) < 0. It follows
that

(7;1)2 = (??)2 + 2kt |3} — 2" ||oo,[o,;] = (E?)z +2(|7 1+ [z )e -2 2" 0.1]
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—ni2 —n | —
<508 oo t0.1 + 47 118 | 0.1
a2 1 —np2 3
<5|g" ”oo,[o,t] + §(|f’tl| +16|g" ”oo,[O,t])’
which implies the result.

(ii) The inequality ¥, (x) > —4 — nx yields f" — & > f§ — o+ — Twt —nw [y -
£,) du. Denote g7 :=g} — %\l-ft and f" the solution to

t
ftn_el:fg—zﬁg’,”—nw/o(f,;'—eu)du. (43)

The comparison principle of ODEs implies that V¢ € [0, T'], f' — €; > f,” — ¢;. Solving
(43) yields, Vt € [0, T],

t
ftn — > (f(;l _ Zo)e—nlllt _/0 e—n\IJ(t—u) dg;;t

t
> (ff —to)e ™ + gl e + n\IJ/O eTVIT (G Y du.  (44)

Since ¥, (x) < nx_, we now obtain from (44) that, Vr € [0, T],
t
Y (ftn _ Z[) < n(glne—n\lit +I’l\I//O e—n\IJ(t—u) (NZ _ Z)'f)du)
t
<n|g"| e + 7" ||ﬂn2lll/ eGP du.  (45)
0

It is clear that n||§”||,3tﬂe’”‘l” < ||§'”||ﬁ\lf’/3nl’ﬁ. Thus, one focuses now on the second
term: an integration by parts and the change of variables v = n\Wu yield

t t
nz\Il/ eV G B du = —niPeV + ,Bn/ ey Bl gy
0 0

nWt
= —niPe ™V 4 ,Bnl_ﬂllll_ﬁ/ VP le v dy
0
<cn'"Pyl-#,

Plugging the last inequality in (45) gives the desired result. ]

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,f (R, (RYY), we may assume that there exist solutions Y'and Y2 on [0, T] to
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the following equations

dY! =dK! Y!)dX
=K o) dXe o iz,
Yg=y'€R,

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

RV, :=8Y!, — o (Y))8X,,
(46)

RO =50 (Y1), , — o' (¥i)o (¥1)5X,1.

5.t

Recall that the operator A was introduced in Section 4.1, and similarly to (26), consider
Kx ki (s.0) = XD 1,y + GKE )P,

Lemma A.l. Let K! and K? be non-decreasing continuous paths, let o € Cg (R, (RYY"), let
X e CP with B e (%, %), and assume that Y' and Y? are controlled solutions as above. Then
there exists C > 0 depending only on p(= B~") and the uniform norm of o and its derivatives,
and there exists §x > C ™! |||X|||gl/ﬁ AT such that:

(i) Forany (s,t) € Sjo,11

|y’ H;M <Cohp(Kx gi(s,), i=12.

(ii) For any (s,t) € Sjo,1] such that |t — s| < 8x,

max( 7| £,

IRTOD|2 )< Chy gils0). i=1.2. @7)

5.ls.1]

(iii) For any (s,t) € Sjo,1] such that |t — s| < 6x,
~ 1
[ RA7O g . = Clwi (s.0) + (wk (5.0 + I AY lloo5.01)$p (K. k (5. 0)7) |-

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

5[(;,, = ”Kl “p,[s,t]'
This equality, which relies on the fact that K’ is non-decreasing, is crucial in Section 3 to estab-
lish the existence of Y and the uniform a priori estimates of Lemma 3.8.

Proof. 1st step. By a Taylor expansion,

Yti .
so(¥),,, =o' (K)ovi,+ [ o (¥ - y)dy.
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Hence the combination of (46) and the previous equality yields

. Y/ _
ROV = /(Y)RYI+/> " (Y —y)dy (48)

i

and

i i 1 . .
R < oo [RY + 5 o7 o (v = 7)™
2

(49)

Since we assumed that Y and Y2 are controlled by X, the definition (46) of RY' and inequality
(6) applied to | [/ o (Yi)dX, — o (Y})8X,,| yield

IR | < 8K+ o (v])o (1)) 1%,

+ Cp(IX 1 p, 15,01 ” R7YD “ 2 5,11 + ||‘7/(Yi)‘7(Yi) “ ]||X”§,[s,t])'

p.ls.t

Setting M = Cp(1+ 6" loc + 110" ll0) and
11
Sx:=T Asup{a >0:Kx(s,1)? < EM",Vs,t €[0,T]s.t. |t —s| 53}7

using (49) and a standard argument (see p. 110 in [16]), one obtains that for any (s, ) € Spo, 7]
such that |t — 5| < §x,
IR ],

<25K!, + @M + DIXl g +2[ Y] (50)

s, 1] p.ls.t]°

Since we assumed that [[|X][|g < oo, observe that [[X[l, s.,] < IXIllglt — 5|8 and therefore we
deduce that 6x > QM ||| X]]| ﬂ)_l/ B AT, as claimed in the statement of the lemma.
We recall briefly how to deduce a bound for ||Y?|| p- By the definition (46) of RY', and using

estimate (50),

|8Y) | 28K, + @M + DIXI g 5.1+ 2]V || + o oo I X 1 p.15.01-

[s,]
Arguing as in p. 111-112 of [16], with the only difference that there is now the term SKS ;> one
obtains (up to choosing a possibly larger M which would still depend only on p and the uniform
norm of o and its derivatives) that for any (s, ) € Sjo,77 such that |t — 5| < éx,

(YD q S Chxki(s, ), i=1,2, (51)

psls,t]
for some C > 0 that depends only on p and o. Besides, one can get a global upper bound as in
Exercise 4.24 of [16], obtaining that for any (s, t) € Sjo,77,

1Yl

puls.t] C(KX Kz(S t) \/KX K (S t)p) C(pp(KX’Ki(S,t)).
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The inequality (47) now follows easily from (51), (49) and (50). This achieves to prove (i) and
(i1).
2nd step. Given the definition of R2°(Y) and R2Y, we deduce from (48) that

1
RA™ =o' (YHRY, + (57),) fo o (v} = (87! Yu)udu — o' (Y2)RY,

1
~(5¥2,) / o (Y2 — (5¥2,)u)u du
0
1
=o' (YDREY + Ao’ (V),RY, + A(ays,t)zf o" (Y} — (8Y, )u)udu
0

1
+ (3Y§,)2/ Ao" (Y, — (8Yy.)u)udu.
0
Hence,

[RATD)| < C{|RAY |+ IAYI|RY |+ |AGY, )|+ IAY oo 5.1 (8Y2)). (52)

We now provide an upper bound on |RZ/ | in terms of Ry ™:

[RA | = [8(AY )5 — Ao (Y)(8X,.4]
13
= IS(AK)s‘[ +/ AO’(Y)M qu —_ AU(Y)SSX_Y,[
S

<wk (s, 1)+ |Ac'o (V)X
+Cp(|RAM| 2o Xlptsn + [ac’s M), (oKl 15.01)- (53)

Thus, plugging (53) into (52) yields

R < o[ RA Dy 1K i

+ Clwr (s, 1) + 1A (|RY | + X,41) + |AGY; )]
+ |AY [loo.fs.1] (51/_3,)2 + |Ac’a(Y) Hp’[“]||X||g’[s’,]}. (54)

3rd step. We now provide bounds for |A(8Y;;)?| and |Ac’a (Y)lp,1s,1- Observing that
|AS YS’,)2| =[6(AY)s] |8Ysl’t + 8Y§,| and using the Cauchy—Schwarz inequality, one gets that
for any subdivision & = (#;) of [s, ],

2
3 A4 < (Zymmw 7 x> lov, +8Y3,t|”>

1 1 1

P L
<HAY [ oqlY' + 72

Ls,1]
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2 I
< CIAYI| KXk (.02, (55)
using (51) in the last inequality. Now, using the smoothness of o, observe that

1 1
|5(AJ/U(Y))S t\ = ‘AY,[ (a/a)/(Y,2 + AY; u)du — AYS/ (a’o)/(Ys2 + AYs u)du
’ 0 0

=

1
5(AY)S,,f (o'0) (Y} + AY; u)du
0

1
NG / (0'0) (Y2 + AY, u) — (o'0) (Y2 + AY, )| du
0
< C([8AY )5 ]+ 1AY[(|8YE,] + [8(AY)ss]))
< C(|8(AY)sa| +1AYs[(|8Y],] + [8Y2,]))-
Therefore, using again (51),
|ac'e )],y < CUAYIpfon + IAY oo K x & (5.1)7). (56)
p,ls,t]

4th step. The inequalities (51), (47), (55) and (56) plugged into (54) now provide that for any
(s, 1) € Sjo,r] such that |t — 5| < 8x,

[R5,

2 s = Cp|RAM| %,[S,I]HX“[?,[S,I]
+Cluk .0 + 1A oo s (K x k(5.7 + 1Kl )
FIAY (s KX K (5, D7 + IAY oo oKX K (5, 1) 7
+ (1AY g + 1A oo et x, & 5.7 1K g 1 1 )-

1 2
Besides, since K'x g (s, 1) 7 || X]| P lsal = Kx k(s,t)?, we get that for any (s, t) € Sjo, 77 such that
|t —s] < dx,

IR D]y = Col RO X g+ Cwk (5.0 + IAY o 5.0 x, 1 5,107

1
+ IAY [l p 5K x k(5. 0)7 }

In view of the definition of M and &x in the first Step, there is || X|| (5,1 < (2Cl,)_l for any
|t — 5| < 8x. Thus for any (s, t) € Sjo,7 such that |t — 5| < §x, one gets that

|Ro7]

5.ls.1]

2 1
<2C{wk (5. ) + |AY oo, (5. AKX,k (5, )7 + IAY || p. (5. 0K X, K (5, )7 }. (57
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Sth step. It remains to bound ||AY || |5,,1. From the definition of AY and Inequality (6),

t
8(AY )| = ‘MK)M + f Ao (Y), dX,
5
<wi (s, 1) + | Ao (Y)s|18Xsi| + | Ac’o (V) |1Xs.f
+Cp([RA Dy (o 1 X st + [ 800 D], 1K g 1s.0)-

The previous bounds (56) and (57) can now be used as follows: for any (s, #) € Sjo,77 such that
[t —s| < dx,

IAY [1p, 15,01 < wk (s, ) + C{UIAY lloo, 15, (1 X | 15,01 + IIXIIg,[s,,])

1

/)

2
F 1 X p.1s.c1(wi (5,0 + IAY lloo, 150K X,k (5.7 + I AY | .15, 1K X, K (5, 1)
1
+ ||X||g,[s,[](“AY“p,ls,tl + IAY lloo,s. 1K x.k (5. 1)7) }
1 1
< ECY”AY”p,[s,t](”X”p,[s,t]KX,K(sa nr+ IIXIII_;,[X,I])

1 3
+wi (s, (1 + ClX Nl pis.1) + CIAY oo, 5.1 (KX, K (5,07 + Kx k (5,1)7)
2
SCylAY | p s, 1K x,k(8,8) P

1 3
+ C(wk (5, 1) + [1AY lloos.1) (1 + Kx,k (5. )7 +Kx.k(5,1)7),

where Cy > 0 depends only on p and o. Since

p 1 3\p
(s,) > C(wi (s,0) + IAY lloo,5,i1) (L + KX,k (5, )? + KX k(5,1)7)
is super-additive, we obtain by a classical argument that Y (s, t) € Spo, 77,

p . p—1 p—1
P

IAY 51 < (22Cr)2) 7 (1VKx k(5,1 7 )

3 .
A
x C(wk (s, 1) + 1AY lloo.fs.1) D KX k(5. 1)7,

=0
j#2
so that for any (s, 1) € S0, 77,
1 ~ 1=
IAY [l 5.0k x k(5.7 < C(wg (5.0) + |1 AY [loo5.01) (Kx.k (5. 007 V K x K (5.1)).

By plugging the above bound into the right-hand side of (57), one obtains part (iii) of the desired
result. For further use, note also that the previous bound can be used in (56) to get that for any
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(s,1) € Sjo,171,

|| Ac'o(Y) ||p’[”] 11X 25,11
1 1
< C(IAY stk X,k (5.7 + 1AY oo [s.0K X K (5,1)7)

~ L
< C(wk (5,0 + 1AY oo, 15,1) (Kx K (5,1)7 VKX K (5, 1)) (58)
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