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The non-linear sewing lemma II:
Lipschitz continuous formulation

Antoine Brault” Antoine Lejay’
July 13, 2018

We give an unified framework to solve rough differential equations.
Based on flows, our approach unifies the former ones developed by
Davie, Friz-Victoir and Bailleul. The main idea is to build a flow from
the iterated product of an almost flow which can be viewed as a good
approximation of the solution at small time. In this second article, we
give some tractable conditions under which the limit flow is Lipschitz
continuous and its links with uniqueness of solutions of rough differential
equations. We also give perturbation formulas on almost flows which
link the former constructions.

Keywords: Rough differential equations; Lipschitz flows; Rough paths

1 Introduction

The rough path theory was introduced to deal with differential equations driven by
an irregular deterministic path multidimensional = of the type

dy, = a + f f(y,) dz,, (1)

where a is an initial condition and f a regular vector field. Typically, the irregularity
of x is measured in a-Holder (o < 1) or in p-variation (p = 1) spaces. Such an
equation is called Rough Differential Equation (RDE) |18 [25].

*Institut de Mathématiques de Toulouse, UMR 5219; Université de Toulouse, UPS IMT, F-31062
Toulouse Cedex 9, France; antoine.brault@math.univ-toulouse.fr

TUniversite ~ de  Lorraine, CNRS, Inria, IECL, ©F-54000 Nancy, France,
antoine.lejay@univ-lorraine.fr



This theory was very fruitful to study stochastic equations driven by Gaussian
process which is not covered by the It6 framework, like the fractional Brownian
motion |13}, 26]. More generally, the rough path framework allows one to separate
the probabilistic from the deterministic part in such equation and to overcome
some probabilistic conditions such as using adapted or non-anticipative processes.

Recently, the ideas of the rough path theory were extended to stochastic partial
differential equations (SPDE) with the works of |21} 22| which have led to significant
progress in the study of some SPDE. This theory also found applications in machine
learning and the recognizing of the Chinese ideograms |10, [24].

Since the seminal article |25] by T. Lyons in 1998, several approaches emerged to
solve ([I)). They are based on two main technical arguments: fixed point theorems
[20} 25| and flow approximations [2, (12} 14, 16, |19]. In particular, the rough flow
theory allows one to extend work about stochastic flows, which has been developed
in ’80s by Le Jan-Watanabe-Kunita and others, to a non-semimartinagle setting [4].

The main goal of this article is to give a framework which unifies the approaches
by flow and pursue further investigations on their properties and their relations
with families of solutions to ([1).

A flow is a family of maps {t¢; s} from a Banach space to itself such that ¢, s01),, =
Wy, for any r < s < t. Typically, the map which associates the initial condition
a to the solution of has a flow property. The existence of a such flow heavily
depends on the existence and uniqueness of the solution. However, it was proved
in |7, 8] and extended to the rough path case in 6] that when non-uniqueness holds,
it is possible to build a measurable flow by a selection technique. In this article we
are interested by the construction of a Lipschitz flows.

The main idea to build the flow associated is to find a good approximation ¢, of
¥ s when |t — s| is small enough. We iterate this approximation on a subdivision
m={s<t; <---<t; <t} of [s,t] by setting

gbgs = ¢t,tj -0 gbti,S'

If o™ does converges when the mesh of m goes to zero, ¢”, the limit is necessarily a
flow

This computation is similar to the ones of numerical schemes as Euler’s methods of
different order |11]. Moreover, this idea is found among the Trotter’s formulas for
bounded or unbounded linear operators which allows to compute the semi-group of
the sum of two non-commutative operators only knowing the semi-groups associated
to each operator [15]. This property can be used to prove the Feynman-Kac formula.

Rather than working with a particular choice for the almost flow ¢ as in |14} |19], we
give here generic conditions on ¢. We generalize the multiplicative sewing lemma



of [16] and of [12], introduced to solve linear RDE to a non linear situation. In this
way, we construct directly some flows. In opposite to the additive and multiplicative
sewing lemma, the limit is not necessarily unique. The approximations are assumed
to be Lipschitz. This is not the case for the limit.

Our framework is close to the one developed by I. Bailleul in [2, 5| with a notable
difference: in the previous article |6], we have shown that a flow may exist under
some weak conditions even if the iterated products ¢™ are not uniformly Lipschitz
continuous. Similarly to I. Bailleul, we have also shown that if ¢™ is uniformly
Lipschitz continuous for any partition = (UL Condition) then it converges to a
Lipschitz flow, which is necessarily unique.

The present article gives a sufficient condition, called the 4-points control, on the
almost flow ¢ that ensures the UL Condition. We then study various consequences
of this condition: existence of an inverse, unique family of solutions, convergence of
the Euler scheme, ... The 4-points control can be checked on the almost flow, which
is then called a stable almost flow. This condition is weaker that the one given
by 1. Bailleul in |2, 5]: there it should roughly be @' with a Lipschitz continuous
spatial derivative while in our case, the spatial derivative may be only Hoélder
continuous. The question of the existence of a Lipschitz flow without the UL
condition, in relation with Stochastic Differential Equations, should be dealt with
in a subsequent work.

We also study the relationship between almost flows and family of solutions to (1)
in the sense of Davie [14] as they are two different objects. In particular, we show
that when an almost flow is stable, when the family of solutions to the RDE is
unique and Lipschitz continuous. We also relate the distance between two families
of solutions with respect to the distance between two almost flows when one is
stable. Again, consequences of this result will be drawn in a subsequent work.

We also give several conditions under which perturbations of almost flows, a
convenient tool to construct numerical schemes, converge to the same limit flow.
These perturbative arguments are the key to unify expansions that are a prior: of
different nature.

Finally, we apply our framework to recover the results of A.M. Davie [14], P. Friz &
N. Victoir |17, |19] and I. Bailleul [2, 5| using various perturbation arguments.
Although not done here, our framework could be applied to deal with branched
rough paths, that are high-order expansions indiced by trees, which are studied
in [9] and shown to fit the Bailleul’s framework [3].

Outline. After introducing in Section [2] the main notations and general definitions,
we recall in Section [3] the notion of almost flow which is introduced in our previous
article [6]. In Section [4] we define the 4-point control as well as stable almost flow ¢.



We prove that under these conditions, ¢™ converges to a Lipschitz flow. In Section [5]
we give conditions to modify the almost low ¢ by adding a perturbation e while
retains the convergence to a flow. We prove that under suitable conditions, the
inverse the approximation ¢ and that ¢! is a good approximation of the inverse of
the flow. The link between the uniqueness of the solution of and the existence
of a flow is studied in Section [7] In Section [ our formalism links the former
approaches based on flow |2} |14} [19)].

2 Notations

The following notations and hypotheses will be constantly used throughout all this
article.

2.1 Controls and remainders

Let us fix T > 0, a time horizon. We write T := [0, T] as well as

T? :={(s,t) e T* | s < t} and T2 := {(r,s,t) e T? | r < s <
{(s,t)eT?*| s>t} and T :={(r,s,t) e T |r = s > t}.
We also set T? = T3 o T2.

A control w is a family from T2 := {0 < s <t < T} to R, which is super-additive,
that is
Wr s + Wst < Wr,t7 V(T7 S, t) € T:j,-)

and continuous close to its diagonal with w, ; = 0, s € T. For example w,; = C|t —s|
where C' is a non-negative constant.

A remainder is a continuous, increasing function w : R, — R, such that for some

0<x<l,

2w (g) < 2w(d), § > 0. (2)

A typical example for @ is w(d) = §% for any 0 > 1.
Let 0 : R, — R, be non-decreasing function with limy_,d7 = 0.

We fix v € (0,1]. We also consider a continuous, increasing function n: R, — R,
such that

N(wst)w(ws)” < drw(wst), V(s t) € Ti. (3)



2.2 Functions spaces

We denote by (V,|]) a Banach spaces. The space of continuous functions from V
to V is denoted by B(V). We set ||z] o := supiejo 7|2

Notation 1. We denote by F*(V) the space of families {th,s}(s,t)eqri with ¢ €
(V) for each (s,t) € T2. We also set F~ (V) the space of families {¢s,t}(s,t)e1r3
with ¢, € G(V) for each (s,t) € T2 (note the reversion of the indices).

We now consider a partition 7 = {t; < -+ < t,,} of [0,T] with a mesh denoted
by |7|.

Notation 2 (Iterated products). For ¢ € F*(V), we write

qszrs = (bt,tj o (btj,tj,l O0---0 ¢ti+1,ti o ¢t¢,87

)

where [¢;,%,] is the biggest interval of such kind contained in [s,?]. We say that
¢y ¢ is the iterated product of ¢ on a subdivision 7. If no such interval exists, then

(b?;s = (bt,s-
For ¢ € F(V), we define similarly
;r,t = ¢S:tl © ¢t17t2 ©:-+0 (btjfl,tj o ¢tj,t-

For any partition 7, ¢™ € F*(V) when ¢ € F*(V). A trivial but important remark
is that from the very construction,

¢Zs = ¢2r o ngZiS for any r € .

In particular, {¢f,} enjoys a (semi-)flow property (Definition . A

€T}, siter
natural question is then to study the limit of ¢™ as the mesh of 7w decreases to 0.

Finally, for any (r,s,t) € T3 we write ¢t s, := ¢ps 0 @5 — Pt

Notation 3. We extend the norm |-| on F*(V) by

ploi= sup 1Puske
(s,)eT3 W (ws,t)
st

where w, @ are defined in Section 2| Possibly, |¢|, = 0. Actually, this norm is
mainly used to consider the distance between two elements of F* (V). With this
norm, (F*(V),||-|») is a Banach space.



Definition 1. We define the equivalence relation ~ on F*(V) by ¢ ~ 1 if and
only if there exists a constant C' such that

H¢t,s - wt,s”oo < Cw(ws,t)a V(S,t) € T2'

In other words, ¢ ~ ® if and only if |¢ — Y|, < 4+00. Each quotient class of
F*E(V)/ ~ is called a galazy, which contains elements of F¥ (V) which are at finite
distance from each others.

Notation 4 (Lipschitz semi-norm). The Lipschitz semi-norm of a function f from
a Banach space (V,|-|) to another Banach space (W, ]| -|') is

_ |f(a) = FO)
| flleip := s e
a#b

whenever this quantity is finite. And if A ¢ V is a non-empty subset of V, we say
that f is Lipschitz continuous on A when

|f(a) = )]
”fHLip,A = f;é% W < +o00.
a#b

Notation 5 (Hélder spaces). For v € (0,1) and an integer r, we denote by 6, (V)
the space of bounded continuous functions from V to V with bounded derivatives
up to order r and a r order derivative which is y-Holder continuous.

3 Almost flow and Uniform Lipschitz condition

In this section, we recall some notions and results introduced in [6], which are
useful in next sections. As we are working on Banach spaces instead of metric
spaces, we have a slightly stronger notion of almost flow than in [6].

We denote by i the identity map from V to V.

Definition 2 (Almost flow). An element ¢ € F7(V) is an almost flow if for any
T >0 and any (r,s,t) € T3, a,beV,

Pre =1, 4

[¢t.s = illoo < Or, (5

|01,5(0) = Prs(a)] < (14 02)[b = a] + nlws,)|b - al", (6
|01l < Mew(wry), (7

~— — —— “—

where M > 0 and ¢y 5, := ¢y 505, — ¢pr. 1f we replace (1, s,t) € T3 by (r,s,t) € T2,
we say that ¢ is a reverse almost flow.



Definition 3 (Semi-flow and Flow). A semi-flow 1 is a family of functions
(1/),578)(8715)61?3 from V to V such that ¢,;, = i and

77bt,s o wsm = 77Z}t,1" (8)

for any a € V and (r,s,t) € T3. It is a flow if each ¢, ; is invertible with an inverse
¢s4 for any (s,t) € T2 and (§)) holds for any (r,s,t) € T :=T3 U T2.

Remark 1. A flow is invertible and for any (s,t) € T?, then 1/1;51 = 1. Indeed,
wt,s O ws,t = wt,t =1iand ws,t o wt,s = ws,s =1

Theorem 1 ([6]). Let ¢ be an almost flow (Definition @) with M = 0 and ir,
k defined in Section [2.1] Then there exists a time horizon T small enough and a
constant L < 2M /(1 — (1 + dr)k — 07) such that

HQS?:S - ¢t,$

o < Lw(wsy) 9)
for any (s,t) € T2 and any partition © of T.

Definition 4 (Condition UL). An almost flow ¢ such that [¢7 |, < 1+ 07 for
any (s,t) € T2 whatever the partition 7 is said to satisfy the uniform Lipschitz
(UL) condition.

We give a sufficient condition on an almost flow to get a Lipschitz flow in a galaxy.

Proposition 1. Let ¢ be an almost flow which satisfies the condition UL. Then
there exists a Lipschitz flow ¥ with ||[{bys|Lip < 1+ 07 for any (s,t) € T such that
o7 (a) converges to 1y (a) for any a € V and any (s,t) € T3.

On the other hand, there could be at most one flow in a galaxy if one is Lipschitz.

Proposition 2. Assume that there is a Lipschitz flow ¢ in a galaxy G. Then 1)
is the unique flow in G. Besides, for any almost flow ¢ ~ 1, ¢7,(a) converges to
Vsi(a) for any (s,t) € T2 and a € V.

We then complete the results of [6] with the following ones.

Proposition 3. Let ¢ be an almost flow which satisfies the condition UL. Then
@™ is an almost flow for any partition .

The prototypical example for the next result is @(d) = ¢° for some § > 1. In this
case, it slightly improves the rate of convergence as 6 — 1 with respect to the one
given in [6] which is § — 1 — ¢ for any € > 0.



Proposition 4 (Rate of convergence). Let ¢ be an almost flow in the same galazy
as a Lipschitz flow 1 with |1 s|up < (1 + 0r) and [¢rs — ¢rslloe < Kw(wst) for
any (s,t) € T2. Let us assume that w is such that for a bounded function u,
6w (8) < u(8) for any § > 0. Then

[Yes(a) — of (@)oo < KM (m)wor(1 + 0r) with M(7) := sup  p(wypg).

(r,t) successive
points in T

Proof. The proof follows the one of Theorem 10.30 in |19, p. 238]. Let {t;},_, , be
the points of m U {s,t} such that tqg = s, ¢, = ¢t and (¢;,t;41) are successive points
in mu {s,t}. Set zp = Yy, (P1, +(a)). Then

n—1

[es(a) = 7@ = |2n = 20] < X lzi1 — =il

1=0

Since v, is Lipschitz and

|Zi+1 - Zi| < (1 + 5T)|¢tk+l7tk (¢tk+1,tk (a>) - d}thrlvtk (¢tk+17tk (CL))’

The result follows easily. m

4 Stable almost flows

In the previous section, we have recalled some results from [6] which endow the
importance of Lipschitz flows. However, the UL condition is not easy to verify. In
this section, we give a sufficient condition on an almost flow ¢ to ensure that it
satisfies the UL condition and then that its galaxy contains a unique flow which is
Lipschitz.

4.1 The 4-points control

In this section V, Vy, Vs, V3 are Banach spaces and we denote by |-| their norms.

Definition 5 (The 4-points control). A function f: V; — Vj is said to satisfy a
4-points control if there exists a non-decreasing, continuous function f: R, — Ry
and a constant f > 0 such that

[f(a) = £b) = f(c) + f(d)]
< f(la=blv|c—d|) x(la—c|vI|b—d|)+ fla—b—c+d| (10)

for any (a,b,c,d) € Vy.



Any Lipschitz function f satisfies a 4-points control with f = 2|| f|lLip and f=o.
However, for our purpose, we need to consider later more restrictive conditions on

f and f.

Let us start with a simple example that is found in [14].

Lemma 1. Let f € ' (V(,V,), 0 <~ < 1, with a bounded derivative. Then f
satisfies a 4-points control with

f@) =2|Vfla, £ =0, and f = |V |

Proof. For any a,b,c,d € Vy,

fla) = f(b) = f(c) + f(d)
= (a—b)L1Vf(au+(1—u)b)du—(c—d)L1Vf(cu+(1—u)d)du
— (a—10) Ll[Vf(aqu (1= u)b) — Vf(cu+ (1 —u)d)] du
+(a—b—c+d)L1Vf(cu+(1—u)d)du,
which yields to
[f(a) = f(b) = flc) + f(d)] < |a—b2|V |, (la = b] v |c—d])”

+ |V fllwla —b—c+d|.

This concludes the proof. ]

Here are a few properties of functions satisfying a 4-points control.

Lemma 2. Let f, g satisfying a 4-points control with g Lipschitz continuous.
(i) The function f is locally Lipschitz continuous.
(ii) If f,g: V1 — Vg, then for any A\, p € R, A\f + png satisfies a 4-points control.
(i) If f : V1 = Vy and g : V3 — Vy, then fog: Vs — Vy satisfies a 4-points
control.
(iv) If g : V. — V with |g|up < 1, then i+ g is invertible and k := i+ g
is Lipschitz and satisfies a 4-points control with k(z) = g(|k||Lipx) | k|Lip for
[Elip < 1/(1 = llgluip), and k =1/(1 = g).

Proof. For showing , we choose a = d and b = ¢ in and then,

£(@) = F®)] < [ Flla—b]) + F] la— bl



which proves that f is locally Lipschitz continuous.

Moreover, we can choose Af + jg = I\l f + |1|g and A T g = IA|f + |p|F to obtain
a 4-points control on A f + pg. This proves

To show , we use the fact that g is Lipschitz according to . With h = fog,
|h(a) = h(b) — h(c) + h(d)|
f(lg a) —g(b)| v lg(c) = g(d)]) [lg(a) — g(c)] v |g(b) — g(d)]]
+ (]a bl vile—=d|)[la—c| v|b—d|]+ fgla—b—c+d|
< Fllglupla = bl v e = d))glwip(la = c| v [b - d])
+ fg(la—=b] v]c—=d])[la—c| vI|b—d|] + fgla—b—c+d|.

This proves that h satisfies the 4-points control.
It remains to show [(iv)] From the Lipschitz inverse function theorem [1} p. 124],

i+ g is invertible with an inverse & that satisfies ||k||Lip < (1 — ||g[lLip) " Besides,

la—=b—c+d+(g9(a) = g(b) —g(c) + g(d))| = (1 = g)la —b—c+d|
—G(la =0 vlc—d) x[la—c|v|o—d[,

which yields to

(1= g)k(a) — k(b) — k(c) + k(d)| < |a—b—c+d]
+ g(k[uipla = 0] v e = d)|k|uip [la =] v b —d]].

Hence, for z € R, k = = ([l ip2) ||k Lip and k= (1—g)~L. Therefore, k satisfies a
4-points control. O

The reason for introducing the 4-points control lies in its good behavior with respect
to composition. More precisely, if f satisfies a 4-points control while g and h are
Lipschitz continuous and bounded,

£ 09— o bl < Fllg = blo)lglisn v [l + Flg = hlup,
If o9~ 1 ohle < (F(0)+F) lg = bl

4.2 Definition of a stable almost flow

Definition 6. A family ¢ € F* (V) is said to satisfy a w-compatible 4-points control
if there exists a family of functions (¢t,s)(s,t)eqr3 and constants (@) (s er2 such that

10



for any [s,t] < [0,T] the estimation holds. Moreover, for any [s,t] < [u,v],
(qbt,s)(s’t)eqri is said w-compatible if

gbs,t < ¢u,va
Ors(a(wse)) < ¢° () (wsyr),
where a, ¢®(a) are non-negative constants with ¢®(«) which can depend on .

Definition 7 (Stable almost flow). We say that an almost flow ¢ with v =1 in
@ is a stable almost flow if

e it satisfies a w-compatible 4-points control with

&Et,s g ]- + 6T»

e there a constant C' > 0 such that for (r,s,t) € T3,
|bt,5.rLip < Cow(wrs), (11)

where ¢t,s,7’ = th,s o ¢s,r - ¢t,r‘

We denote the family of stable almost flow Sdls, (V). If we replace assumption
(r,s,t) € T2 by (r,s,t) € T3, we say that ¢ is a reverse stable almost flow.

4.3 Non linear sewing lemma for stable almost flow
The following proposition justifies Definition [7]

Theorem 2. If ¢ € Sds, (V) is a stable almost flow then for any partition m,
|67 = PtsllLip < Lav(wse), V(s,t) € T7, (12)

where L is a constant that depends on T, T — o1, », w, gzvﬁ, ¢® and C in . In
particular, the almost flow ¢ satisfies the condition UL, up to changing .

Remark 2. When ¢ is a stable almost flow, we assume that v = 1 in Definition
This implies that @ becomes

|61,5(0) = dr.s(a)| < (1 + 07)[b —al (13)

Proof. Let us choose a partition m. Let r € T be fixed and (s,t) € T2, such that
r < s,

U;r,t = H¢17fr,r - ¢t,s O ¢§,rHLip-

11



Forany0<r<s<t<u<T,

Usﬂ,u < Ut7,ru + quu,t o gb;tr,r - ¢u,t © ¢t,s © QS;F,THUP + Hgbu,t © qst,s © gbg,'r - gbu,S © gbg,rHLip'
(14)

With the 4-points control on ¢, 4,

quu,t o qb;r,r - gbuﬂf © ¢t,8 o gbg,r”Lip
< Gup (197, — G5 © 051 llo0) * (197, i v (1 + 07) [ 05, [uip) + bu U

According to @D (Theorem [1]) for 7" small enough,
167, = Prs © D5 pll0 < Crvlwen).

Since qfl: is w-compatible and with the control @ with v = 1 of the Deﬁnition
of almost flow,

H¢u,t o (b?:r - ¢u,t O ¢t,s o (bg,rHLip
< ¢®(O)w(wry) (|07, Lip v (1 + 00)|107 i) + Gus UL

For bounding the last term of , yields

[fus 0 Prs 0 ¢F, — Pus © 07 lLip < Cw(wsu)[[ 05, |Lip-

Assuming that r, s, t and u belong to m and combining these inequalities and the
fact the ¢ is stable (see Definition [7]),

U, <UL+ (1+60)UT, + L™ (¢®(C) (2 + 67) + C)ww(ws.u)

where
L™= sup |¢7lLip-

(s,t)eT2
s,tem

For two successive points s and ¢ = s of 7 (See Definition , Or, = P15 © P35, SO
that U7, = 0.

We assume that T' is small enough so that »(1 + 62 + d7) < 1. From the Davie
Lemma (Lemma [J) in Appendix),

(¢®(C)(2 + 0r) + C)

1— (14 0% +67) (15)

U, < L"arw(wsy) with ap := (2 + o)

12



In particular, for r = s, U,; = quﬁfr — GrrllLip-

Let us bound L™. For this, with and @ with v =1,

L™ < sup ||of, — ¢uslluip + (m)a%{z |p2,s | Lip

(s,t)eT? s,t)ely

< LWCYT’W(WQT) + 1+ or.

For T' small enough so that arw(wer) < 1/2, L™ is uniformly bounded. Injecting
this control of L™ in ,

|67, — Grr|Lip < Kwo(wry), V(r,t) € Ti, r,tem, (16)

for some constant K that does not depend on the partition 7.
It remains to establish for any pair of time (r,t) € T2.

For this, let ¢, (resp. r,) be the greatest (resp. smallest) point of = below (resp.
above) t (resp. 7). Then with the definition of ¢™ (Notation [2)),

O — Gtr = Dttn © Oty — Pt © Ppr + Pty e
With and @ of Definition [2[ with v = 1,

Hqufr,r - ¢t,r Lip < (1 + 5T)H¢17f;,r - ¢t7r,7“

Lip + Ow(wrvt). (17)

Similarly,
qbz;,r - gbtﬂ'ﬂ" = ¢?ﬂ,Tﬂ © :‘;,T - ¢t7r,7'7r © ¢T1r,7" + ¢tW7T7T7T'

Using @ and ,
Hgb;rﬂ-,?" - ¢t7r7r

Lip < 9L, oo = PternLip * |Pre i |Lip + Co(wiy)
< (1 + 6T)Kfﬂ(wr7t) + C’w(wr7t). (18)

Inequality (12)), which is applied for any (r,t) € T%, stems from (16,
and . O

Corollary 1. If ¢ € 8ds,. (V) is a stable almost flow then there exists a unique
Lipschitz flow 1 in the galaxy containing ¢. Moreover, there is a constant L = 0
such that for all (s,t) €V,

[¥es = usl

Proof. According to Theorem [2, ¢ satisfies the UL condition of Proposition [
Hence, it converges in the sup-norm to a Lipschitz flow 1 ~ ¢. According to
Proposition [2 ¢ is the only flow in the galaxy of ¢.

Passing to the limit in leads to ([19)). O

Lip < Lw(ws7t). (19)
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5 Perturbations

In [6], we have introduced the notion of perturbation of almost flow. This notion
still gives an almost flow.

We recall that 1, 07 and v are defined in Section [2.1]

Definition 8 (Perturbation). A perturbation is an element € € % (V) such that for
any (s,t) € T2 and a,beV,

€t = O, (20)
letsloo < Cro(wsy), (21)
l€1,6(D) — €xs(a)] < Or[b— af + n(ws.)[b —al, (22)

where 7 is defined by and C' = 0 is a constant.

Proposition 5 (|6, Proposition 1]). If ¢ € F(V) is an almost flow and € € F(V)
s a perturbation, then v := ¢ + € is an almost flow in the same galaxy as ¢.

We introduce now the notion of Lipschitz perturbation, which is a perturbation on
which a control stronger than holds.

Definition 9 (Lipschitz perturbation). A Lipschitz perturbation is a perturbation
€ € F(V) with satisfies for a constant C' > 0

lerslip < Cw(wsy), V(s t) € T2 (23)

Stable almost flows remain stable almost flows under Lipschitz perturbations.

Proposition 6 (Stability of stable almost flow under Lipschitz perturbation). If
¢ € S8,  is a stable almost flow (see Deﬁmtion@ and € is a Lipschitz perturbation,
then 1 := ¢ + € is also a stable almost flow.

Proof. Tt is proved in Proposition [5| that ¢ + € is an almost flow. Here we show
that ¢ + € is a stable almost flow.

First, for any a,b,c,d eV,
lers(a) — €rs(b) — €rs(c) + €5(d)| < 2Cw(wsyt)|a — | v |b—d],

so that € ¢ satisfies a w-compatible 4-points control (see Definition @ with & 4 :=
QC’w(ws t) and &, := 0. Thus, gb +€ satlsﬁes a w-compatible 4-points control with

qb+6— ¢+2C’w(wst) and qbts—kets ¢ts 14+ 6p.

14



It remains to show that for any (r,s,t) € T2, [y sr|Lip < Cw(wyy), with ¢y 5, =
Y5 0 Y5y, — Yy, For any a € V', we write

wt,s,r(a) = [gbt,s © (gbs,r + Es,r)(a) - ¢t,s © ¢s,r(a>] + [Et,s o (¢s,r + es,r)(a) — €50 Es,r(a)J

I ~ _ - ~
I7',s,t(a) IIT,S,t(a)
+ ¢t,s,r(a') + Et,s,r(a') .
N ~ _
111, 5,¢(a)

On the one hand, using the w-compatible 4-points control of ¢; s, , and
(23) we write,

HIT,S,tHLip < Cbt,S(”ES,T”OO)(H(bs,rHLip + HESJ’HLip> + th,SHESJHLip

—~

ors(Cw(wre)) (1 + 0r + Cw(wor)) + (1 + 67)Cww(wyy)

<
< (C'(1+ o7 + Cw(wor)) + 1 4 0r)w(wye),

where C' is a constant.
On the other hand, with @,

L st lip < leeslip([@srlip + lesr i) + leesluplés i
< Cw(wrg)(1+ 67 + Cw(wor)) + CP*ow(wor)w(wry) < Krw(wyy),
where K+ — 1 when T" — 0.
Finally, with and ([23),
1ML, s tllip < 1@t lLip + lecr luip + €t il €srlLip < (20 + CP(wo.r))w (wrs)-

This concludes the proof. n

Now, we prove another perturbation formula which is useful in Subsection [3.3]

We recall the d7,n and v are defined in Section [2.1]
Proposition 7. Let ¢ be a flow which may be decomposed as

VYrs(a) = ¢rs(a) + €s4(a), aeV, (s,t)eT?
with for any (s,t) € T2 and a,be 'V,

¢t,t =1, €t = 0,
|¢t,s(a) - ¢t,5(b)‘ < (1 + 5T)|a - b| + 77(“8,15)’& - b”y’ (av b) € V’
|pt,s — il < Or,

l€stlloo < Mw(wsr)-

15



Then ¢ is an almost flow in the same galary as 1. Besides, for any partition 7
of T,
[9fs = brslloo < Low(wsy) (28)

where L < 2[(3 + 6p)M + o7 M7] /(1 — (1 + dr)k — Or).

Proof. To show that ¢ is an almost flow, it is sufficient to consider — as
well as controlling ¢; 5. For (r,s,t) € T?,

Ir,s,t
A

Yrs © Vur(a) = Gra(Gar(a) + €0r(a)) = Gra(Gan(@)) +ra(dor(a)) + €ra(thsr(a)).

Since 1 is a flow, ¢, s, = 0 and then

(bt,s,r(a) = Ir,s,t + €t,s(ws,r(a)) - et,r(a)~

With (23],
Lst] < (1+0r)Mow(w,s) + n(ws) M (ws)"

With (3)),
L st] < Aw(wyy) with A:= (1 + dp)M + 6 M7,

It follows that ¢ s.[le < (2M + A)w(w,t). This proves that ¢ is an almost flow
following Definition . The control follows from Theorem O

Corollary 2. Assume that V is a finite-dimensional Banach space. Let {{™}  _ be

a family of flows with decomposition Y™ = ¢™ + €™ where (¢™, €™) satisfy —
uniformly in m. Assume moreover that

H(bzr,LtHOC < 5t*$7 V(S,t) € Ti (29)

Then any possible limit ¢ of ¢}, (at least one exists) satisfies — as well
as with the same constants.

Proof. With , Lemma 1 in 6] can be applied uniformly. As is also uniform
in m, this proves that for any R > 0, {¢™(a)s.} (s)eT2, acBO.R) is equi-continuous

where B(0, R) is the closed ball of center 0 and some radius R > 0. The Ascoli-
Arzela shows that at least one limit of ¢™ exists. Clearly, this limit satisfies the
same properties as ¢™. ]
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6 Inversion of the flow

In this section, we prove that our definition of stable almost (Definition E[) flow is
stable respect to inversion.

Proposition 8. Let ¢ € 8T5, - be a stable almost flow and 1) the unique flow in
the same galazxy as ¢ (Corollary . We assume that x := ¢ — i satisfies a 4-point
control such that

V(Sat) € Ti_, %5 = ¢t7s - ]-7 )Z;s = ¢t,s> and ||Xt,sHLip < 6T-

Then, ¢ is invertible and (Cs,t)(s,t)eﬂri = (¢;81)(57t)1r2+ is a stable reverse almost flow
which galazy contains a unique flow which equal to ¥ ~!.

Proof. According to item m of Lemma I 2| and because | th||1le < Op we know
that for T' > O such that o7 < 1, ¢t s 1s invertible and that ¢ts satisfies a 4-points

control with ¢t s 1/(1 Xt, S) and gbt s( ) Xt,8(||¢t,s||Llpm>H¢t,S

It follows that qbt’S 1 + 0, with 6} := 0r/(1 — 67) and that ¢, satisfies a
w-compatible 4-points control.

for any x € R,.

Moreover, | ¢; ¢ ||Lip < 1/(1 = | Xt,s|Lip) and we assume | x;q||Lip < d7. It follows that
|67 4 |lLip < 14 07 which proves that (6) holds for ¢~*. In substituting a by ¢ (a)
in ((5)) we show that holds for ¢—*.

To prove that (Cs,t)(s,t)eﬂri = (¢y, ;)(s,t)eﬁ is a reverse stable almost flow, it remains
to show that the conditions and hold for any (r,s,t) € T3. Firstly, we

compute with , since ¢ s © ¢5, is one-to-one,

Hgbs_j © 9251;51 O P50 s — ngrl O P50 Psirloo = ngs;rl © Prr — 925;7} © P50 Ps oo
<(1+ 5%)”@,7‘ — Grs© ¢s,r||oo < Mw(wr,t)v
which yields with to [[(.s 0 (s — w < Mw(wyy).
Secondly, for any a,b € V and (r, s,t) € T, we set a':=¢, }od; s (a), V':=¢ o, ) (b),
and
Crt 1= (000 © Dpa — D) © Pts © P (V) — (07 0 Dy — B1) © Brs © Gr(d)
= qb;rl o qbt,r(b/) - gb;rl o ¢t,s o ¢s,r(b/> - qb;rl o ¢t,r(a/) =+ ¢1;: o qbt,s O ¢s,r(a,)-

We know that ¢, ! satisfies a w-compatible 4-points control and we use (1],

[Prs| < cbm (chts rloo) e lliip v 625 0 Garluip] 1V — a'l + 677 [ 1. a|
< ¢ (M) (W) (1 + 07)?|0 — a'| + (1 + 67)Cao(wr )|V — .
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Then substituting o’ and V' by ¢;} o ¢, ;(a) and ¢} o ¢ 1 (a),

l¢rodie —dirlup < [0 F(M)w(wr ) (1+67) + (1+07) Cw(wrs) D5y 0br s |Lip
< [¢7PB(M))(1 + 67)* + (1 + 67)C] (1 + 67) @ (wye).

Hence ( is a stable reverse almost flow. According to Corollary (1, (™ converges to a
unique Lipschitz flow ¢** in F (V). But, (T, = (¢7,)~", which yields to (7, o ¢, =i
and passing to limit (J5 o ¢; ; = i. This concludes the proof. n

7 Generalized solution to rough differential
equations

Almost flows approximates of flows, similarly to numerical algorithms. In classical
analysis, flows are strongly related to solutions of ordinary differential equations
(ODE). Rough differential equations (RDE) were solve first using fixed point
theorems on paths [25|. The technical difficulty with this approach is that the
solution itself should be a rough path.

Later, A.M. Davie introduced in [14] another notion of solution of RDE which no
longer involves solutions as rough paths, but only as paths. We abstract here this
approach in order to relate almost flows and paths.

Definition 10 (Generalized solution in the sense of Davie). Let ¢ be an almost
flow. Let a € V and r € T. A V-valued path {y, .}, ycpe is said to be a solution
in the sense of Davie if y,~, = a and there exists a constant C' such that

Yt — Dts(Yrs)| < Cow(wgy), Vr <s<t<T. (30)

Definition 11 (Manifold of solutions). A family {y,~.(a)},cp ey Of solutions
satisfying and Yy, (a) = a is called a manifold of solutions. We write y = ¢'(y)
to denote the whole family of solutions.

Definition 12 (Lipschitz manifold of solutions). If a — y,~.(a) is uniformly
Lipschitz continuous from (V,d) to (@€([r,T],V),||x), then we say that the
manifold of solutions is Lipschitz.

Remark 3. When ¢, s = i+ x4.s, then (30]) may be written |ys:—xt.s(ys)| < Cw(wsy)
with ys; := Yput — Yrs. for (r,s,t) € T3 This is the form used by A.M. Davie
in [14].

Flows and manifold of solutions are of closely related. Besides, a manifold of
solutions is in relation with a whole galaxy. The proof of the next lemma is
immediate so that we skip it.
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Lemma 3. A flow ¢ generates a manifold of solutions to y = 1'(y) through
Yra(a) ==y (a), (r,t) € Ty, a € V. Besides, y is also solution to y = ¢'(y) for
any almost flow ¢ in the galaxy containing .

7.1 Existence of a flow from a family of solutions
In a first time, we show how to construct a flow from a suitable family of paths.

Proposition 9. Consider an almost flow ¢. Assume that there exists a family
{v0~t(a)} e ey Of V-valued paths, continuous in time and Lipschitz continuous in
space such that such that

Yoo = b [[Yo~t — Ot.s(Yos)|lw < Cww(wsy), V(s t) € ']I‘i,
sup{||yo~t — i|Lip + [[Yo~t — i} < K where Ky —— 0.
teT T—0

Then the family {yo~i(a)}cr 4y Mmay be extended to a manifold of solutions to
y = ¢'(y). Besides, if Vsi(a) :=ys~i(a), then ¢ is an invertible, Lipschitz flow in
the same galazy as ¢.

Proof. The Lipschitz inverse mapping shows that yo; is invertible with a Lipschitz
continuous inverse y, %, when K <1 ([1] p. 124).

Assuming that T is small enough, we define 9, ;(a):=yo~;0yy 5 (a) for any (s,t) € T?
and a € V. Clearly, 9 is a flow which is invertible. Besides, for any (s,t) € T2, ¢,
is Lipschitz continuous since both yo~; and g, are Lipschitz continuous.

It remains to prove that ¢ ~ . For a € V, let us set b:= y, . (a). Thus,

|¢t,s(a’) - ¢t,s<a)| = |¢t,s(y0~s(b)) - gbt,s(yOds(b)N
< |0t (Yo~s(0) — Yot (D) < Co(wsye).

Thus, ¥ ~ ¢. O

7.2 Uniqueness and continuity of a solution in the sense of
Davie

A stable almost flow ¢ satisfies the condition UL (see Theorem [2), so that there
exists a unique flow v in the same galaxy as ¢. Furthermore, ¢ is Lipschitz.

The flow ¢ generates a manifold of solutions. We show that there exists only
one such manifold with a Lipschitz continuity result. Note that in the following
proposition, ¢ is not assumed to be stable.
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Proposition 10. Let ¢ be a stable almost flow and ¢ be an almost flow.
Let y and z be two paths from [0, T] to V such that

e — brs(ys)| < Kw(wey) and |z — Gue(2s)| < Kw(wsy), ¥(s,t) € T3
Let us write oy s := (s — Pr,s and sy := G50 — Grsr- Let €1, €2, €3 > 0 be such that
for any (r,s,t) e T3,
‘at,s,r(zr)‘ < elw(wr,t)a Has,tHLip < €2 and ’as,t(zs)‘ < €3.

Then there exists a time T small enough and a constant C' that depends only on ¢,
K, T o7, 3 and sup, ; yers | dts.r |Lip/@ (wy ) such that

lye — 2] < Cler + €2+ €3+ |yo — 20))
(md |yt - ¢t,s(ys) — Z + Ct,s(zs)| < O(El + €2 + €3 + |y0 - ZO|)w(ws,t)

for all (s,t) € T2

The following corollary is then immediate by applying ¢ = { to Proposition

Corollary 3. If ¢ is a stable almost flow, there exists one and only one manifold
of solutions to y = ¢'(y). Besides, this manifold of solutions is Lipschitz.

Remark 4. As seen in Lemma [3] the notion of manifold of solution is associated
to a galaxy. Hence, a galaxy with a stable almost flow is associated to a unique
manifold of solutions (actually, we have not proved that if ¢ is a stable almost flow,
then the associated flow is also stable).

Proof of Proposition[1(. We define

‘/s,t = |Zt - gt,s(zs) — Y+ ¢t,s(ys)|7 V(Sa t) € TQ'
Clearly, ‘/s,t < QKW(W&t).
For any (r,s,t) € T3,

2t = Gir(2r) = Yo + G (Yr)
=2 — Grs(2s) —ye + ¢t,s(ys) + Grs(2s) — Ct,s(gs,r(zr))
— P15 (Ys) + Dr,s(Dsr(Ur)) + Crsn(2r) — Grosr(yr)
= 2t — C,s(2s) = Yo + Gus(Ys) + ars(2s) — ars(Cor(2r))
+ B,s(25) = Pus(Cor(20)) — Prs(Us) + Dr,s(Dsr (yr))
+ Qs (2r) + Grsr(2r) — s (Yr)-
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Set L :=sup, s yers| Pt Lip- With the 4-points control of ¢,

Vir < Vis + 61,5Vor + Lz — yp|w(wry)

+ $t,s<’zs - Cs,r(zrﬂ Vv |ys - ¢s,r(yr)‘> : (’Zs - ys‘ Vv ‘Cs,r(zr) - ¢s,r(yr)‘)
+ la s (z0)| + [ sllniplzs — Cor(20)]-

Since qvﬁt,s < 1+ 67 and | @pslLip < 1+ o7,

Vie < Vig+ (1 +670)Voy + Lz — yllwm(wrs)
+ (bt,s(Kw(wsm))((l +07)| 2 — Yl + €3) + (€1 + e2K)ww(wyy).

Since at,s is w-compatible (see Defintion @, $t7s(Kw(wr,s)) < O(K)w(wy,) so that

Vie < Vi + (1 +0r)V, + Bw(wyy) (31)
with B:= (L + (14 07)®(K))|y — z[leo + €1 + 2K + e3P(K)). (32)

Owing to —, from the continuous time version of the Davie’s Lemma for
T small enough (depending only on s and T — d7), for all (r,t) € T?,

2+ or

< ; =
Vit < BCw(w,:) with C': T el 0,2 2 00)

For any ¢ € [0, T, since ||¢ro|Lip < 1+ 07,

e — 2] < |ye — 2 — dro(yo) + Go(20)| + |De0(20) — Co(20)] + |@e0(20) — dr0(vo)]
< ‘/0775 + €3 + (1 + 5T)|y0 — Zo|.

With the expression of B in (32), for any ¢ € [0,7], we see that there exists
constants A and A’ that depend only on s, L, 7, K and ®(K) such that

ye — 2| < Ay — z|w@w(wor) + A'(er + €2 + €3)ww(wo,r) + €3+ (1 + 07)[yo — 20]-
Choosing 7" small enough so that Aw(wo7) < 1/2 implies that
ly — 2]l < 2A"(e1 + €3 + €3)w(wor) + 2€3 + 2(1 + 7)|yo — 20

This concludes the proof. O
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8 Application to Rough differential equation

In this section, we show how our framework allows us to link the different flow
based approaches. The key is to show that Friz-Victoir’s and Bailleul’s almost
flows are different perturbation of the Davie’s almost flow.

We start by giving some notations. We did not recall notions of the rough path
theory. The reader can find a clear introduction in [23] and in [18].

In this section, the remainder introduced in Section is of the type
w(8) = 6PV s > 0.
with v € (0, 1] and a real number p > 0 satisfying 2 + v > p.

8.1 Rough path notations

Before showing the link between the different based flow approaches, we set notations
of classical objects of the rough path theory.

Given another Banach space (U, |-|) and a real number p > 1, let us denote by
©P~ (T, U) the space of 1/p-Holder paths controlled by w, which we equip we the
semi-norm

foll, = sup 2l
(s,t)eT? st ws,tp

this quantity being bounded by definition.

We define also 67~Y'([s, t], U) the space of bounded p-variation paths from [s, t]
to U which we equip with the p-variation semi-norm on [s, ] denoted by ||z |s.q,p-

Moreover, if x € €*~([0,T],U), then x € 6P~ ([s,¢],U) and

1
|2l st < lalpeony

We denote by |:| the floor function.

For an integer N > |p|, let TP (U) be the space of 1/p-Hélder rough path controlled
by w of order N. If x € TPV (U) we denote by x*) the component of x in U®* with
0 < k < N an integer and Sj(x) := Z?:o x(). Obviously, x = Sy(x). We denote
the homogeneous semi-norm

k
‘Xg,t)|

|xlp:=sup  sup
? k<N [s,t]eT?,s#t wf’ép 7
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which is finite by definition. Moreover we set T?(U) := TPPI(U).
For N = 0, we denote GV (U) the free nilpotent group (Chapter 7 in [19]).

Let €P(U) := 87~ ([0, T], GI?/(U)) be the set of weak-geometric rough paths of
finite 1/p-Holder rough path controlled by w with values in U.

When U = R? (£ > 0 an integer). For any multi-indice I := (iy,. .., i) € {1,...,0}*
we set || :=k and e; :=¢;, ® - - - ® e;, where {ey,..., e/} is the canonical basis of
RY. If x € TP(RY). If x € TP(RY), then x! denote the coordinates of x*) in the
basis (er)jrj-x. It follows that Si(x) = 3/ o, x"er. If 2 € ' (T, R’) then for
any integer N > 0,

Sn(x) = Z zle;,

I ._ ik i1
where z , = Ss<tk<---<t1<t dz;y ... dxy;.

8.2 The Davie's approach

Let us consider now a p-rough path x € I?(U) with 2 < p < 3 for a Banach space U.
A Rough Differential Equation (RDE) is a solution y taking its values in another
Banach space V to

Y = a+ Jt flyy) dxy, V(s,t) € ']I‘i, (33)

provided that f:V — L(U,V) is regular enough.

Existence of solution to (33 was proved first by T. Lyons using a Picard fixed
point theorem [25]. In [14], A.M. Davie provided an alternative approach based on
Euler-type schemes. Over the approach of T. Lyons, it has the advantage that the
solution is sought as a path with values in V and not in the tensor space To(U@® V).

For f € G}(V,L(U,V)), we define

drs(a) = a+ fla)xl) + df(a) - fa)x?), (34)

where df(a) is the differential of f in a. Definition |10 coincides with the one
defined by A. M. Davie in [14] for the notion of solution to (33]).

The following lemma is a generalization in an infinite dimensional setting of
Theorems 3.2 and 3.3 in [14] with a bounded function f.

Lemma 4. Let pe [2,3) and vy > p — 2.
(i) If f € B, "7, then the family ¢ defined by is an almost flow.
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(ii) If f is of class C@fﬂ, then ¢ is a stable almost flow.

Proof. According to Proposition 5 in [6], ¢ is an almost flow as soon as f € 6,
with 2 +~v > p.

We now assume that f € C@g . We show that ¢ verifies a w-compatible 4-points
control (see Definition @ For any a,b,c,d € V, (s,t) € T?, we compute

01(0) = 81(8) = 61,5(0) + 61a(d) = a—b—c+d+ [f(a) = () = f(c) + F(d)]x!]

II

+[df - fla) = df - f(0) = df - f(e) + df - f(d)]xD . (35)

J

i,
Then, we apply Lemma [1{to f € €2 and to df - f € €, to obtain

0| < %O wiP4)| a2 fllw(la — ¢ v [b— d)?|a — b
+ [xD pwg 2l df|ola — b —c+d|, (36)

and
I, | < |x@ 0P| 20d(df - )l (Ja—c| v [b—d])" |a—b
+Hd(df~f)oo|a—b—0+d|]- (37)

Combining (35), and we set for all y e Ry, gg;s(y) = [ i/tpyz + wﬁ/f;m]

where ¢ := [xW]4] d*f| + [x®[z2] d(df - £)], and

~ 1 2
Ors =1+ [xO gD + | A(ASf - )| 5i 5.

It follows that 95;3 < 1+ 07 and that ¢, ¢ is ww-compatible. Indeed, for o € R,
¢ts (Olw(2+’y)/p) < Cll (aQ V Oﬂ) (wi?t+27)/P + w§2t+2»y+,y2)/p>

<dia?v ) (Wi + o) Wl < Srw ().

It remains to show that holds. As ¢y, € €', thus the two semi-norms
|¢t.s|Lip and | dey | are equivalent. We recall that ¢y, = ¢rs 0 ¢s, — ¢r,. For
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any a€ V and (r,s,t) € T3,

dérsr(a) =(dos,(a)df o d,.(a) — df(a)xl) — d(df - @)= —xV@x())
+ d¢8,r(a> d( df - f) d)s 7‘( )X 2t)
= (= df(a) + oy, (@) df 0 durla) — d(df - la)x,) x1y

I//

7,8,t

*Ed(dff)(a)i d¢8,r( ) (dff) ¢sr( ))X

v

II//

T,8,t

n N

U

(38)

Each term is estimated separately. For the first one,

14| <[df 0 6sr(a) — df(a) — d*f(a)(ds,(a) — a)|[xL)]
+ [ df(a) df(a)x@xL,| +d(df - f)(a)df o do,(a)x@xY)|
+[df(@)[df o ¢sr(a) — df(a)]x!, ®x!,
<[ @ f (|65 (a) — a x|+ (FAFIZ + | d(df - ) df o) x|
+ | df ool 2 ool (@) — al|x, 1%L,
<Cl(w@ﬂ)/p_,_2“}3/10) 01(1+2W(()T )/p> 521t+v)/p’ (39)

where ¢/ is a constant which depends on f, x, 7.

The second one is more simple,

1L, <[d(df - f) o dyp(a) — d(df - F)@)]|xP)] + [ dgs,(a) — 1] d(df - f) 0 dyr(a)x?,

<IA(df - Flwldsr(@) —al x|+ [ A(AS - f)]oc] dbop(a) = 1[Ix7|

<0g< (2+7 /p_i_w?if/tp) ( —i—cu(()l 7)/p>w7(n72t+7)/p' (40)

Finally, combining (3§ and ([40), | dersrlo < (] + ) (1 + w(l ()
with @(w,;) = w(QH)/ b T his proves and that ¢ is a stable almost flow. [

Combining Lemma [ Proposition 2] Corollaries [I] and [3] leads to the following
result.

Corollary 4. If f is of class C@fﬂ, then @™ converges to a unique Lipschitz flow 1.
Moreover, if x is an almost flow in a galaxy containing ¢, then, x™ converges to 1.
Besides, there exists a unique manifold of solutions to y = ¢'(y) which is Lipschitz.
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8.3 Almost flows constructed from sub-Riemannian
geodesics, as in P. Friz and N. Victoir

In [19], P. Friz and N. Victoir proposed an approach based on the use of geodesics.
The following proposition is one of the fundamental result of their framework.

Now, we assume that U = R,

Proposition 11 (Remark 10.10, [19, p. 216]). Let p = 1 a real number and an
integer N = |p|. For any x € 8P=<([0,T], GN(RY)) and any (s, t) € T?, there exists
a path x*' € @17V (R) defined on [s,t] such that

Sn (@) = X and |2 (o1 < K [xlpwi? < K| Sy ()

for some universal constant K (resp. K') that depends only on p (p and N ). We
say that 2% is a geodesic path associated to x.

Remark 5. If x € €' ([s,],R), then |z 1 = | da,|.

For notational convenience, we prefer now to express differential equations with
respect to vector fields, that is a family of functions 7:: (71, . ,?}) that acts
on C6,0(\/' L(U,V)). Therefore for x € C@lfvar(RJr,Re), the equation z; = a +
So f1 (z5)dx, is equivalent to y, = a + So (z5)dxs with f = 7)1 For a multi-
indice [ := (ﬁ’ ix) € {1,...,0}F and (s,t) € T we denote I = 72-1 : 72“ By
convention, fi:=1i. We employ the Einstein convention of summation.

Let us fix n > 2 in ?1 € C@’\ ! for A > n. Let x be a rough path with values in
T, (U) and V be a vector field such that fie @', Let us define

X7 ] Z Z fﬂ st7 <S7t) ET%—' (41)

The next proposition summarizes various results on RDEs (Theorem 10.26 in [19,
p. 233|, Theorem 10.30 in [19] p. 238]). When fi € €, but no in B with
2+ 7 > p, several solutions to the RDE (B3)) may exist (See Example 2 in [14]).

Theorem 3. Assume that U and V are finite dimensional Banach spaces. Choose
A > 2 as well as an integer n with 2 < n < |\|. Let x be a p-rough paths with
values in T, (V). Let us assume that Fie B for a vector field [:V — L(U,V).
It holds that

(i) When A > p, there exists a flow w[x,ﬂ in the same galary as ¢ |[x, 7],
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(ii) When 1+ X > p, then there em’sts a unique flow as well as a unique Lipschitz

manifold of solutions to 1 = ( ) (qb(” is defined in (41])).
In addition, for any partztzon T = {t; }Z 0’

n+“/

s —1
[Wrslx. flla) = 6™ [x, fll < C o _sup wil, (42)

77777

with v :=min{\ — n, 1} and a constant C' that depends on wor, x|, and V.

From the next lemma, we obtain that of 71 € 6) with X\ > p, then there exists a
unique flow associated to ¢™[x, f].

Lemma 5. For any n > 2, ¢ [X,?j belongs to the same galaxy as ¢(2)[x,?],
which the Davie expansion given by with f = ?1

Proof. Let us write for n > 2,
)[X77j:: (Zﬁt(:t)[x77j_¢gt)[x77)] = Z Z 7)[1 st7 S t)ETi
k=3 |I|<k

Clearly, R™|x, 7] is a perturbation with @(§) = 0°?. Moreover, as 71 € 6 !,
Fiie @) F for any word I with |I| = k so that when A —n > 1, R™[x, f] is a
Lipschitz perturbation (Definition [f]). ]

This is however not sufficient to obtain the rate in .

For a path z € €' we denote for a € V by . ([, 7](@) the unique solution to

Uiz, Fla) = a+ J Filrs[z, Fl(a) da,, t > s. (43)

The family ¢z, 7)] satisfies the flow property.
We set for any (s,t) € T%,
( —>

i?[as,ﬂ<a>- (), fl(a),
O Ty = j (Pl i) = Fii(w)) a,

[|=n

where dx{k = dxii e dxﬁ Using iteratively the Newton formula on ,

Yislz, fl(a) = o[z, Fl(a) + e[z, Fl(a).
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We denote by | f|, the y-Holder semi-norm of a function f. For v = 1, this is the
Lipschitz semi-norm. Thus, v := min{\ — n, 1} is the Holder indice of ?Ii with
|I| = n.

From Proposition 10.3 in |19} p. 213], for a constant C' that depends on A and on

IVl = max| Tyl + o | sy + mas| Tl

it holds that
e[z, Fl(a)] < =1 (44)

Lemma 6. Let x be a path of finite 1-variation with |x|;sn1 < Awsy for any
(s,t) € T%. Let %" be the geodesic path given by Proposition |11, Assume that there

exists a constant K such that ||z 51 < Kwiép. Then there exists a time T > 0
small enough and a constant D that depend only on w, K and H?tH* such that

n+"/

[es[2°, F] = sl Flle < Dwyf . ¥(s,t) € T2.

In particular, the choice of T and D does not depend on A.

Proof. Let us assume that |z]q1 < Awsy and |25 |51 < Kwi{tp.

Let %! be the concatenation of #™* and x*!. Then

Yiole, F)(@) = drla™, Flla) = Goslz, Fl(orle, TI@) = i, ()

"

Ir,s,t

e[z, fl(a) = dorl2™, Fl(a).

~~
Hr,s,t

Since z"*! is the concatenation between two paths,

Yo7, Fl(a) = us[2t, Fl(s (27, Fl(a)).
Thus,

Ll < [slz, Fl@splz, FI(@) — wsla® Fl(ws, [z, fl(a))]
[ es[25, Pl W[z, F1@) — ool Tl [272, Fl(@))].

Writing U,.; := ¢ j (A j”om it holds that

’Is,r,t‘ < Ut,s + Hwtys[ms,t’ ﬂHLipUr,s-
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From (43)), we derive that for t > s,

t
m&ﬁﬂmm<1+wm@fwmw%ﬂmamw
—_—> St
<1+M%mJWmWﬂﬂhmﬁMn (45)

where the derivative 2% is almost everywhere defined because 2%t € €1V (R").

Then, using the Gronwall’s inequality with and Proposition there is constant
C' that depends only on K (defined in Proposition , |x|, and H?«LHLip such that

s 1
|85 [25%, TllLip < exp(Cug/2).

Besides,

Sn(xr’s’t)rt = Sn(xw’s)r,s ® Sn<xs’t>s,t = Xr,s ®Xs,t =Xrt = Sn(xr’t>rt-

) ) )

It follows that ¢™ [zt ] = ¢ [z, F]. Thus,

L] = e[, F(a) — V2™, Tl (a)|
nty
< e[, oo + e [27, Fllloo < C'wyl

where C" > 0 is a new constant and using and Proposition [11] for the last
estimation.

Thus,

n+y

Uep < Ugy + exp(C’wégi)Uw + C"wS’tT.

On the other hand, when w;; <1,

Ut = [0z, Fl — bos[z*, Fll
< stz 1) = 61, Pl + e[z, 71 = 62, Fll

" n+ n+vy nty .
< C"max{A"w T K w )

n+vy

< Bw,! with B:= C" max{A""", K7 }.

From the continuous time Davie lemma (Lemma [10]in Appendix), there exists a
n+vy

constant D that does not depend on B (hence on A) such that Us,; < ij . g
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Lemma 7. Let x € €Y be as in Lemmall. Then

n+y

e T, Pllo = sl 71— 03 [ Fllle < Ew,f
where E depends only on w, T, and K.
Proof. Since ¢ [z, f] = ¢;7)[=", ],
€ts 7] r(/}ts 7ﬂ_¢£2)['r77 wts ﬂ wts ,?j‘i‘EEZ)[I,?]

The results is then an immediate consequence of and Lemma @ O

Proof of Theorem[3. We recall that we assume that U and V are finite dimensional
Banach spaces. For any (a,b) € V, any (s,t) € T2,

67z, (@) — & [z, T1()]
n—1
< D Frilluipla o =81+ > I Frily - o lla — b

k=0 |T|=k [I|=n

n—1
— . — .
< D Filuiplz g - la = bl + | Failly |2 g1 la — b
k=0

It then follows from Proposition @ that ¢(™ [z, ?j is an almost flow with

n+y

of o, A0, Fl(@) = 61w, (@) < Lwf V(s 1) e T,

for a constant L that depends only on ||z|[s4,1 and of |[V],.

Let (2)men be a sequence of bounded variation paths such that S, (z™) —— x
m—0o0

uniformly on [0, T"] and such that sup,,cy[|Sn (™), < ¢|x]|, for a uniform constant
¢ in m. Such a sequence exists according to Remark 10.32 in [19]. It consists in
concatenating the geodesic approximations given by Proposition From this,
1S, (2™) ] < KwllP with K = ¢|x],.

Clearly, (n)[ ,7](@) converges to ¢,§f;) [x, 7] for any (s,t) € T2 and any a € V.

t,s

The result follows from Corollary [2] and Lemma [7] O
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8.4 Bailleul’s approach

8.4.1 Classical control of ODE solutions

For a € V, the solution to the ordinary differential equation

yela) = a+ j Fi(ye(a)) ds

is a path from [0,7"] to V such that
¢

B(u(a)) = dla) + f Vo(ya(a)) ds (46)

0

for any ¢ € €' (V,V). Assuming enough regularity on both ¢ and 7, we iterate (406)
so that

() = 9la) + 1V(a) + - + L V40(a) + B4, a:1)

—>

with F'o=¢, J ¢ = fCf
Ri(¢,at) = JJ f Uy, () — ¥(a)) dty, - - - dty.

for a function ¥ : V. — V.

k=0,1,... and

Lemma 8. If71 s uniformly Lipschitz, then for any a € V and any t > 0.

lyi(a) = al < ] fi(a)| exp(| filuipt). (47)

Moreover, if?i satisfies a 4-points control, then for any a,be V and any t = 0,

Ala,b) := lys(a) — a —ys(b) + 0]

<t Fi(au(a, b)) exp ((?ﬁ(axa, b)) + ?i)t) a—b| (48)

with

ay(a,b) == sup |ys(a) —a| v ys(0) — b < t((| fila)| v | fid)]) exp(]| Filuint))- (49)

s€[0,t]

In particular, zf71 satisfies a 4-points control and is bounded, then a — y(a) is
Lipschitz from V to (6([0,T],V), ||x)-
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Proof. Let us write v:= fi € €(V,V). Since

yi(a) —a = J (v(ys(a)) — v(a))ds + tv(a), (50)

0

an immediate application of the Gronwall lemma gives .
Since v satisfies a 4-points control, for a,b € V, with Ay(a,b):=|y,(a) —a—ys(b) +|,

[v(ys(a)) —v(a) —v(ys(b)) + v(b)]
< 6(|ys(a) - CL| Vv |ys(b) - b|)|ys(a> - ys(b>| 4 |CL - b| + EAs(a’b)' (51)
Besides,
|ys(a) - ys(b)| < |a - b| + As(a7 b)
Injecting into (b0) shows that

Ay(a,b) < ay(a, b)tv(ag(a,b))|a — b + (0(a(a, b)) + E)JO Ag(a,b)ds

with ay(a, b) given by (49). Again, the Gronwall lemma yields (48)). O

8.4.2 Bailleul’s approach by truncated logarithmic series

Here U = R! for a dimension ¢ > 1

Let V := (7)1, . 7@) be a family of vector fields which acts on C*(V,V) and
x € GP(RY)) be a Weak—geometrlc p-rough path with 2 < p < 3. By definition of the
weak geometrlc rough paths x4 + x3 = x'x7I for any i, j € {1,. €} We denote
by [fz, f = 77 f fl, the Lie bracket of vector fields 72 and f The Lie
bracket is itself a vector ﬁeld

Assuming that V is smooth, we define for any (s,t) € T?, a € T and a € V, the
solution (o, a) — ys.(a, a) of the ODE,

— —

alon) =a+ [ FitwsBa)x a8+ 5 [ (7T Bne(a)xiias, (2
0
where we omit the summation over all indice 4,5 € {1,...,¢}. We write

Xt,s(a> = ys,t<1a a) = ¢s,t + €t,s, (53)
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where, by iterating ,
(bts —CL+7 Xs,t+ %727]1(0’ StX8t+ 7@77 st7
coa(a) = f f T 7 (s, @) — (@) o, dy d
IR . iy
5 || 7Tt 0) ~ @i a9
1 (? - i ik
w5 ] | T Tl o ayas

With the weak geometric property of x : Xit + Xst = ! txst, we simplify the
expression of ¢ such that

—_

dus(a) = a+ Ji(a)xl, + 7f ) (xi +x0) + 5[ 7, Tl
=a+ fil(a>xs,t + fz fj‘(a)xst

So ¢ corresponds to the Davie’s almost flow defined in ([34)).

l\')

Proposition 12. Assume that V € C@EH with 2 + v > p. Then, x defined by
s an almost flow which generates a Lipschitz manifold of solutions. Moreover x™
converges to the Davie’s flow ¢ of the Corollary[4.

Proof. We proved in Lemmathat ¢ is a stable almost flow. We shall show that ¢,
is a perturbation in the sense of Definition |8 and then we use Proposition 9| to
conclude that x is an almost flow which is in the galaxy of ¢. We use Corollary
and Remark [ to conclude the proof.

It is straightforward that €,; = 0. We start by computing an a prior:i estimate of

(a,a) = ysi(v,a), for any (s,t) € T? a €V and «a € [0, 1],

1/P+ QH[fw f Jilloo % ’J||2w2/p

< (I Tl + 107 ToJilesst 3) Iclysol? (54)
< Gl (55)

Yo, @) — al < a Fillolx e

where Cy, H? loo + I 72, 7 1||oow1/p With (55), we control the remainder ¢,

—

. . ——> .. —> 3
o < [T 7 iy + I T ik | ol

+ 7L Felilolx 1] i

s,t
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which proves .

To show the last estimation , we compute for any (s,t) € T2 and any a,be V,

e1a(b) — rala ‘[j?7 (et (1)) — i(6) — (e a)) + i(a) ]t 3, dy dB

I RN
# 5] | O T 0008 = 0) = 0003, 0) + i) a5
o ( j T75 Tilliia(7.5)) — i3, @) % dy .

III

We assume that fie €., so 7)17]1 e €,". It follows from Lemma (1| that 71?]

satisfies a 4-points control such that 727;1(@ = C|z|" where C' a positive constant
with depends on the y-Hélder norm of the derivative of 7)27; It follows that,

I <C sup |yss(y,a) —al” [ Sup [ys1(7,0) — Yo (v, )| + b —a] | |xD|Pw??
v€[0,1],aeV v€[0,1]

2
+| 7 f ILip SFp Y5 (7,0) — b= ys2(v, a) + al x| 2w g
~v€[0,1]

which yields combining with (48], and (b5)) to

1| < CC 4x[1wl? (1 + Cp)[b — a||xD 22 + | F; FluiCrlb — al[x WV 2w?

P pst7

where Cr is a constant which is compute in (48). And finally, |I| < d7|b — q
where o is a constant depending on the norms of V', x which decreases to 0 when
T — 0. Similarly, we obtain the same estimation for II. To estimate III, we
note that 71[7;, Tlie ®,. Then with it follows that |III| < C ”wi/ﬂb —al?,
where C7 is another constant which has the same dependencies as C7.. Thus
le(b) — €(a)| < 0|b—al + C’{ﬁwZ/p]b — a|7. This concludes the proof. O

Remark 6. This results can be extend to the case U is a Banach case. It is an
advantage compare to the Friz-Victoir’s approach of Subsection [8.3]

A The Davie lemma

In this section, we introduce our main tool to control the iterated products (Nota-
tion [2)) on a partition.
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Definition 13 (Successive points). Let m be a partition of [0,7]. Two points s
and t of 7 are said to be at distance k if there are k — 1 points between them in 7.
Points at distance 1 are then successive points in 7.

We now state the Davie lemmal.

Lemma 9 (The Davie lemma, discrete time version). Let us consider a family
U= {Ust} s en.set With values in Ry satisfying for any (r,s,t) € [T,

U,s < Dw(w,s) when r and s are successive points,
U <1 +ar)Uss+ (14 ar)Usy + Bw(wry), (56)

for some constants D > 1, B > 0 and ar = 0 that decreases to 0 as T — 0.

Then for all T > 0 such that »(1 + ar)? + 07 < 1,

Ur,t < Aw(wr,t)v V(’f’, t) € [Oa T] A 7T2, (57)
D(1+6r)(1+ ar)*+ B(2 + ar)

ith A =
wr 1— (e(1 + ar)? + o7)

In particular, A does not depend on the choice of the partition.

Proof. We perform an induction on the distance m between points in .
If m =1, then is true since that A > D.

Let us assume that this is true for any two points at distance m. Fix two points r
and t at distance m + 1 in w. Hence, there exists two successive points s and s’ in

7 such that
wr,t

5

Wrt
Wrs < 2’ and wy; <

Applying twice with (r,s,t) and (s, s, t),

Ut <1+ ar)Uss+ (14 ar)Usy + Bw(wry)
<(I+ap)Ups+ (1 +ar)*(Usy + Ugy) + (2 + ar) Bo(wyy).

Both U, s and U, satisty the induction property. With ,

Use < 240+ ar)’m (22) + (14 ar) De(wew) + (2 + ar) Bo(iony)

< [A(Ge(L+ ar)® + 67) + D(1+ ar)*(1 + 0r) + (2 + ar)B] @(wyy).

Our choice of A > D in ensures the results at level m + 1. The control is
then true whatever the partition. O

"'What we call here the Davie lemma differs from the Davie lemma A and B in [19], and also
from the one in [14]. However, they all share the same key idea which is due to A.M. Davie.

35



We could now state a continuous time version of the Davie lemma.

Lemma 10 (The Davie lemma, continuous time version). Let us consider a family
U:={Ust},ere with values in Ry satisfying for any (r, s,t) € T3,

Uy s < Ew(ws), (59)
U <1+ ar)U.s+ 1+ ar)Usy + Bw(wyy),

for some constants E > 1, B > 0 and ar > 0 that decreases to 0 as T — 0. Then
for any T such that (1 + ar) < 1,

Ut < Aw(wyy), Y(r,t) e T2,
(2 + OéT)
1— ((1+ar)?+0r)

with A:= B (60)

In particular, the choice of A in does not depend on the bound E in .

Proof. The proof is similar as the one of Lemma 7 in [6] from Eq. (31). O
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