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Taylor expansion for the solution of a
stochastic differential equation driven by
fractional Brownian motions
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Abstract

We study the Taylor expansion for the solution of a differential equation driven by
a multi-dimensional Holder path with exponent 3 > 1/2. We derive a convergence
criterion that enables us to write the solution as an infinite sum of iterated integrals
on a nonempty interval. We apply our deterministic results to stochastic differential
equations driven by fractional Brownian motions with Hurst parameter H > 1/2.
We also study the convergence in L? of the stochastic Taylor expansion by using >
estimates of iterated integrals and Borel-Cantelli type arguments.
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1 Introduction

This paper is divided into two parts. In the first part, we consider a deterministic
differential equation of the following type:

d
dX, =Y Vi(Xy)dy;
=0
XO = X

(1.1)

where the V;’s are Lipschitz C*° vector fields on R™ with Lipschitz derivatives and

where the driving signal y : R>g — R4*! is B-Hélder continuous with 3 > 1/2. Since
t

y : Rs>o — R4 is 8-Holder with 8 > 1/2, the integrals / Vi(X,)dy; are understood in
0

Young’s sense (see [17] and [18]) and it is known that the above equation has a unique

solution that can be constructed as a fixed point of the Picard iteration in a convenient

Banach space of functions (see [12], [18] and [15]).
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SDE driven by Fbm

Our goal is to express, under suitable conditions, the solution of the differential
equation as an infinite series involving the iterated integrals of the Holder path. To
study the question of the convergence of the infinite series which, later on, we will call
the Taylor expansion associated with the differential equation, we will develop some
convergence criteria based on an explicit upper bound of the iterated integrals of the
Holder path. We can observe that these explicit upper bounds sharpen some recent re-
sults by Y. Hu [9], who also independently obtained upper bounds for iterated integrals
of Holder paths (see Proposition 2.7). Our improvement, with respect to Hu’s paper
is that we exhibit an explicit dependence of the constants with respect to the order of
the integral and as a consequence we are able to study the convergence of the Taylor
expansion even in the multidimensional case. The main tool we use in this part is the
fractional calculus and the main assumption we need to perform the expansion is the
analycity of the vector fields V;’s in a neighborhood of the initial condition x(. To illus-
trate our results, we consider some examples of differential equations on a Lie group
and in particular prove that the radius of convergence of the Magnus expansion is pos-
itive. This partly extends to the Holder case, results by Magnus [10] and Strichartz
[16].

The second part, which is of probabilistic nature, is concerned with a stochastic
differential equation (in short SDE) of the following type:

where the V;’s are Lipschitz C*° vector fields on R™ with Lipschitz derivatives and
where (By);>0 is a d-dimensional fractional Brownian motion with Hurst parameter H >
1/2. Throughout the paper, we use the convention that BY = t. We will be interested
in the convergence of Taylor expansion of the solution to the SDE. The deterministic
estimates we obtained in the first part will automatically lead to convergence criteria
for the stochastic Taylor expansion. The rate of convergence to 0 and LP estimates of
the remainder term are then studied. Afterwards, inspired by some ideas of Ben Arous
[2] (see also Castell [6]), we will also use probabilistic methods to obtain a convergence
criterion, which improves the convergence radius of the stochastic Taylor expansion
in some cases. The key point to our probabilistic methods are the L, estimates of the
iterated integrals of the fractional Brownian motion that were obtained by Baudoin-
Coutin in [4] and Neuenkirch-Nourdin-RoBler-Tindel in [11]. Our results in this part
widely generalize to the fractional Brownian case, results that were due in the Brownian
motion case to Azencott [1] and Ben Arous [2].

2 Taylor expansion for differential equations driven by Holder
paths

In this section, we present our main theorem (Theorem 2.9). We derive a conver-
gence criterion, under which, we can, on a nonempty time interval, write the solution
of our differential equation (1.1) as an infinite series of iterated integrals of the Holder
path y. The materials in this section will be organized in the following way:

1. In Section 2.1, we will recall some basic facts about fractional calculus that will
be needed in our analysis.
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2. In Section 2.2, we will briefly discuss the existence and uniqueness of the solution
to the differential equation (1.1). The main result is borrowed from [12]. We will
also define, in apparently two different ways, the Taylor expansion of the solution
of the differential equation (1.1). The two apparently different expansions are
then shown to eventually be the same.

3. In Section 2.3, we will state our main theorem.

4. In Section 2.4 we will apply our results to the case of differential equations on Lie
groups on which we study the convergence of the Magnus expansion (see Theorem
2.11).

2.1 Preliminaries : Fractional calculus

Let us first do some remainders about fractional calculus. For further details, we
refer the reader to ([18]) or ([12]). Let f € L'(a,b) and a > 0. The left-sided and
right-sided fractional integrals of f of order « are defined by:

2060 = 1 / “(@— 9 () dy

and .
i@ =S5 [ w—artway
- L) /s
respectively, where (—1)™® = ¢~ and I'(a) = [;~ u*~'e “du is the Gamma func-

tion. Let us denote by I, (L?) (respectively I} O‘ (LP)) the image of L?(a,b) by the opera-
tor I3, (respectively IZ)). If f € I3, (LP) (respectively f € I;* (L?))and 0 < o < 1, we
define for z € (a,b) the left and right Weyl derivatives by:

D5 10) = e (e +o [ ) 1)

and respectively,

D?f(:c)ngl_)(;)< / S - aﬂ >1<a,b>($)

Now recall that from ([12]), for a parameter 0 < o < 1/2, W%_a’o"((), T) is defined as
the space of measurable function g : [0,7] — R such that:

‘ lg(t) —g(s)| | (" lg(y) —g(s)|
blhoncer =, sy (S [ i) <

Clearly, for every e > 0,

Cl=ote(0,7) € Wy *°(0,T) € C'=%(0,T)

Moreover, if g € W} “>(0,T), its restriction to (0,t) belongs to I.=%(L>(0,t)) for
every t and

1
A ‘=—————  sup D} =% _)(s)|.
o9) =gy o P, (P10 )9
< gl <
_— Ca.oo 00
ST = a)(a) WimasT
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where g;_(s) = g(s) — g(t). We also denote by W' (0,T) the space of measurable
functions f on [0, 7] such that:

T s T s s) —
1l = / 1) 4 1 / / Wdyds<oo

The restriction of f € W' (0,T) to (0,t) belongs to I, (L'(0,t)) for all t.

2.2 Taylor expansion of the solution

For the convenience of the reader, we first recall the main result concerning the
existence and uniqueness results for solutions of the differential equation driven by
Holder path with Holder exponent 5 > 1/2. Several authors made contributions to
this existence and uniqueness result. It has been first proved by M.Zahle in [18]. D.
Nualart and A.Rascanu obtained the same result independently in [12]. Also, a different
approach was introduced by A. A. Ruzimaikina to prove this existence and uniqueness
theorem in [15]. The following result is due to Nualart and Rascanu ([12])

Theorem 2.1. Let 0 < a < 1/2 be fixed. Let g € W'=%>(0,T;R?). Consider the
deterministic differential equation on R":

t d t
rl =} —|—/ b (s, zs)ds + Z/ o (s,x5)dgl, t€0,T] (2.1)
0 0
j=1
i=1,---,n where xo € R", and the coefficients o*7 b’ : [0,T] x R®™ — R are measur-

able functions satisfying the following assumptions with p = 1/a, 0 < 1,6 < 1 and

1 6
O<a<a0=min{2,n,1+§}

1. o(t,x) = (6%9(t,x))nxa is differentiable in x, and there exist some constants 0 <
7,0 < 1 and for every N > 0 there exists My > 0 such that the following properties
hold:

lo(t,z) —o(t,y)ll < Mollz —yll, ze€R",Vte[0,T]
10z, 0 (t, 2) = By, o (t,y)|| < Mullz —yl* |l [ly] < NVt €[0,T) (2.2)
lo(t,x) = ot y)ll + |0z,0(t, ) = By,0(t, y)|| < Mot — ||, Vi, s € [0,T]

2. There exists by € LP(0,T;R"™), where p > 2, and for every N > 0 there exists
Ly > 0 such that the following properties hold:

[b(t,z) — b(t,y)I| < Lnllz —yll, V[, |lyll < N,vt € [0,T]
(2.3)
lo(t, z)|| < Lollz|| + bo(t), V€ RVt [0,T]

Then the differential equation (2.1) has a unique solution x € W3 (0,T;R"). More-
over, the solution x is (1 — a)-Hélder continuous.
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With this existence and uniqueness result in hands, we now come back to the differ-
ential equation we are concerned with:

d
dX; =Y Vi(Xy)dy;
1=0
Xo =0

(2.4)

Throughout the section, we make the following assumptions:

1. The vector fields Vi’ s are Lipschitz, C'>°, with Lipschitz derivatives, and analytic
on the set {z : ||z — z¢|| < C} for some C > 0
2. The driving path y : R>o — R%*! is 8-Holder continuous with 3 > 1/2.

Clearly, from by Theorem 2.1, under our assumptions, this differential equation admits
a unique solution (X;)¢>o.
Let f: R™ — R be a C* function. By the change of variable formula, we have

d t )
FOXD) = Flao) + Y [ Vif (X
i=0 V0

Now, a new application of the change of variable formula to V; f(X;) leads to

d t s
> [ [ vviscoa.
0 0

i,7=0

d t
FO0X) = £(o0) + 3 Vid(ao) [ doi+
i=0 0
We can continue this procedure to get after IV steps

N
fX) = fao)+ > S (Vi Vi f)(ao) / dy' + R (1)

k=1T=(i1, i) AF[0¢]
for some remainder term Ry (t), where we used the notations:

1. AR08 = {(t1, - ,tx) €[0,8]F,0 <ty <tg--- <ty <t}
2. If I = (iy,--- ,ix) € {0,1,--- ,d}* is a word with length &,

/ dy’ = / dy;t - - dy;*.
AF[0,2] 0<t1<ta<-<tp<t

If we let N — +o00, we are led to the formal expansion formula:

) = fan)+ Y 3 Vo Vaha) [y

k=1TI=(i1, - ,ix) AF[0,2]

Now let us denote 7/ (z) = x;, the j-th projection map. By using the previous expan-
sion with f = 7/ we get

Xew ey Y M Var)eo [

k=1T=(i1, ,ik)
Therefore we have formally,

+oo

X =z0+ Y gk(t)

k=1
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where

%uw=§:o@-~wﬂﬂmw/’ ay'.

|T|=F AF[0,1]
This leads to the following definition:

Definition 2.2. The Taylor expansion associated with the differential equation (2.4) is
defined as

o)
xo + Z gk (t)
k=1

where
0= S P [ P = (Ve Vi),
A

=

Of course, at that point, the Taylor expansion is only a formal object in the sense that
the convergence questions are not addressed yet. Our goal will be to provide natural
assumptions ensuring the convergence of the expansion. Let us observe that the expan-
sion can be written in a more compact way by using labeled rooted trees. For details
on the combinatorics associated to these trees and the compact form of the expansion,
we refer the interested reader to [11].

Another form of the expansion, which will be convenient for us, relies on the Tay-
lor expansion of the vector fields and can be obtained as described below. We first
introduce the multi-index notation

ol =1+ 4 an, ad=a! !, z¥=2" -2

QAn
n

fora= (a1, - ,a,) € N"and x = (21, -+ ,x,) € R". For a C* function f : R* — R,
we denote
ololf
Fr
Now since the vector fields Vi’ s in the differential equation (1.1) are C*°, we can expand
V; at zp € R™ as a formal Taylor series Z b (z — x0)”, with
aeEN™

ba<D”?@w.”D%¢uw>€Rn

E o! ’ ol

Dof =

Let now C!™ (hq,- - , hi) be the coefficient of 2™ in Z by’ (hlz 4+ 4+ hkzk)a.

aclNn
Consider then the following rescaled differential equation, which depends on the

parameter e:

d

dXf = eVi(X§)dy;
i=0

XS = Z0-

(2.5)

Assume now that X; admits an expansion in powers of € that can be written xg +
oo

th(t)ek for some hy’s. Heuristically, because of the analyticity of the V/s, we can
k=1

o0
expand V; (a:o + Z hk(t)ek> at xy. Therefore, on the right hand side of (2.5), we have:

k=1
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d
Vi(X)dyi = e (Vi(wo) + Cf (ha)e + CF (ha, ho) € + -+ ) dy;
=0 =0

d d
= ((Z Vi(mo)dyi> €+ ( cg(hl)dy§> e+ ) .
=0 =0

Thus, by identifying this expression with the left side of the equation we are let
with the conclusion that the h(¢)'s need to satisfy the following inductive system of
equations:

M=

d
dhy (t) = > Vi(wo)dy]
=0
d
dhs(t) = Y CF (ha(t)) dys
= (2.6)
d
dhi(t) =Y CF T (ha(t), -+ hia (1)) dyi.
=0

If we let € = 1, we therefore see that g + Z hi(t) formally solves the equation (2.4)

k=1
provided that the h;’s satisfy the above inductive system (2.6).
We have the following result:

Proposition 2.3. Define h; inductively by the system (2.6), then for every k € IN and
t > 0 we have hy(t) = gi(t).

Proof. First, let us observe that for every ¢t > 0, ¢ — X{ is a smooth function, indeed the
equation
d
dXf = eVi(Xf)dy;
i=0
€

XO = Xp-
can rewritten as
d
ay; = " Vi(Yi)dy;
i=0
YQ = (6, fﬂo),

here Y; = (¢, X{) is now valued in R x R" and V;(e,z) = (0, €V;(x)). The problem of the
smoothness of X with respect to ¢ is thus reduced to the problem of the smoothness of
the solution of an equation driven by Holder paths with respect to its initial condition.
Theorems that apply in this situation may be found in [7] and [14].

From the definition of hx(¢t) which is given by the system (2.6), it is then clear by
induction that
_1dRXg
T k! dek (0).

hi(t)
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On the other hand, as we have seen before, the repeated application of the change
of variable formula to the smooth function f(z) = 7/ (x), gives

N
X =t S Y W Vam)ao) [y TR ),
k=1 I

= (i, k) Ar0
where
Ry(h)= / (Vi -+ Vi ™) (X5 dyll - dyiis.
L , AN+1[0,1]
I=(i1,"--in+1)
Therefore we have
N
Xi=x0+ ng(t)ek + VLIRS, (1).
k=1
k ye
Computing d de),f" (0) by using the previous expression immediately gives hy(t) = gx(t).

O

2.3 Convergence of the Taylor expansion

We now address the convergence questions related to the Taylor expansion. We use
the same assumptions and the same notations as in the previous section. In particular
we remind that the vector fields Vs are Lipschitz, C* with Lipschitz derivatives, and
analytic on the set {z : ||z — z¢|| < C} for some C > 0.

2.3.1 A general result
We first have the following general result.

Theorem 2.4. Letzo+ Y, , gx(t) be the Taylor expansion associated with the equation
(2.4). There exists T > 0 such that for 0 < t¢ < T the series

oo

D llar @)l

k=1
is convergent and
o0
Xi=mo + ng(t)-
k=1

Proof. Letusfix p > 0. For z € C,

z| < p, we consider the complex differential equation

d
AX7 = 3 V(X7
=0
Xg = To,

which, by analyticity of the V;’s, is well defined at least up to the strictly positive time

T(p) = inf inf{t > 0,X] ¢ B(x,C)}.

z|z<p

Let us recall that if we denote z = = + iy, then we can define the following differential

operator
o _1(0 19
0z 2\0x ioy)’
. Of : . . . . .
and the equation 55 = 0 is equivalent to Cauchy-Riemann equations, that is equivalent
z
to the fact that f is analytic.
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As we have seen before, for a fixed ¢ > 0, the map z — X7 is seen to be smooth. We
claim the map » — X7 is even analytic. Indeed, differentiating with respect to z the
integral expression

t_x0+/zzv XZ dysa

we get:

8X / ZzDV 8Xt dy.

This gives ag;z = 0 by uniqueness of solutions of linear equations (See Proposition
2 in [14]). As a conclusion, z — X7 is analytic on the disc |z| < p. On the other hand,
To+ Y pe; 2¥gi(t) is precisely the Taylor expansion of X7. Choosing then p > 1, finishes

the proof. O

2.3.2 Quantitative bounds

Theorem 2.4 is very general but gives few information concerning the radius of conver-
gence or the speed of convergence of the Taylor expansion

To + Z gk (t)
k=1

In this section, we shall be interested in more quantitative bounds.

Lemma 2.5. Let zg + Z gx(t) be the Taylor expansion associated with the equation

k=1
(2.4). Forr > 1, we define

To(r mf( Zrkngk >C>

For every t < T¢(r) we have

o
Xy =m0+ Y gk(t)
k=1

Remark 2.6. By using a similar argument as in the proof of Theorem 2.4, it is seen
that in the previous theorem, we always have T¢(r) > 0.

Proof. Consider the following functions:

Gi(e) =V; (xo + Z Ekgk(t)>
k=1

Then by the definition of T (r), if ¢t < Te(r), Gi(e) is analytic on the disc {e € C: |¢|| <

m—1
Gi(e) = (Vi(zo) + > CF(ga(t), ga(t), -+, gi(1)))e" (2.7)
k=1
<M Y () 2.8)
k=m
<K'R, (2.9)
EJP 17 (2012), paper 51. ejp.ejpecp.org
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where M!, = sup G;(e) < sup ||Vi(z + x0)|| = K And R,, denotes the tail of the
llell <7’ ||I\I<C

k
convergent geometric series Z (—/) . We know that R,, — 0,as m — +oco. Now by
r
k=1
the definition of g (¢) we write:

NgE

> efgi(t)

k=1

t
6k/ Ck 1 (91(8),- -, gr—1(5)) dy
0

M |

/O (4105 (ga(s),-  guon (5))) df

s
I
<
=~
I
A

m—1
(Vé (20) + 3 “CF (g1 (5), - ,gk<s)>> dy!

k=1

N
Il
=)

Il
M=
S—

Since when ¢ < T¢(r), the series Ze grx(t) < C ,we replace t by t A Tc(r) in the

k=1
previous equation:

m

tATc(r m—1 _
Zf gr (tATe(r Z / ( (zo) + Z *CF (g1(s),- '791«(5))> dy, (2.10)

k=1 k=1
with the estimate (2.9), we have for e < 7/,

< K'R,,. (2.11)

m—1
Gi(e) — <V2(CU0) + Y CF(qa(t), 79k(t))6k>

k=1

Therefore, since r > 1 we can choose 1 < r’ < r and let m — oo, so that the right
hand side of (2.11) tends to 0. Therefore, by letting m — oo in equation (2.10) we have:
d

0 t/\Tc(’l“) )
o + Z gt ANTe(r)) =zo + Z/ eG;(t)dy:
0

k=1 i=0
d tATc(r) 00
=z + Z/ eV (zg + Z ekgk(s)> dyi
i=0 70 k=1
And the result follows when we take e =1 O

The crucial estimates we need to control the speed of convergence of the Taylor
expansion are provided by the following proposition.

Proposition 2.7. Let 8 be the Hélder exponent of y and « be such that1 — f < o < %
and fixT > 0. For0 <t <T, we have
; ra-2
/ i - dyi| < < 2D
0<t1 <. <t <t

Tn( = 2a)) ST BalT )" yllaroo

where

A(T,y) = ——— D=y,
T = ey, s D)0

Co(T) = (04(11—04) + T“) (1+T*)T(1 - 2a)T 2

oz = sup (1uto)+ [ LAO—HO,,).
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Proof. Since y : R>g — R4*+! is a Holder path with exponent 3 > 1/2, and since a +
B > 1, we have yi € W, “™(0,T) for i = 0,1,2--- ,d. Fort < T, we denote I;(t) =

/ dyﬁ dytk, k=1,---,n. Clearly, I;(t) € W' (0,T) for k = 1,2,--- ,n
0<t1<...<tp<t

Therefore, Proposition 4.1 in Nualart-Rascanu ([12]) gives

k1 (t) — Tkt (s)]
(o) + [ Bl

<A.(T,y) (oz(ll—oz) + Ta) /Ot (t—re) 2+ %) <|Ik(rk) + /07% st) dr.
Now notice that 0 < r <t < T and o > 0 we have:
R O R ey A
Multiplying r—2%(¢ — 7) =2 on both sides, we obtain:
(t—7r)72% 4= < (L T) 2t —r) 722,

Now with the basic estimate above, we get

[ (0] + / 'I’“*}f:)ﬁ*;l(s)'ds

<A(T,y) (M + Ta) (1+ TO‘)/0 (£t — Tk)72°‘7“,:20‘) (|Ik(rk)| + /Ork st) dry.

Iterating this inequality k times, we get:

R

1 83 i [e3
< Aa(T,y)" <a(1—o¢) +T ) (147" [[yll o 7,00

k—1
X / 2 H(Tk-i-l—l - ’I“k-_l)_Qa ’I“1_2ad7”1 cdry
0<r1<ra<--<rp <t =0

r
where we denote r;4; = t. Note that by the substitution v = —1, we have:
T2

T2 1
/ (ro — 1) 2% r72%dry = 1}~ 40‘/ (1—u) > u2%u = r}7“B(1 — 20,1 — 2a)
0 0

where

PTG (Y e g
B(z,y) = T(z +) :/0 (I—w)"""u¥ du

is the Beta function.
Then plug r§*4aB(1 — 2a,1 — 2«) into the previous integrand and iterate this process,

we get:

|Ik+1(t)|+/o |Ik+t§t1;){izl(8)|d8

k
I B - 20,i(1 - 2a))
=1

1=

k k
= Ao(T,y)" (04(11—a) + TOf) 1+ TO‘) 1Yl .00 (TH2%) 2 H I( 11 —2a)T 1(1 gj)?))

k
1 e} o a
S Aa(T? y)k (Oé(l _ a) +T ) (1 +T ) ||y||OéT0<> Tl 2y

I'(1 - 2a) 1
= i 20y ) (a(l ~a)

k
+ T“) (1+ T T = 20) (T2 ¥ |yl aroe
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O

We are now in position to give an estimate of the speed of convergence of the
stochastic Taylor expansion. The following lemma is taylor made for that purpose:

Lemma 2.8. Let a such thatl — < a < % and v < 1 — 2a. There exists a constant

K, > 0 such that for every N > 0 and x > 0,

1
+oo 2z I-2a—7 5 —
Z I'(ky) 1< K e ] IfN=0
— @,y 2 I—2a—~
k=N 41 F(k(l — 20[)) zNe? 12 if N Z 1

T(1-2a=—7)N)"

Proof. We make the proof for N > 1 and let the reader adapt the argument when N = 0.
We have

_ (k+N+1)y)
gﬁ NZF k+N+1><1—2a>>xk
B N +§F((k+N+l)v)F((l—2a—7)N) .
T I((I-2a-7)N) & T(k+N+D1-2a)

N k

“+oo
S Cor F T 20 — 7)) ,; D((k+1)(1 = 2a 7))

From Lemma 7.7 in [12], we have for every = > 0.

P ((L+k)( 1—204—7)) 1—2a—7
This concludes the proof. O

We can now give convenient assumptions to decide the speed of convergence of the
Taylor expansion. We remind the reader that if I = (41, - - ,ix), we denote

P; = (‘/21 T ‘/Yikﬂj)(wo)'
We also use the notations introduced in Proposition 2.7.

Theorem 2.9. Let o such that1 — f < a < % Let us assume that there exist M > 0
and 0 < v < 1 — 2« such that for every word I € {0,--- ,d}*

|1 Pr]| < T(y 1) MM (2.12)

Then, for every r > 1, Tc(r) > 0 and there exists a constant K, , v,q > 0 depending
only on the subscript variables such that for every 0 <t < T¢(r) and N > 1,

N
‘ Xy — (960 + ng(t)>
k=1

In particular for every 0 <t < Te:(r),

(M(d+1)Aa(t, y)Calt)N 2(M(d4+1) A (1) Ca (£) 7257
I'((1—-2a—=7)N)

< Koy mdl[yllat,oo

(2.13)

—+oo
Xp =m0+ Y gr(t). (2.14)
k=1

Moreover if C = 400, that is if the V;’s are analytic on R"”, then (2.13) and (2.14) hold
for everyt > 0.
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Proof. Letus fix T > 0 and r > 1. For every ¢t € [0,T], by Proposition 2.7 we have:

>l
k=1

™ |P

)=k

<

Lo
AK[0,¢]

P (d 4+ 1) MPT (k) A (T, )~ Ca(T)F g

I'l—-2«)
O TP (k(1 = 20))

(]2 T0]e

<

X
Il
—

—1_ T(ky)
@+ DCaDAT9)" ™ Fra a7

M8

< Ylla,r,00r(d + 1)MT(1 — 20v)

ol
Il
—

(r(d+1)Ca(T)Aa(T, )"
T(k(1 - 2a - 7))

M8

= |lylla, 7,007 (d + 1)MT (1 — 20v) B(kv, k(1 — 20 — 7))

k=1

> (r(d + 1)Co(T)Aa(T,y)" !
T(k(1 - 2a — 7))

< B(7,1—2a = y)[[yllarcor(d+ 1)MI(1 - 2a)
k=1

Now note that by our assumption, 1 — 2a — v > 0, then the series on the right hand side
of our inequality converges. This implies that

Te(r) = inf (t, S rhllge®)l > c) > 0.

k=1
We conclude from Lemma 2.5 that for every 0 <t < T¢(r),

+oo

X =x + ng(t)-

k=1

If moreover C' = +o0, that is the radius of convergence of the Taylor expansion of the
Vi’s is 400, the previous equality holds for every ¢t > 0 because, limg_, oo T (1) = +00.
We then get for 0 < ¢ < T¢(r), thanks to Lemma 2.8:

N
e (e o)
k=1

(oo}

Z gk (t)

k=N+1

<3 Y m

k=N+1|I|=k

freoa™
AR[0,4]

)

<y (d+1)kMkF(/€’Y)Aa(t7y)k1Ca(T)k1||y||a7t»ool-M
k=N+1

(M(d+1)Aq(t, y)Ca(t))Nez(M(dH)Aa(t,y)ca(t))%
I((1 =2 —~)N)

<Koy mdllYllat,co

2.4 The Lie group example

In this section, we will see an application of our main results in the context of Lie
group. Let us denote by G a connected Lie group. For any g € G, we have the left and
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right translations L, and R,, which are the diffeomorphisms on G, defined by L,(h) = gh
and R,(h) = hg for any h € G. We say that a vector field V is left-invariant on G if for
any g € G,

(Lg)*(v) =V

Let us denote by g the Lie algebra of G, that is the set of left-invariant vector fields
on G and by T.G the tangent space of G at identity. We know that the map V' — V(e)
provides a linear isomorphism between g and 7.G. Now let Vi, --- ,V; € g be left-
invariant vector fields and let us consider the following differential equation on Lie
group G,

(2.15)

where y : R>o — R*! is a -Hélder path with 3 > 1/2. The vector fields are not neces-
sarily globally Lipschitz, so that we are not exactly in the previous framework. However,
the vector fields V;’s are smooth and analytic and the previous equation always admits
a solution up to a possible positive explosion time 7.

Remark 2.10. If G = GL(n,R), we know the associated Lie algebra is g = M (n,R). In
this case,the differential equation (2.15) is a linear equation and the Taylor expansion
associated with (2.15) is convergent for every t > 0. The criterion (2.12) is satisfied
with ||P;|| < M| in the convergence Theorem 2.9.

Before we state our main theorem in that context, let us introduce some notations
(see [3] and [5] for further details).

o If I = (i1, - ,ix) we denote by V; the Lie commutator defined by
‘/I - [‘/i17 [‘/;27 b [Vlk717‘/1 ]"']'

* S is the set of the permutations of {0, ..., k};
» If 0 € Sk, (o) is the cardinality of the set

{je{1,..k—1},0(j) >a(i+ 1)},

-1 e(o) . g
Ar(y)e = Z %/ dy?, (1)"'dytk (i) 4>,
c€SK k2 -1 0<t1<...<tp<t
e(o)

In this section, our main theorem, which extends to the Holder case results by Mag-
nus [10] and Strichartz [16] is the following:

Theorem 2.11. There exists T > 0 such that for0 <t <T,

X; = exp z Z Ar(y)dVr |,

k=1 (i1,...i%)

is the solution of the equation 2.15.
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Proof. We first remind some basic notations and results on Lie group theory. For more
details, we refer the interested reader to Section 1.5 in [8]. Given a Lie group G and
associated Lie algebra g, we denote by ad the map:

(adz) (2) = [x,2] = xz — zz, forVzeg

Consider the set g. = {z € T.G , s(z)N27xZ C {0}}, where s(x) denotes the spectrum

—adx

I
of adx. It is known that g, is an open set of T.G and Vz € g., (d
adx

> is invertible,

_ ,—adz

> 1
where (adm) is defined as the power series ];) (] (—adz)". Now we define

d d
vector fields U; on g. by U;(z) = (Iamadz> (Vi(e)) where (Iaxadx) denotes the
— € — €

_ e—ad:c

inverse of ( ) We denote by T, exp : g = ToxpoG the tangent map of exp.

adx
Moreover, when z € g., we have:

d
7 (o) = Lewpa). o (1 )
Now we claim that for Vx € g. we have:
(T, exp)|Ui(z)] = Vi(exp x).

In fact, since V/s are left-invariant vector field on G, we have

_ 67adz

(T, 0x0) (0] ~(Llexpa). o (57 ) W)

~ewa). s () (L ) i)

adx

= (Lexp)), (Vi(e))
—Vi(expa)

Now if we consider the differential equation on g.:

d
dy, =Y Ui(Yy)dy;
Pt (2.16)
Yo=0

Without addressing the convergence questions, it is proved in [3] and [16] that the
Taylor expansion ) ;- , gx(¢) of the equation defining Y; admits the following expression:

ge(t) = Y Ar(y)iVi.

(1,000)

Moreover, we know that U;(z) is analytic on g.. Therefore from Theorem 2.4, there
exists a positive time T such that for 0 <t < T,

Y= gk(t),
=1

Now we claim that by the chain rule, we have X; = exp(Y;) when ¢ < T In fact, we
easily compute:
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dX; =(Ty, exp)dY;
d
=(Tv; exp)[_ Ui(Ys)ldy;

=1

d
=" Ty, explUs(V2)]dy;
1=0

d
=Y Vilexn(Yy))dy;
i=0
d .
=3 Vi(Xo)dy
=0
where X, = exp(Yp) = e. O

Remark 2.12. It seems difficult to obtain precise universal bounds on the radius of
convergence of > -, > (ir,...ip) M (y)e V1 as it is the case for the radius of convergence
of the Magnus expansion of absolutely continuous paths. Indeed, rough estimates (see
[16]) lead to

> — iy SgE
O’Sk 2 B
ok (e(a) )

for some constant C' > 0. We get therefore the bound

C I'(1 - 2a)
AWl < VR0

which unfortunately gives a convergence for the series for a = 0, which corresponds to
the case where y is absolutely continuous.

Oa(t)k71A<x(ta y)k71 ||y||a,<><>a

3 Taylor expansion for stochastic differential equations driven by
fractional Brownian motions

We now turn to the second part of this work, which is of probabilistic nature, and
first applies our result to stochastic differential equations driven by factional Brownian
motion paths.

Let us recall that a d-dimensional fractional Brownian motion with Hurst parameter
H < (0,1) is a Gaussian process

Bt:(Btlv"'ng)ﬂ t>0,

where B!, --- , B are d independent centered Gaussian processes with covariance func-
tion 1
R(t,s) =5 (s + 21 — |t — s .

It can be shown that such a process admits a continuous version whose paths have
finite p variation for 1/p < H. Let us observe that for H = % B is a standard Brownian
motion.

In this part, we will consider the following stochastic differential equation:

d
dX; = > Vi (X)dBj
=0
XO =T

(3.1)
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where the V;’s are Lipschitz C*° vector fields on R™ with Lipschitz derivatives and B;
is a d-dimensional fractional Brownian motion with Hurst parameter H > 1/2 with the
convention that By = ¢.

Let us remind that when H > 1/2, B; is almost surely Holder path with Hoélder
exponent strictly less than H. In particular, we can pick 1/2 < 8 < H such that B; is a
[B-Holder path. Hence, we can define the Stochastic Taylor expansion associated with
(3.1) just as in the deterministic case by

oo
Zo + Z gk(t)7
k=1

where

din="3 P;’/ dB', Pi= (Vi - Vir)(x0)
Tk A*[0,1]

/ dB! = / dB;' - --dB}*.
AF[0,1] 0<t) <tg-- <tp<t )

As in the previous section, we assume throughout this section that the V;’s are
Lipschitz C*° vector fields on R™ with Lipschitz derivatives and analytic on the set
{z : ||z — x| < C} for some C > 0.

Now let us state the following convergence theorem for solution to the stochastic
differential equation (3.1), which is an immediate consequence of Theorem 2.4.

and

Theorem 3.1. There exists an almost surely positive stopping time T, such that for
0 <t < T the series

lzoll + > gk ()]
i=1

almost surely converges and almost surely

—+oo

Xy =m0+ ng(t)-

k=1

3.1 Quantitative deterministic bounds

In this part, from a direct application of the deterministic Theorem 2.9, we obtain a
convergence result for the stochastic Taylor expansion associated with the SDE (3.1).
Moreover, we observe that the error estimate provided by the theorem 2.9 is in L? for
every p > 1, provided that the driven signal is fractional Brownian motion with H > 1/2.
Indeed, (see for instance Lemma 7.4 in Nualart-Rascanu [12]), for any 5 < H and T > 0
there exists a positive random variable 7 r such that E(|ng r|?) < oo for all p > 1 and
forall s,z € [0,

IB(t) = B(s)|| < mp,rlt — 5|7 as.

We now have,

t
| B: — B )
B aT.co — Su B +/ ds
| Blla.r, OgtET (” al , (t—s)ita

t
sup (T/ﬁ,TtBJr/ ﬂﬁ,T(tS)ﬁ1“d8>
0<t<T 0

1 —a

IN
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So, E|| B[}, 7., < oo follows from the fact that E(|ns,r|") < oo for all p > 1 and for all

s,t €[0,T].
As for A, (T, B), we have the following estimate

Aa(T, B) :ﬁ 5w D= B o)
- t —
Sm og?glggT (W +(1-a) ; Wdu)
Sm 0<sgoeT (”B,T(t —s)Perl L (1 —a)nsr /:(u - S)B+a-2du>
:% N ((t —s)ftet 4 al%ﬁa—l(t _ 5)a+ﬁ1>

ﬁTOA—‘rﬁ—l
= ((a +/ -0l - a)F(a)> e

Note that by assumption we know a + 5 —1 > 0 and E|A,(B)|? < oo follows from the
fact that 7z, has a Gaussian tail according to Fernique’s theorem.

Remark 3.2. Note that in this argument we did not include the drift term when we
showed the LP integrability. However, the argument can be modified trivially if we
include drift term, since the fractional derivative of t with order 1 — « > 0 is bounded in
any closed interval [0, T

3.2 Quantitative probabilistic bounds, L? error estimate

In this part, we will develop a convergence criterion for the stochastic Taylor expan-
sion which is based on the L, estimates of the iterated integrals of fractional Brownian
motion. Such estimates may be found in Proposition 4.8 in [11]. They rely on the com-
putation of |E ( f Am[0.4] dB! ) established in [4] and the isometry property of the diver-
gence operator. Compared with the deterministic approach, the probabilistic method
improves the speed of convergence in L? when H € (3, 3).

For convenience in this section we restrict ourselves to the case where there is no
drift, that is we assume 1|y = 0. By using heavier notations, the arguments we use may
be extended when Vj # 0.

Let us first remind the result by Neuenkirch-Nourdin-Tindel in [11].

Proposition 3.3. Assume that H > 1/2 and let ay = H(2H — 1) and K = ,/% we
have the following inequality:
2
/ dB’
A™[0,1]

It is interesting to observe that the L? decay of iterated integrals in m is faster than

its L°° decay obtained by the deterministic method when H € (3,2). Indeed, from

Proposition 3.3, we know the L? decay of [,,.(, ,dB’ is of order ——. On the other

dB! is of order L Obviousl
T(m(l—2a)) N

r 1—-2
when H € (1/2,3/4), we can pick an appropriate « such that lim M

m— o0 vm!

2m
< KitQHm.

E <
m!

hand, by Proposition 2.7, the L decay of [, .. 0.4]

=0.
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Theorem 3.4. Let us assume that there exists M > 0 and 0 < v < 1/2 such that || P;|| <
MUI(|1|N)Y. Then for every r > 1, Tc(r) is almost surely positive and for 0 < t < T (r),
we have in L? and almost surely

—+oo

Xe=20+ Y gil(t).

k=1

Moreover there exists a constant C', > 0 such that,

2 1/2

dMKt2H N+1
at<TC(T) Sc"y( )

W@fy(dKMﬂH)’

N
o[- (o 300
k=1

where
~+o00 m‘k
k=0

Let us recall that the vector fields V;’s are Lipschitz together with their derivatives.
Moreover if C = +oco, that is if the V;’s are analytic on R"™, then we may take T¢(r) = +00
in the above inequality.

Proof. Let p > 0. We have:

Pl

[I|=m

P; / dB!
A™(0,1]

d m
) S P PE

2
/ dB’
= A™[0,1]

d\"™ K2m .
) S R R

m!

[ I|l=m

IN

iQ mM2m K2m thH
p? (m)t=27

Therefore: Z P Z

m=1 [I|=m

> p"™ | < oo. From Borel Cantelli Lemma,

Py / dB!
A™[0,t]
o0

we deduce that for every r > 1, Z r"™||gm (t)|| converges uniformly on any interval [0, T
m=1
almost surely. From the results of the previous section, it thus implies that for every

r > 1, Tc(r) > 0 and that for every 0 < t < T¢(r), we have almost surely

+oo

Xy =z0+ ng(t)-

k=1
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Finally, we have

N
E HXt - (CCO +ng(t>>
k=1

9 1/2

+o0 k
K

A<To(r)] < > Y —=*MFRl)
k=N+1|I|=k k!

too 2H A r\k
S (dKt2H M)
winer ROV
(dMKt2H)N+1 .

<c,
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