THE ROUGH PATH ASSOCIATED TO THE MULTIDIMENSIONAL
ANALYTIC FBM WITH ANY HURST PARAMETER

SAMY TINDEL AND JEREMIE UNTERBERGER

ABSTRACT. In this paper, we consider a complex-valued d-dimensional fractional Brow-
nian motion defined on the closure of the complex upper half-plane, called analytic
fractional Brownian motion and denoted by I'. This process has been introduced in [16],
and both its real and imaginary parts, restricted on the real axis, are usual fractional
Brownian motions. The current note is devoted to prove that a rough path based on T"
can be constructed for any value of the Hurst parameter in (0,1/2). This allows in par-
ticular to solve differential equations driven by I' in a neighborhood of 0 of the complex
upper half-plane, thanks to a variant of the usual rough path theory due to Gubinelli [6].

0. INTRODUCTION

The (two-sided) fractional Brownian motion ¢t — By, t € R (fBm for short) with Hurst
exponent «, a € (0, 1), defined as the centered Gaussian process with covariance

1
B(B,B = (s + [t — [t — 5P, (1)

is a natural generalization in the class of Gaussian processes of the usual Brownian motion,
in the sense that it exhibits two fundamental properties shared with Brownian motion,
namely, it has stationary increments, viz. E[(B;— By)(B,—B,)] = E[(Bi1a— Bsia)(Buta—
By.o)] for every a, s, t,u,v € R, and it is self-similar, viz.

YA>0, (Bu,teR) 'Y (B, teR). 2)
One may also define a d-dimensional vector Gaussian process (called: d-dimensional frac-
tional Brownian motion) by setting B, := B, = (By(1),...,Bi(d)), where (By(i),t €
R);=1,..q are d independent (scalar) fractional Brownian motions. Its theoretical interest
lies in particular in the fact that it is (up to normalization) the only Gaussian process
satisfying the two properties (1) and (2). Furthermore, a standard application of Kol-
mogorov’s theorem shows that fBm has a version with (o — €)-Hélder paths for every
€ > 0. This makes this process amenable to models where a Gaussian process with Holder
continuity exponent different from 1/2 is needed, and we refer for instance to [1, 9, 14|
for some applications to biophysics.

Consequently, there has been a widespread interest during the past ten years in con-
structing a stochastic integration theory with respect to fBm and solving stochastic dif-
ferential equations driven by fBm. The multi-dimensional case is very different from the
one-dimensional case. When one tries to integrate for instance a stochastic differential
equation driven by a two-dimensional fBm B = (B(1), B(2)) by using any kind of Picard
iteration scheme, one encounters very soon the problem of defining the Lévy area of B
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which is the antisymmetric part of A, := fst dBy, (1) fstl dBy,(2). This is the simplest

occurrence of iterated integrals B (iy, . .., i) = fst dBy, (i) . . . f;’“‘l dB;, (i) which lie at
the heart of the rough path method due to T. Lyons.

Let us describe briefly this method, rephrased in the setting of [6] which is going to
be used in the sequel of the paper: assume X = (X(1),...,X(d)) is some non-smooth
a-Holder d-dimensional path. Integrals such as [ fi(X (¢))dX1(t) + ...+ fa(X(2))dXa(t)
do not make sense a priori because X is not differentiable (Young’s integral works for
a > % but not beyond). In order to define the integration of a differential form along
X, it is enough to define a truncated multiplicative functional (X', ..., X [1/e]) where
XL = X; — X, and each X* = (X*(iy,...,41))1<i,.i,<a — @ matrix of (increments of)
continuous paths — is a substitute for the iterated integrals formally given as XY :=
[rdX,, (i) [ dXy,(i2) ... [ dX,, (i), with the following two properties:

(i) Each component of X* is kx-Holder continuous for any k < a.
(i) Multiplicativity: letting (6X*);,, := XF — XE — X*_ one requires

us?

(OX ) usin, - ovie) = > Xf (i, in ) X0 (i1 i) (3)

k1+ko=k

Once these functionals are defined, the theory described in [4, 6, 10| can be seen as a
procedure which allows to define out of these data iterated integrals of any order and to
solve differential equations driven by X.

With these preliminary considerations in mind, it is easily conceived that the funda-
mental problem in order to apply the general theory is to give a suitable definition of the
functionals X*. For any smooth path, X* can be defined as a Riemann multiple integral.
The multiplicative and Holder continuity properties are then trivially satisfied, as can be
checked by direct computation. So the most natural way to construct such a multiplica-
tive functional is to start from some smooth approximation X", n \, 0 of X such that
each iterated integral X*7(iy, ... 4x), k < |1/a] converges in the kx -Holder norm for
any kK < «. This general scheme has been applied to fBm in a paper by L. Coutin and
Z. Qian [2], by means of standard n-dyadic piecewise linear approximations B¥™" of B.
In a later paper, one of the authors [16] tried to tackle the problem by seeing B as the
real part of the boundary value of an analytic process I' living on the upper half-plane
II" = {z € C |32z > 0}. The time-derivative of this centered Gaussian process has the
following hermitian positive-definite covariance kernel:

B[ 0w)| = K'(z0) = =20 g2t et )

2cosTo

where 22072 .= e(2e=2)Inz (with the usual determination of the logarithm) is defined and

analytic on the cut plane C\R_. Also, by construction, EI"(z)["(w) = 0 identically. It is
essential to understand that K’ is a multivalued function on C x C\ {(z,%) | z € C}; on
the other hand, for z,w € II'" we have R(—(z —w)) > 0, so the kernel K’ is well-defined.
Then RBy := R4, is a good approximation of fBm, namely, RB" converges a.s. in the
r-Holder distance to a process B with the same law as fBm for any x < «.
Both approximation schemes introduced in [2, 16] lead to the same semi-quantitative
result, namely:
e When « > 1/4, the Lévy area and volume (in other words, the truncated multi-
plicative functional truncated to order 3) converge a.s. in the appropriate variation
norm. The heart of the proof lies in the study of the Lévy area .[lfs_ ", resp. AL



ANALYTIC FRACTIONAL BROWNIAN MOTION 3

of the smooth approximation; one may prove in particular that E[(A2 ")?] and
E[(A},)?] converge to the same limit when 27" or 1 go to 0;

e When o < 1/4, E[(A%")?] and E[(A7)?] diverge resp. as n('=%) and 5~ (-1,
Hence the methods alluded to above fail.

The latter result is of course unsatisfactory, and constitutes by no means a proof that
no coherent stochastic integration theory with respect to fBm may exist when o < 1/4.
However, to the best of our knowledge, there is no explicit example in the literature
of a d-dimensional (with d > 1) process with Holder regularity x < 1/4 allowing the
construction of a rough path.

The current article proposes then to make a step in this direction, and the rough
path construction we propose will simply be obtained by considering the complex-valued
process I' (recall that this process is induced by the covariance function (4)) for its own
sake, instead of RI'. In particular, for t € R, the irregular process B; := I'; will be
approximated by the complex valued analytic process By := I';4,,. But in a more general
way, I'7 := I".4,, will stand for an analytic approximation of I' on the closed upper half-
plane ITT := {z € C | 3z > 0}. An adequate limiting procedure for n — 0 will allows us
to prove the following main results:

(1) The iterated integrals "% (iy, ... i), k < |1/a] converge in the (kx)-Holder norm
for any k < o and any Hurst index o > 0. The limiting objects I'* satisfy our
conditions (i) and (ii) above, which yields the construction of a rough path above
the process I'.

(2) One deduces from this fact that stochastic differential equations of the type

dzy = b(z)dt + o(2)dly, 29 =a € C", (5)

where b and o are vector-valued, resp. matrix-valued analytic functions on a
complex neighborhood Q2 of 0, have a strong local solution z; defined on Q' NII+
where €)' C  is another complex neighborhood of 0.

Let us make now a few comments on these results:

(i) An appropriate name for the I'-process could be analytic fractional Brownian motion
(analytic fBm or afBm for short). This is the name we shall use throughout the article.
Yet the reader should be warned against two possible misunderstandings:

— I' is analytic only in the (open) upper half-plane. When we consider its restriction to
R (its boundary value on R, one might say) it is merely a continuous process with the
same Holder continuity as the usual fBm. The fact that I' is very irregular on R makes it
interesting to be able to solve stochastic differential equations driven by I', whereas they
are almost trivially solved on II";

— considering the restriction of I' to R, one may be tempted to write I'; = RI"; +:ST; and
to consider separately the real and the imaginary part. Elementary computations show
that both RI" and ST have the same law as fBm. But I' is not merely a complex fBm
since RI" and ST are not independent (see section 1). It is the correlation between RI'
and ST that cancels the singularities for small Hurst indices.

(7) 1t is of course possible to consider (5) as a system of two real coupled equations on
R™, namely,

dry = by (e, yo)dt + o1(24, y)dRTy — o2 (24, 3 )dST,

dyr = ba(w, ye)dt + o1 (w4, Y1 )dSTy + 0o (24, Yo )dRT (6)
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where 2, = xy + 1y, b = by + 1by, 0 = 01 + 109, NI and ST are correlated fBm, and the
components of (by,by) and (01, 0,) satisfy the Cauchy-Riemann equations 0,0, = 0,bs,
8yb1 = —8$b2 and 8550'1 = E)yag, 8y01 = —8$02.

(#i) As in [8, 15|, we have chosen here to solve the differential equation (5) thanks to a
variant of Lyon’s rough path method [4, 10] called algebraic integration theory, introduced
in [6]. The ideas are roughly the same in both theories, but the technical apparatus is
different and makes some of our technical proofs become significantly shorter (in partic-
ular, one replaces g-variation norms by Hélder norms which are easier to estimate), and
renders the adaptation of the theory to the analytic setting more transparent. We outline
this generalization to the complex plane in Sections 1, 2 and 3.

(iv) Let us try to explain briefly why the regularized Levy area is divergent for the real
fBm and o < 1/4, while it converges for the analytic one for any a > 0. Let us call
then AJ, the regularized Levy area for RT', and let us compute E(A},)? for ¢,s € R: by
definition (recall that E[I'(z)I"(w)] = 0 identically)

Bl - 5/ ) [ o) ( | ) [ o)
b ([ ) [ @) ([ ) [ i)

= Vi(n) +Va(n). (7)
The first term in the right-hand side writes

Vi(n)
t T t Y1
— C/ dxl/ dm/ dyl/ dya(—2(z1 — y1) + 20)** 7 (=g — y2) + 21)** 72
s . s . S s
= C// d:vl/ dyr(—v(x — 1) + 277)20472

X [(=u(wy — 1) +20)* — (—uwy + 20)** — (wp +1)*]

while the second term writes

t t
Vo) = C’ / da, / dys(—1(r — y1) + 202

x (@21 = y1) +20)** — (w1 + 20)** — (= +1)*] .

Both integrals look the same exzcept that V, (contrary to Vi) involves both —iz; and
1ry, and similarly for ;. This seemingly insignificant difference is essential, since V;
can be shown to have a bounded limit when n — 0 by using a contour deformation in
ITt x II* which avoids the real axis where singularities live, while this is impossible for
V,. Namely, (—1(xy — 1) + 21)?*2 is well-defined if (1, ;) are in the closure of ITT x ITT,
while (2(xy — 1) + 2n)?* for instance is well-defined on the closure of II- x II~, where
[T~ is the lower half-plane. In fact, explicit computations prove that V,(n) diverges in
the limit » — 0 when a < 1/4. Now, the integral V;(n) is the one which appears in the
computations concerning the analytic fBm I", while the additional integral V,(n) is needed
in order to handle the case of the real-valued fBm RI". This fact had already been noted
in [16], where V;(n) (as part of the calculations needed to compute A},) is evaluated in
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closed form involving Gauss’ hypergeometric function (see proof of Theorem 4.4 in [16])
— in fact (see [16], formula (4.36))

n—0 a(2a—1)  [2I'(2a — 1)I'(2a + 1) CoS 2Ty

Vi) = e T(do+ 1) T 2a—D@a-1) t=sl* ()

(a regular expression when o — 1/4 or 1/2 as Taylor’s formula proves). In the same
article, more general iterated integrals of the process I'7 are introduced en passant under
the name of analytic iterated integrals and shown to converge in the limit n — 0; we
reproduce these crucial results here. On the other hand, singularities of non-analytic
iterated integrals for o < 1/4 are analyzed in great details in [17].

Here is how our article is structured. The first three sections are devoted to show how
to solve differential equations in the complex plane like (5), under suitable assumptions
on b, and on the iterated integrals X*: in Section 1, we recall the basic features of the
algebraic integration theory; Section 2 aims at giving some details for the resolution of
equation (5) in case of a rough signal with Holder regularity v > 1/3, while Section 3
generalizes our considerations to an arbitrary Holder regularity exponent in (0,1/2). The
remaining sections deal with the application of the general theory to the analytic fBm
I': Section 4.1 is concerned with the definition of this process, Section 4.2 with the proof
of some general regularity results for increments. Some useful (yet elementary) complex
analysis preliminaries are given in Section 4.3. We then proceed to prove the convergence
of our approximations based on I'7: Section 5.1 deals with I'” itself, Section 5.2 handles
the case of the Levy area, while the general multiple integral case is treated in Section
5.3.

Notations: Starting from Section 2 and throughout the paper, the following notations
concerning processes will be used. A generic vy-Holder function will be denoted by X. The
analytic fBm defined on the complex upper half-plane is written I' = {I';; t € I}, and its
smooth approximation is denoted by I'® or I'". If s, ¢ € IIT, then [s,t] = {As+(1-\)t |\ €
[0,1]} € IT* is the segment between s and t. Generally speaking, € will denote a bounded
neighborhood of 0 in the closure of the upper half-plane IIT. Since this notation is
generally used for probability spaces, we shall call (U, F,P) the probability space under
consideration here. Here is also a convention which will be used throughout the paper:
for two real positive numbers, the relation a < b stands for a < C'b, where C' is a given
universal constant (possibly depending continuously on « € (0, 1)).

1. ALGEBRAIC INTEGRATION

Algebraic integration theory is conceived as an alternative to the popular rough paths
analysis, and aims at solving differential equations driven by irregular processes with a
minimal theoretical apparatus. Introduced in [6] for a Hélder regularity of the driving
noise v > 1/3, it has then be extended to arbitrary v > 0 in a quite general setting (far
beyond the geometric case) in [7]. See also [15] for a detailed study of the case v > 1/4.
We have decided to recall some aspects of this formalism here for two main reasons: first,
the integration theory we shall use takes place naturally in the upper complex plane II7.
This induces some slight changes in the original setting, which we have chosen to outline.
Second, we are able to deal with geometric rough paths in the current paper, which leads
some simplifications in the analysis of the generalized integrals, compared for instance
with [7]. We shall thus recall the main features of algebraic integration in our context.
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This will also hopefully help to clarify the main assumptions which shall be checked on
the process I'.

1.1. Increments. The extended integral we deal with is based on the notion of increment,
together with an elementary operator ¢ acting on them. These first notions are specifically
introduced in [6, 8|, and we shall merely recall here their definition in the complex plane
context. Consider an arbitrary neighborhood €2 of 0 in the closure of the upper half-plane
[I* = {# € C |3z > 0}. Then, for a complex vector space V, and an integer k > 1,
we denote by Ci(Q; V) the set of functions g : Q¥ — V such that g;,..,, = 0 whenever
t; = tiy1 for some i < k — 1. Such a function will be called a (k — 1)-increment, and
we shall set C.(V) = Up>1Ci(2; V). The operator § alluded to above can be seen as an
operator acting on k-increments, and is defined as follows on C(€2; V):

k1
§:Ce(V) = Cnn(0V), (0 ntns = D (1)) ity (9)
i=1
where ¢; means that this particular argument is omitted. Then a fundamental property
of ¢, which is easily verified, is that 60 = 0, where 60 is considered as an operator from
Cr(£2; V) to Cry2(€; V), s0 (C(€2; V), §) is a cochain complex. we shall denote ZCi(£2; V') =
Cr(2; V) N Kerd and BC(2; V) = Cr(Q2; V') N Imé.

Some simple examples of actions of §, which will be the ones we shall really use through-
out the paper, are obtained by letting g € C; and h € Cy. Then, for any ¢,u,s € (2, we
have

(5g)t5 =Gt — 3Gs, and (5h)tus = hts - htu - hus- (10
Furthermore, it is readily checked that the complex (C,,d) is acyclic, i.e. ZCp(2; V) =
BCi(§2; V) for any k > 1.

Let us mention at this point some conventions on products of increments which will be
used in the sequel: assuming for the moment that V' = C, set Ci(£2; C) = C(£2). Then
the complex (C.(£2), ) is an (associative, non-commutative) graded algebra once endowed
with the following product: for g € C,(Q2) and h € C,,(R2) let gh € Cpym-1(2) be the
element defined by

(gh>t1 77777 t'm+nfl = gtl ~~~~~ tnhtn 77777 t'm+n717 tl? e 7tm+n*1 E Q (11>
The pointwise multiplication of ¢, g € C,(€2), denoted by g o g, is also defined by:
(gog)h ..... tn — Gty,..., tngtl ..... tn>o tla"~7tn €Q~

Our future discussions will mainly rely on k-increments with & < 2, for which we shall
use some analytic assumptions. Namely, sticking to the case V = C? for d > 1, we
measure the size of these increments by Hélder norms defined in the following way: for

f € CQ(Q, V) let

fis
1l = sup e

s,teQ |t - S|H’

In the same way, for h € C3(£2; V), set

and  Cy (V) ={f € C(LV); [If]l < 00}

’htus‘
h = su
|| ||’y,p s,u,tIEJQ ”LL - 8|'Y|t o u‘p

inf {an psipii =Y i, 0 < p; < u} ,

(12)

i
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where the last infimum is taken over all sequences {h; € C5(€2;V')} such that h = ) h;
and for all choices of the numbers p; € (0, z). Then |||, is easily seen to be a norm on
C3(Q2; V), and we set

Cy(V) :={h € Cs(V); ||l < o0}

Notice that, in order to avoid ambiguities, we shall use the notation M- ; C; (Q; V)], instead
of ||-|l,, to denote the Hélder norms in the spaces Cp(€2;V). Finally, let C;7(; V) =
U,>1C5 (€ V), and remark that the same kind of norms can be considered on the spaces
ZC3(Q2; V), leading to the definition of normed subspaces ZCL (€; V) = C§(Q; V)N ZC3(£;
V) and ZC3T(Q;V) = Uu=iCH(Q; V) N 2ZC5(Q; V). Tt also turns out to be useful to
consider the spaces of continuous (k — 1) increments Cp(£2; V'), equipped with the norm

..........

spaces we are considering in this article are complete.

1.2. Tterated integrals on the upper-half plane. The iterated integrals of analytic
functions on Q N IIT are particular cases of elements of C, which will be of interest for
us. Let us recall some basic rules for these objects. Set Ci(QNIIT) = C¢(QNIIT; C) for
the set of analytic (k — 1)-increments from Q NII* to C, and consider f, g € C¥(QNIIT).
Then the integral [ dg f, which will also be denoted by J(dg f), can be considered as an
element of C5'(QNIIT) = Cy(QNIIT; C). That is, for s,t € QNIIT, we set

Tunldy f) = ( / dgf) = /[ ot

The multiple integrals can also be defined in the following way: given a smooth element
h e€Cy and s,t € QNIIT, we set

ts [s,t]

In particular, the double integral J;,(df3df? f') is defined, for f*, f2, f3 € C¥(QNIIT), as
u7ts(df3df2f1):</df3df2f1) :/ dfy Jus (df? f1) .
ts [s,t]

Now, suppose that the n'® order iterated integral of df™ - - df? f!, still denoted by J(df™
-+ df? f1), has been defined for f!, f2..., f" € CY(QNIIT). Then, if f*H € C¥(QNIIT),
we set
Tuldf™ - dP 1) = [ T @ a1 (13)
[s:t]

which defines the iterated integrals of smooth functions recursively. Observe that a n'™

order integral J (df™ - - - df2df*'), where we have simply replaced f* by df!, could be defined
along the same lines.

The following relations between multiple integrals and the operator § are easily checked
for analytic functions. They are also a prototype of the algebraic relations we shall impose
in the rough setting:

Proposition 1.1. Let f, g be two elements of C¥(QNIIT). Then, recalling the convention
(11), it holds that

of =Jdf),  6(J(dgf)) =0,  5(I(dgdf)) = (09)(6f) = T (dg)T (df),
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and, in general,
n—1
S(T(dfm---dft)) =>_ T (df---df) T (df*---df*)
i=1

which is simply a way of rewriting the multiplicative property (3).

1.3. The complex sewing map. The algebraic integration theory heavily relies on a
generalization of Young integrals to increments in Cy (as explained in |6, 8|). This gener-
alization is obtained through a map which is often called the sewing map according to the
terminology of [3]. We present here a construction of this map adapted to the complex
plane context, for which some additional notation is needed: for ;7 > 1 and g > 0, let
C;-n’ﬁ (Q; V), where m stands for multiparametric, be the subspace of C;(€2; V') induced by
the semi-norm:

L om,B 0. o ’h‘51+16,.‘.75j+15
Nt €7 (05)] = sup { =

- hs1,...,s

j’;se[O,l], 31,...,3j6§2}. (14)

The definition is better understood when one thinks of the regularity properties of the
boundary value of hyperfunctions (see [11], Theorem 3.9.8); for instance it is known that
if fis analytic on IT*, and sup,cg | f(z + )| < y~° for some 3, then the boundary value
of f is a distribution.

In order to define a sewing map on the complex plane, we shall then use the following
norm defined for (j — 1)-increments:

Nelhs €52 (V)] = Nhs CF (V)] + NTh; C2(9: V)],
and as usual now, we call CJ‘.L » (©; V) the associated normed space.

Proposition 1.2 (construction of the complex sewing map A). Let p > 1, 5 > 0,
and assume that h € C3(2; V') satisfies the following hypotheses:

(i) h is an element of ZCH(Q; V)N CP (V). In particular, Ng[h; CEP(Q; V)] is finite.
(i1) For t,u,s € I, hy,s can be written as hy,s = [0(T (df 7))]ius for an analytic function
f and an increment r € Co such that, for any s € I, the function u — 1. is analytic.

Then, for any 1 < v < pu, there exists a unique Ah € CY(S2; V') such that 6(Ah) = h.
Furthermore, there exists a strictly positive constant c, such that

NIA(RY; CL(: V)] < e Ne[h; CEP(9; V). (15)

Calling AP (0 V) the set of increments satisfying conditions (i) and (ii) above, this gives

rise to a continuous linear map A : A4 (Q; V) — CY(Q; V) such that §A = [dAg,B(Q.V).

Proof. The proof of this proposition is an extension of |8, Proposition 2.3|, for which we
refer for further details. In particular, the uniqueness of g := A(h) can be proven just
as in the above reference. We shall thus outline the proof of the existence part of the
increment g.

The increment g can be defined in a natural way in two cases: (1) When ¢, s € QNR, then
gts can be constructed as in the proof of [8, Proposition 2.3]. (2) When ¢, s € QNIIT, then
gis can simply be defined as Jis(df ). By construction, we thus have that [0¢]ius = hius
when t,u,s € QNR or t,u,s € QNIIT.

In order to define g;, for ¢t € II" and s € R, we use two limiting procedures: first, for
e > 0, we set gtlf = Jit1e.s412(df 7), which is defined in the Riemann sense. Next, another
candidate for an approximating sequence of g is ¢>¢ constructed along the same lines as
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in [8, Proposition 2.3]: we know that there exists a B € Cy such that 6B = h. For n > 0,
consider the dyadic partition {r;"™;0 < j < 2"} of the segment [s + 1¢, t], where

rj’”:s+zs+<t;—ns)‘7, for 0<j <2
Then, for n > 0 set M;)" = B, — Z?igl Br;?flﬂq;’n. In this context, it can be shown that
on_1
MM — M = Byt emia ensa, (16)
=0

from which the convergence of M;" is easily deduced. We call ¢*¢ := lim,,_.o, M*". By
a uniqueness argument, restricted on the segment [s + 1, ¢t + 1¢] and elaborated as in the
real case of [8, Proposition 2.3|, it can also be shown that g = g**.

Furthermore, we claim that for any 1 < v < p and ¢, small enough, we have
NI = ¢ G (V)] S Nelhs 57 V)]le = nl”, (17)
for a certain 3 > 0. Indeed, we have defined g2 as Yoo MEMTE — M=™ and it is thus
sufficient to show that -
AL (e, m)] S Nelhs CE2 (2 V)]le —nl? 277 [t — o] (18)
for some 4 > 0, where we have set A7 (e,n) == (MJ" — ME™) — (M2 — M7™). Now,
thanks to our decomposition (16), it is readily checked for an arbitrary p € (0,1) that

2n—1

AL, <D

Jj=0

1-p
h en+l entl  en+tl _h n,n+1 nn+l nn+l
T2j+2 oT2541 oT2j T2j+2 T2541 oT2j

)p
and hence, invoking the fact that h is an element of C§*”(€; V) and C4(Q; V), we obtain:
AL (e, m)] < BNClh; G5 V)] e — | PP 27 er D | — e,

which immediately entails (18) for pp = v, and thus (17), since p can be taken arbitrarily
close to 1. This implies the convergence of ¢g*¢ towards an increment g as ¢ — 0, and
allows to define g, for ¢t € II™ and s € R. Notice that ¢ = lim._ g% = lim._,y ¢*>¢, the
limit being understood in C4(£2; V).

We now have to check that (0g)us = heus in two remaining cases: (1) When ¢, u € ITT
and s € R. (2) When ¢ € II* and u,s € R. In fact, the two cases can be treated
similarly, and we focus on the first one. To this purpose, we resort to the approximation
gis = lim._o g..°. This yields the relation:

X h e,n+1l en+l  e,n+1
25+2 oT2j+41 >T25

_|_

h n,n+l nmnt+l nn+l
Toj+2 T25+41 o725

5gtus = lllr(l) J [j(df T)]t—i—zs,u—&-ze,s—i—zs = ll_I% ht+zs,u+zs,s+zs = htusa

where the second equality is obtained thanks to our assumption (ii) on the increment h.
We have thus proved our claim dg = h. It remains to prove that g € C%, which can be
done exactly as in |8, Proposition 2.3].

O

It is also worth mentioning that the operator A (called complex sewing map) can be
related to some Riemann type sums, which is a way to link the objects constructed so far
with a generalized notion of integral:
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Proposition 1.3 (Integration of small increments). For any I-increment g € Co(2;V)
such that dg satisfies the assumptions of Proposition 1.2, set §f = (Id—Ad)g. Then

0f)s = lim s
( f)t IDtSIHO;gtlﬂ t;
where the limit is over any partition Dy, = {tg =t,...,t, = s} of the segment [s,t] C II*,
whose mesh tends to zero. The 1-increment of is thus the indefinite integral of the 1-
mcrement g.

2. ROUGH PATH ANALYSIS OF ORDER 2

As we mentioned before, our complex setting leads us naturally to solve differential
equations in a neighborhood of 0 in the upper half-plane II*. This framework being rather
unusual, we shall try to explain its main features on the simplest non-trivial example one
can think of, namely the case of a driving signal with Holder continuity exponent greater
than 1/3. More specifically, we assume in this section that X satisfies the following
condition:

Hypothesis 1. The signal X is an element of C](Q; C?) with 1/3 < v < 1/2. Further-
more, its restriction to II'" is analytic.

Under these assumptions, we shall now explain how to solve equation (5). Once again,
these considerations follow closely the methodology introduced in [6], but we include them
here because of the slight changes due to our complex plane situation.

In the sequel of the paper, we shall use indistinctly f[s 149 f or Jis(dg f) for the integral

of a function f with respect to a given increment dg on the segment [s,t] C Q. Observe
that the second notation Js(dg f) aims at avoiding some cumbersome notations in our
future computations. Recall also that we wish to solve an equation of the form

yt:a—I—/ dX;o(ys), teq, (19)
0,2]

where X is a given y-Holder continuous path from Q to R?, with 1/3 < v < 1/2, and X*
is the transpose of the path X, considered as a C'¢-valued process. Notice that in the
last equation, we have chosen to use the slightly unusual convention of multiplying the
coefficient o by the driving process X in order to simplify a little our further expansions.
With respect to equation (5), we have also chosen to skip the drift term b for notational
sake, though the inclusion of such a drift term would be technically easy.

Before going into the technical resolution of (19), let us make some heuristic consider-
ations about the form that a candidate solution should have: set 6, = o(y;), and suppose
we have been able to exhibit a solution y to (19), such that y € Cf for a given 1/3 < k < 7.
Then the integral form of our equation, for ¢ € €2, can be read as

y=a+ / dX; 6,. (20)
[0,2]

Our approach to generalized integrals induces us to work, instead of (20), with increments
of the form (dy)is = yi — ys. However, it is easily checked that, provided one is given a
reasonable notion of integral, one can decompose (20) into

(5y)t3 = / dXZ a-u = (5X*)t8 &S + Ptss with Pts = / dX:; (6u - 63)
[s,¢] [s,¢]
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~

We have thus obtained a decomposition of y of the form dy = dX* 7 + p. Let us see,
still at a heuristic level, what is the regularity one can expect on ¢ and r: first, suppose
that o is an analytic function, and assume that y, € B(0,M) for all t € 2, where
B(0,M)={z € C; |z| < M}. Then ¢ is bounded and

160 = sl < Nlo"lloont e = ys| < Nlo"lloons Ny; CHD)] [ — 57,
where the notation N has been introduced in Section 1.1 and where ||¢'||oo s stands for
SUP,ep(0,0) |07 (2)]- Thus, still with the notations of Section 1.1, we have that 6 € C{(Q2)N
CY(2). As far as p is concerned, provided one can define the integral f[s q 4X3 (6 —0s) =

f[s 14X (06)su, it should inherit both regularities of §6 and dx. Thus, one should expect
that p € C3*. In conclusion, we have found that dy should be decomposable into

Sy =0X*6+p, with 6&€C{(Q)NCYHN) and p € C3* (). (21)

This motivates the definition of what we call the class of analytic controlled paths of order
1, in which we shall solve equation (19) when v > 1/3:

Definition 2.1 (space of analytic controlled paths O, ,(f)). Let z be a process in
Cr(S;CF) with 1/3 < k < . We say that z is an analytic controlled path of order 1
based on X, if 2y = a, which is a given initial condition in C*, and fori =1,...,k, the
increment 0z(i) € C5(2; C) can be decomposed into

5Z<Z> = 5X(]) C(]? Z) + T(i)7 Z €. (52)t8(2) = (5X)ts(j) Cs(ja Z) +Tts(i)a S, t € Q7 (22>

with ¢ € CH(Q; CH*) and r is a regular part such that r € C3*(; C*). In our complex plane
setting, we assume moreover that z,( and u — 7, are analytic paths when restricted to
I+, for any s € II*. The space of analytic controlled paths will be denoted by Q, (Q; CF),
and a process z € Q, o(Q;CF) can be considered in fact as a couple (z,¢). The natural
semi-norm on Q. .(Q; C*) is given by

N1z; Qra(§ C)] = Nz; CF (2 CF)] + NG G (€ CH)] + NG CF (2, CH)]
+ Nr; C37(Q; CY)],
with N'G; C (V)] = supg< < [Glv-

With this definition at hand, here is the global strategy we shall adopt in order to solve
equation (19):
(1) Study the stability of Q, ,(2; C*) under an analytic map ¢ : Ck — C™.
(2) Define rigorously the integral [ dX? z, = J(dX* z) for an analytic controlled path
z and compute its decomposition (22).
(3) Solve equation (19) in the space Q, o(; C¥) by a fixed point argument.

Let us go on with this program, and first see how smooth functions act on analytic
controlled paths.

2.1. Action of analytic maps on controlled paths. The action of a smooth function
on an analytic controlled path can be summarized in the following proposition, for which
we need an additional notation: given an analytic function ¢ : C* — C", we set ¢'(2)
for the i™ coordinate of ¢(z) and 9;¢" for the derivative of ¢’ with respect to the ;™
coordinate of z.
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Proposition 2.2. Let 2 € Q, o(Q;CF) with decomposition (22). Let ¢ : CF — C" be
an analytic function, and set z = @(2), @ = p(a). Then 2 € Q, 4(2;C™), and it can be
decomposed into R
02(i) = 0 X (k)((k,i)+7(i), i=1,....,n

with
C(k,i) = C(k, O (2)  and  #(i) = ()9, (2) + [8(¢'(2)) = 62(4)d;¢'(2)] -
Furthermore, assuming that z; € B(0, M) if s € Q, where B(0, M) stands for the set
{z € C™; |z| < M}, the following bound holds true:

N2 Qra(:C™)] < ear (Nz5 Qa2 C")] + N?[2; Qpea(2:CM)]) (23)

Proof. The algebraic part of the assertion is quite straightforward. Just write
(02)ss(1) = SOi(Zt) - SOi(Zs) = (5Z)ts(j)aj90i(zs) + Spi(zt) - @i(zs> - (5Z)ts(j)8j80i(zs)a

and plugging expression (22) instead of dz(j) above, our first assertion is easily shown.

In order to give an estimate for N[Z; Q, 4(€2; C™)], one must of course establish bounds
for N'[2; CF (€ CM)], NTC; CO(€2; CF)], NC; CF(Q; ©F)] and N 75 C25(€2; C™)]. Let us focus
on the last of these estimates, the other ones being quite similar. First notice that
P =7l + 72 with

i) =1()0;¢' (2)  and  72(i) = 5(¢'(2)) — 52(5)0;0(2). (24)
Now, since Vi is a bounded C™*-valued function on B(0, M), we have
N C2F(; €] < ey Nr; C3F(9; CH)). (25)

Moreover, with the same kind of argument for V2, we also get:
[l < o] (02)1]* < o N[ CF(Q CF)[E — s/,
which yields
N C37( C)] < o N[ C3(Q €Y, (26)
and thus we obtain
N7 C35(Q;CY)] < ea (1 + N2[r; C37 (9 Ck)]) .

The analytic assumptions on the increments 2, é and 7 are then readily checked, and this
concludes the proof.

O

2.2. Integration of analytic controlled paths. The aim of this section is to define
the integral 7 (dX*m) for an analytic controlled process m € Q, .(©2; C%), admitting the
decomposition given by (22). Namely, we assume that m can be decomposed as:

sm(i) = 6X () p(Gi i) + (@), i=1,....d, (27)

where p € CH(Q;C%) and r € C3*(€;C%). In order to see how the integral J(dX*m)
may look like, let us treat first the case of smooth processes X, u and r, and see how
J(dX*m) can be expressed in terms of the operators § and A: in the regular case,
J(dX*m) is well-defined, and we have

/ dXm, = [X; — X" ms + / dX} [m, —mys]
[s,t] [s,t]
for s,t € ), or in other words

J(dX*m)=0X"m+ J(dX" ém).
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Let us plug the decomposition (27) into this expression, which yields
JdX*m) = 6X"m+ T (dX(1)5X () p(4,4)) + T(dX"r). (28)
Let us transform now the term J(dX (¢)0X (7) pu(j,7)): it is easily seen that
Tes (dX (i) 06X (5) p(3, 7)) = /[ ]qu(i) 0Xus(7) 1s(5,1) = X34, 5) ps(5, 1)
s,t
for s,t € Q, where X2 is the Co(Q2; C*4)-function defined by

X,?S:/ dX, ® [0X]s, ie. [ths](i,j):/ dX, (1) [0 X]su(5), 1<i,j<d.
[5,¢]

[s:t]

Inserting this expression into (28), we get
T(dX* m) = 6X* m + X2(i, ) u(j, 1) + T(dX" 7). (29)

Let us focus now on the term X2Z: when X is a smooth process, it is readily checked
that we have
[6X2}tus = ths - X?u - Xit = (5X>tu ® (5X)US'
This decomposition of §X? into a product of increments is the fundamental algebraic
property we shall use in order to extend the above integral to non-smooth processes, and
thus, in the sequel of this section, we shall assume the following:

Hypothesis 2. The path X is C4-valued v-Hélder with v > 1/3, it satisfies Hypothesis 1,
and it admits a so-called Lévy area, that is, a process X2 € CSW(Q; C44), defined formally
as X2 = J(dX ® dX), and satisfying

0X? =6X ®0X, de [(6X®)us] (i,7) = [0X (D) [0X]us (5),

for any t,u,s € Q and i,5 € {1,...,d}. We also suppose that X2 belongs to the space
Cy 7 (Q; C4) defined by relation (14). Notice that under our assumptions, the increment
X2 is analytic on 11T x 11T,

Let us keep this hypothesis in mind, while we finish the analysis of the smooth case: it
remains to find a suitable expression for J(dX*r). To this purpose, let us write (29) as

J(dX*r) = J(dX*m) —6X*m — X2 u*, (30)

where in the above expressions, we have denoted by M - N the Hilbert-Schmidt inner
product of two matrices, that is M - N = Tr(M N*) for M, N € C4?. Let us apply now &
to both members of the above equation: recall first our convention (11) and the general
relations

(T (@X*m))=0, and d§(06X"m)=—-6X"om,
which hold true for smooth processes m and X. Applying these relations to the right
hand side of (30), we end up with:

S[T(AdX*r)] = 6X*6m — X2 - p* + X2 §p* = 06X r + X2 §u*. (31)

When m, X, and X2 are smooth enough, it is now clear that 6[7(6X*r)] € ZC3T.
Furthermore, this increment clearly satisfies the assumption (ii) of our Proposition 1.2,
and the fact that 6[7(6X*r)] is an element of C*” for any 3 < & easily stems from the
second expression in (31). The increment 6[7 (6. X* )] is thus in the domain of application
of A (recall that §6 = 0), and we can write now

TJdX*r)=A0X r+X* op).
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Reporting this identity into (29), we end up with
J(OEX*m)=6X"m+X* p*+ A (6X*r+ X2 6u%). (32)

Observe that the expression above can be generalized to the non-smooth case, since
J(6X*m) has been expressed now in terms of increments of m and X. As a consequence,
we shall use (32) as a definition of our extended integral, and summarize the previous
considerations in the following proposition:

Proposition 2.3. For a given v > 1/3 and 1/3 < k < v, let X be a process satisfying
Hypothesis 2. Furthermore, let m € Q,.4(Q; C?) such that mg = b, dm = §X*u + r, with
p € Cr(Q;C2) and r € C27(Q; C). Define z by 20 = a € C and

0z=0X"m+X? "+ A(0X"r+X?-6p%). (33)

Finally, set
J(dX*m) = 0z.
Then:
(1) z is well-defined as an element of Q. .(€2; C), and J(dX*m) coincides with the usual

Riemann integral in case of two smooth processes m and X. The quantity Jis(dX* m) is
also defined as a Riemann integral for t,s € TIT.

(2) Assume that Q C B(0,7), where B(0,7) stands for the ball of radius T centered at 0
in C. Then the semi-norm of z in Q, .(€2; C) can be estimated as

Nz; Qa2 C)] < ex ([b] + 777N m; Qe (2 CY)]) (34)

for a positive constant cx depending only on X and X2. Furthermore, the constant cx
can be bounded as follows:

ex < ¢ (N[X;C7(Q; €] + N[XZC7(2;,C4)
for a universal constant c.
(3) It holds

n

kaS(dX* m) - |DltiI|ILOZ [(5X*>ti+1,timti + X2ti+17ti ’ /L:J (35>
for any s,t € Q, where the limit is taken over all partitions Dys = {s = tg,...,t, =t} of
[s,t], as the mesh of the partition goes to zero.

Proof. we shall decompose this proof in two steps.

Step 1: Recalling the assumption 1/3 < k < 7, let us analyze the three terms in the right-
hand side of (33) and show that they define an element of Q, , such that dz = 0.X*( +r
with
(=m and 7F=X* p +A(6X*r+X?0u").

Indeed, on the one hand, m € C{(Q;C?) and thus ¢ = m is of the desired form for an
element of 9, ,. On the other hand, if m € Q,, p is assumed to be bounded and since
X2 € C37(9; C4%) we get that - X2 € C57(Q; C). Along the same lines we can prove that
réz € CoM(Q; C) and X2-6p* € C577(Q; C). Since k+2y > 2k 4+~ > 1, we obtain that
OX*r+X2.6p* € C27(Q; C). In order to show that the latter increment is an element
of Dom(A), let us observe that the assumption (ii) of Proposition 1.2 is easily satisfied,
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and we already mentioned that relation (31) entails 6X* r 4 X2 -du* € C*7(Q; C) for any
B < k. Hence, 6X*r + X2 - §u* € Dom(A), and
A (X 1+ X2 0p") € CI (O C),
Thus we have proved that
F=X2 0+ A (X r+ X2 0p") € CF(; C)

and hence that z € Q, ,(€;C). The estimate (34) is now obtained using the same kind
of considerations and is left to the reader for the sake of conciseness. The analyticity z, ¢
and r is also a matter of standard considerations, as in Proposition 2.2.

Step 2: The same kind of computations as those leading to (31) also show that
6(5X*m+X2-u*) =— [5X*7‘+X2~5u*] .
Hence equation (33) can also be read as
J(dX*m) = [Id —Ad] (0X*m + X% - ¥,

and a direct application of Proposition 1.3 yields (35), which ends our proof.
O

Remark 2.4. The previous proposition has a straightforward multidimensional extension,
which won’t be stated here for sake of conciseness. For the nice continuity properties of
the integral with respect to the driving process X, we refer to [6, p. 101].

2.3. Rough differential equations of order 2. Recall that we wish to solve equations
of the form (19). In our algebraic setting, we shall rephrase this as follows: we shall
say that y is a local solution to (19), if yo = a, y € Q,.(?;C') and if there exists a
neighborhood € of 0 in I such that, for any s,t € Q we have

(5y)ts = ths(dX* U(y))7 (36)

where the integral J(dX* o(y)) has to be understood in the sense of Proposition 2.3. Our
existence and uniqueness result reads as follows:

Theorem 2.5. Let X be a process satisfying Hypothesis 2 and o : C' — C*! be an analytic
function. Then

(1) There exists a neighborhood Qg of 0 in II* such that equation (36) admits a unique
solution y in Q, .(Qo; C!) for any 1/3 < k < 7.

(2) The mapping (a,z,X2) — y is continuous from C' x C7(Qp; C%) x C37(Qy; CH4) to
Qn,a(QO; (Cl) .

Proof. We just sketch the proof of this theorem for sake of completeness: we shall identify
the solution on a small neighborhood )y as the fixed point of the map © : Q, ,(Q0; C!) —
Q,.a(Q0; C") defined by O(z) = 2 with 2y = a and 62 = J(dX* o(y)). The first step in
this direction is to show that the ball

Qu = {2z 20 =a, Nz Qr.a(Q;CH) < M} (37)

is invariant under © for a certain M > 0, if 0y C B(0,7), with 7 small enough. Indeed,
due to Propositions 2.2 and 2.3 and assuming 7 < 1 we have

N (2); Qa0 cHl <e (1 + e (N2 Qrea(Q0; CH] + N2 (25 Qre.a (D0 (Cl)])) . (38)
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Since the set A = {u € R% : ¢(1+ ¢,7 "(u+ u?)) < u} is not empty as soon as 7 is
small enough, it is easily shown that the ball Q,; defined in (37) is left invariant by © for
7 small enough and M in A.

Now, since we are working in @), the fixed point argument for © on () is standard
and left to the reader (see |6, Proposition 7|).
O

3. ROUGH PATH ANALYSIS: THE GENERAL CASE

Having understood the rough path type tools we use for the case of a driving process X
with Holder regularity v > 1/3, we now proceed to a mere description of the generalization
to the case of an arbitrary regularity v > 0. As in Lyons’ theory, the algebraic integration
setting for the resolution of rough differential equations relies on the a priori definition of
a number of iterated integrals of the driving process X, which is shown to generate all the
useful information needed to solve differential systems. More specifically, the following
set of hypotheses is a generalization of the assumptions made in |7] to the complex plane:

Hypothesis 3. Let Q be a neighborhood of 0 in 11T, X : Q — C¢ be a v-Hélder path with
0 < 7y < 1, whose restriction to II* is analytic, and set N = |1/~|. Then X is assumed to
generate a family {X™; 1 < n < N} defined on §2, where X™ is a 1-increment with Holder
regqularity nvy, taking values in C*", that is X® € Cy"(;C¥"). We also suppose that X™
belongs to the space Cy"(Q; C?") defined by relation (14). By definition X! := X, and
the algebraic relations satisfied by the X™ are the same as those of Proposition 1.1: for
anyn < N, (i1,...,i,) € {1,...,d}", we have the multiplicative property

n—1
(SXn(il, e 7Zn) == ZX‘]<21, ce . 7ZJ) Xni‘i(Z’jJrl, ce. ,’in), (39)
j=1

that is 0X™pus(i1, ..., 0,) = Z?:_ll X (iny ooy i) X0 s (ijg1y - - in), for any t,u, s € Q.
Furthermore, the rough path generated by X is said to be of geometric type under the
following additional condition: for any n,m such that n +m < N, we have:

X i1, yin) 0 X dm) = Y Xk ), (40)
ke Sh(z,7)
where, for two tuples 7,7, Xz stands for the set of permutations of the indices contained
in (,7), and Sh(z,7) is a subset of X defined by:

Sh(z,7) = {a € Y;); 0 does not change the orderings of © and j} )

It should be mentioned at this point that relation (39) is just a version of Chen’s relation
for iterated integrals, while equation (40) states that any product of iterated integrals can
also be expressed as a sum of iterated integrals.

For the sake of completeness, let us say a few words about the integration theory we
rely on under Hypothesis 3 (we refer to |7, 15] for further details). First of all, the class
of processes we are able to integrate with respect to X are called analytic controlled
processes of order N — 1, and are defined as follows: we say that a path z € C{(Q;CF),
with % <k <7y< ﬁ, is an analytic controlled path of order N — 1 if its increments
(02(1),...,dz(k)) can be decomposed into:

dz(i) = Z_ X™(ay,...,a,)C"(ay,. .. an; )+ p°(>i), (41)
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where the paths "(i) € C#(; C**™) can be decomposed themselves as:

N—-1-n
0™ (ar, - an i) = Y Xby,. b)) by b an, s ansd) 4 P (an, - ans ),
=1
(42)
and where the remainder terms p°, ..., p¥~! have the following regularity: for any n <

N —1, we have p" € CéN_n)H(Q; C*). Asin the case of order 2 described in the last section,
we assume that the paths z,(", p" are analytic on II*. Denote by Q, ,(2; C*), or simply
by Q... for notational sake, the set of C*-valued analytic controlled paths. Then a natural
norm on this space is given by:

N-1 N—1 N—1
Nz Qra = S NICC + SN+ 3 N e )
n=0 n=1 n=0

With this notions in hand, it is worth recalling how to integrate controlled processes.
This is summarized in the following proposition, which is a simplified version of |7, The-
orem 8.5 adapted to the complex plane, and for which we use the traditional convention
of summation over repeated indices.

Proposition 3.1. For a given v > 0, let X be a process satisfying Hypothesis 3. Further-
more, for [1/v]71 < k <7, let z € Q. p(Q; C), with a decomposition given by (41) and
(42). Define z by 2y = a € C and

N-1
55 = 80(i) =) + 3 X* a1, ) Clan s aid) 4 AD). (43
n=1
with
N-1
U= Z X2 (ay, .. an, i)p™ (a1, .. an;i) + XN(ay, ... an_1,1)0CN Hay, ..., an_1;1).
n=0

Finally, set J(mdx) = dz. Then:
(1) 2 is well-defined as an element of Q. .(2;C), and J(mdzx) coincides with the usual
Riemann integral in case of two analytic processes m and X .

(2) Assume that Q C B(0,7), where B(0,7) stands for the ball of radius T centered at 0
in C. Then the semi-norm of Z in Q, .(2; C) can be estimated as

N2 Qua(4C)] < ex (L4 77 "Nz; Qup(,CH)) (44)

for a positive constant cx depending only on X', ... XN,

(3) It holds

n

N-1
\%S(Z dl’) = |D1t1I‘Il 0 Z 5th+17tk (Z) Ztk (Z) ‘l‘ Z Xn+1tk+17tk (a/h ey Qp, Z) Ctrli (ala ey Qg 7’)
s k= n=1

for any s,t € 2, where the limit is taken over all partitions Dys = {s = tg,...,t, =t} of
[s,t], as the mesh of the partition goes to zero.

Furthermore, the construction above allows to solve rough differential equations in a
reasonable sense:
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Proposition 3.2. Under the same conditions as for Proposition 3.1, let o be a function
from C" to C™ 4 analytic in each of its variables. Then there exists a neighborhood Qg
of 0 in II™ such that the differential equation

(6y)is = Tis(o(y) dx), st €Q,

where the integral in the right hand side has to be understood as in equation (43), admits
a unique solution on gy, living in the class of C™"-valued analytic controlled processes.

4. ANALYTIC FRACTIONAL BROWNIAN MOTION AND PRELIMINARIES

We review in this section the construction of the analytic fBm I', and we also include
here some useful preliminary results concerning the regularity of increments in €2, and
some complex analysis estimates for the kernel (—u(z — w))?*~? defined on IT*.

4.1. Definition of the analytic fBm. As mentioned in the Introduction, the article
[16] is an elaboration of a stochastic calculus with respect to the fractional Brownian
motion by analytic continuation. More specifically, a complex-valued processed indexed
by z € IIT, called T, is introduced there. This process is analytic on IIT and converges
in every reasonable sense to a continuous process with real-time parameter (still denoted
by I') when the imaginary part of z goes to 0. The current section is devoted to recall
this formalism, which is the one we shall adopt in order to construct a fractional rough
path for I' for any Hurst parameter a € (0,1). Notice that, since the case a > 1/2 is
trivial from the rough path analysis point of view, we shall assume in the sequel that
a € (0,1/2). The Brownian case o = 1/2 may be seen as a limit.

Let us first recall some classical notations of complex analysis: for x € R and k € N,
the Pochhammer symbol () is defined by:

k—1
@=L+ = "5

=0
where I' stands for the usual Gamma function. Recall that we denote by IIT = {z =
v+ |z €R,y >0}, resp. IT = {z =a+1y| 2 € R,y > 0} the open, resp. closed
upper half-plane in C. Similarly, II-, resp. II~ stand for the open, resp. closed lower
half-planes.
With these notations in mind, the easiest way to define I' = {T',; z € II"} makes use
of a series expansion involving the analytic functions { fx; k¥ > 0}, defined on II* by:

a(l —20)(2 - 204);31 1/2 {Z N Z} 20-2 [z - 21 3

2 cos(ma)k! 2 z 4

fu(z) =277 {

It is shown in [16] that the series ), ., fi(2)fr(w) converges in absolute value for z,w €
IT*, and that the following identity holds true:
— a(l-2a e
S AR = S 2 et (49

~ 2cos(ma)
k>0
This fact allows to define the process I' in the following way:

Proposition 4.1. Let {&},&2; k > 0} be two families of independent standard Gaussian
random variables, defined on a complete probability space (U, F,P), and for k > 0, set
& = & +1&2. Consider the process T defined for = € IIT by T, = > k0 [6(2)€k. Then:

(1) TV is a well-defined analytic process on TIT.
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(2) Let T": (0,1) — II" be any continuous path with endpoints I'(0) = 0 and I'(1) = =
and set I', = fF I du. Then T is an analytic process on IIT. Furthermore, as z runs
along any path in IIT going to t € R, the random variables ', converge almost surely to
a random variable called again I';.

(3) The family {T';; t € R} defines a Gaussian centered complez-valued process, whose
covariance function is given by:

e—masgn(s)|$’2a 4 et sgn(t) ’t‘2a — elma sgn(t—s) ’S _ t|2a

E[Fsrt] — 07 E[stt] — 4cos(ﬂ'a)

The paths of this process are almost surely k-Hélder for any k < a.

(4) Both real and imaginary parts of {T'y; t € R} are (non independent) fractional Brow-
nian motions indexed by R, with covariance given by

tan T
8
Remark 4.2. Tt should be stressed at this point that the paper [16] mainly focuses on the
real part of I', that is a standard fractional Brownian motion. We shall see however that

I is an interesting process in its own right, insofar as it allows the construction of a rough
path for any value of the Hurst parameter o € (0, 1).

E[RI STy = — [—sgn(s)|s[** + sgn(t)[t|** — sgn(t — )|t — s|**] . (46)

Let us also recall some basic facts about I" which will be used extensively in the sequel:

first, according to (45), the (Hermitian) covariance between I, and I') for z,w € II* is
given by:
a(l —2a)
2 cos(mav)
The following formula will be used throughout the article: for a piecewise smooth path
v :(0,1) — I, we have:

E M I dz AF;dw] = %ldzldw(—z(z—w))za—Q. (48)

4.2. Garsia-Rodemich-Rumsey type lemmas. This section is devoted to recall or
give some deterministic regularity results for increments, which will be essential in order
to quantify the convergence of the approximations of our process I'. First let us recall a
particular case of a classical lemma due to Garsia [5, Lemma 2

E[T,] = (—1(z —w))** 2. (47)

Lemma 4.3. Let f be a continuous function defined on a compact set D C RY ford > 1,

and set, forp >1
5]0 wv|2p 1/2p
</ / w — ,U|2Np+2d) :

Then N'[f; Cf(D)] < cUxp(f), for a universal positive constant c.

When D = Q C IT*, we need an extension of this lemma to increments which are not
necessarily written as ¢ f for functions f € Cy:

Proposition 4.4. Let Q) := B(0,r)NII* be a neighborhood of 0 in TI*, and R € Cy(2; C")
forn > 1 such that 6R € C§(Q; C™). Set for p > 1

Q |RM|2 1/2p
Uep(S; R) T — o dv dw , (49)
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and assume Uy ,(; R) < 0o. Then R € C§(2;C™); more precisely,
NIR; C5 (4 CM)] < e (Unp($3R) + N[OR; C3(;,CM)]) (50)
for a universal constant ¢ > 0.
Proof. Let s,t € ' := B(0,7/4) NII* C . We wish to show that
Ris < ¢ (Up (4 R) + NOR; CH:C)) [t — s (51)

To this end, let us construct a sequence of points (si)g>0, sk € €2 converging to ¢ in the
following way: set sy = t, suppose by induction that sq, ..., s, have been constructed,
and let Vj := B(s, @) NIIT. Note that, since we are working on the upper half plane

IT*, the area (V) of Vj, is at least $4(B(s, @) = Z|sk — s|*. Define then

16U (R
Ay { VL > _M} (52)
T sk — s/|?
and
|Rs0] P 16
B, = Vi 1 53
k {/U € Vi ‘ ‘Sk _ U’25p+4 > W‘Sk _ 8‘2 (Sk) ( )

where we have set

R'U/U 2p
1)~ [ L
B(s,Ju—si+ |V — u|?P

Let us prove now that Vj \ (Ax U By) is not empty: observe that

16 UL (4 R)
Ux(QR) > / dvl(v) > ——E——~

Ay T |sp — 8|2

1(Ag)

and
2p 1 B
I(sy) Z/ R I du > GMI(S”
B

) |5 — u[2pt T sk — |2

All together one has obtained ju(Ay), u(By) < f=|si — s|* so u(Ax) 4+ p(By) < pu(Vi). One
now chooses sy arbitrarily in Vj \ (Ax U Bx). Note that, by construction, |t — s| < r/2,

Sk41—S
SEp—S

and

) < 1/2 so s, — s while staying inside .

Now decompose (by using a number of times the operator §) R, s into

7?’808 - R8n+18 + Z (Rsk3k+1 + (5R)sksk+1s) . (54>
k=0

Applying (53); and (52)x_1, one gets

R s |2 16 16U (;R) 256
Rs, k+1‘ ,p( ) < _QUEI;(Q;R>’SI€ — 5’*4_
ﬂ- 9.

< .—
lsk — sp1 |22+t wlsp —s]2 T s — s|?

Recalling our convention a < b for the relation a < C'b, where C is a given universal
constant, we obtain |R,s, .| S Uwp(%; R)|sk —s|*. Furthermore, we have by construction
|sp — s| < 27|t — s|, and thus

n
§ : R5k75k+1

k=0

S Uep(QER)[E — s/ (55)
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Turning now to 0R, it is easily seen that [0R,,s,., s S N[OR; C5(;CM)]|sp — s|”.
Invoking again the relation |sy — s| < 27"t — s|, we end up with

D Rl S NIOR; CE(Q:CM] [t — s (56)
k=0
Finally, plugging relations (55)-(56) into (54) and letting n — oo, we easily get the

announced bound (51), which ends the proof.
U

4.3. Complex analysis preliminaries. The identity (48) involves integrals along some
piecewise smooth paths in C, which have to be estimated. We summarize in this section
the upper bounds which will be needed later on.

First of all, the integral appearing in (48) can be estimated thanks to the following
lemma borrowed from [16, Lemma 1.5|:

Lemma 4.5. Let v: (0,1) — IIT be a piecewise smooth, continuous path. Then

/ @z /dw Wz — )72 < ey (1) = 2(O),

for a universal positive constant c.

The following bound on iterated integrals of the process I', shown in [16, Theorem 3.4]
(where they are called analytic iterated integrals) can then be seen as an extension of the
previous lemma.

Lemma 4.6 (analytic iterated integrals). Consider s,t in a fized bounded neighbor-
hood of 0 in 11T, and let fi,...., fn and g1, ..., gn be analytic functions defined on a neigh-
borhood V' of the closed strip TIT, :={z € C | z = As+ (1 = Nt +wpult —s|, A, p€[0,1]}.
Let also T = (I'(1),...,T(d)) be a d-dimensional analytic fractional Brownian motion,
where each component T'(j) is defined as in Section 4.1. For e,m small enough, define

VSt(Z‘: 77) by
Vts 5 77 Zl Zz]

(oL Lo
[s;t] [s,u1] [s,un—1] [s,v1] [s,vn—1]

X Hf] u; + 1€) QJ(UJ + ) (—u(uy — ) + & +0)* 72 duy dvy,
7=1
where Zy is defined by

fi(ug 4 2€)dl 40 (1) folug +1€)dl,10e(2) . .. / fa(tpn +16)dly, 11e(n),

[s;] [s;u1] [s5un—1]

and Zy can be written as:

/ g1(v1 4 1€)dTy, 44 (1) / G2 (Vg 4 1€)dT 40 (2) . . . / Gn(Vy, +1€)dD,, 10c(n).
[s3t] [s301]

[s;0n-1]
Then the following bound holds true:

n

Vislen)| S TT sup 1£5(2)] H sup |g;(2)| [t — s[**".

j= 1z€Hbt j= 1z€H6t
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The last ingredient we need for our computations is a specific bound for analytic func-
tions integrated with respect to the kernel (—2(z — y))?* 2. Observe that this bound will
not be used directly in the sequel, but will serve as a prototype for our future computa-
tions.

Lemma 4.7. Let s,t in a fived bounded neighborhood of 0 in I+, and ¢(z,w) be an
analytic function on a neighborhood of H?;,t) X H&t), where

l:I;ft ={2€C|z=As+(1=Nt+wult—s|, A\ pel0,1]}, H’t ={z]zell t} (57)
For e,n > 0, define ©(¢) as
[O()] (€, 7; 1)
/ dz/ dw [(—1(z — @) 4 2€)** 7 — (—1(z — @) + € + 1)**?] (2, 0)
s I
Then, for every p € (0,2a), there exists C, such that
[18(0)] (e, m: 5, )| < Cole — |t — s M, (58)
where B )
M, 2 sup {|o(u,0); (u,9) € T x T

Proof. Without restriction of generality we may assume that ¢ > n > 0. We use the
following contour of integration in HZFS h ¥ H(_S y:

A:=TxD, T =T1UlLUTl;s = [s, s+a|t—s|]U[s+a|t—s|, t+a|t—s||U[t+a|t—s],1]. (59)

Set A; ; =T x fj so that A = Uy<; j<3A; ;. Let I; ; be the integral over A, ; of the function
(2,0) — [(—1(z — W) + 2€)** 2 — (—1(z — W) + € + n)?*~2 ¢(z,w). We shall give a bound
of type (58) for each I; ;. The proof relies on the following observation: if e,7 > 0 and
z € C, Rz > 0, then (for any p € (0,1))

(2 +€)*7% = (2 +0)**7%| < Cle — |27, (60)

By symmetry we only need to consider the following four cases (only the fourth one is
non-trivial since z and w may be e-close) :

Case 1: 1 =3 = 2.
Lo = ‘ / dz/ dw|[(—u(z — @) +2[t — s| +2¢)**7>
Y
—(—1(z —w) + 2/t — s| + e+ 0)** 2] p(z + |t — s|, W — ot — s])
< Cp/ [dz| [ |dw|lt = s[**7* 7P (e — n)? Ms = Cyft — s**~"(e — )" M{.(61)
[sst] [5:1]
Case 2: 1 =1,7 = 3.
jt—s| jt—s|
i3] = ‘/ dm/ dy[(—u(s — 1) + x +y +2€)* 2
0 0
—(—us =) +x+y+e+n)" (s +ax,t — )

jt—s| jt—s|
G [ o / dylt = 50 =) M
< Coft — s (e — m)* My, (62)

IN
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since [t — 5| > |t — s].
Case 8:i=1,j =2.

o] = ‘/t ’ dx/[?dw[(_’ﬁ(s—u_))+|t—s|+x+26)20‘_2
si
—(=t(s —w) + [t —s| +x+e+n)** 2}¢(8—|—m,w—z|t—s|)
< 0 [ e [l e b = s
i (63)
Case 4:1=1,j5=1.

[t—s]

dz

|t—s|

|]1,1| = dy [KQE(%’,?J) - K€+,7(:1:,y)] ¢(3 +, s — ZZ/) (64)

[t—s| \ts\
< / dx/ (e 4 y)* 2 e — ) ME < Ot — s #(e — m)? MY,

where we have set K,(z,y) = (28s+z+y+a)?**2 for any positive a. It should be noticed
at this point that the last integral converges only if p < 2, which is one of our standing
assumptions. Now, putting together the estimates (61), (62), (63) and (64), we get the
desired result.

O

Remark 4.8. The kernel (x,y) — (z + y)?** 27° appearing in the last case is singular
only at the point (z,y) = (0,0), whereas the usual kernel (z,y) — (F2(z — y)))?**? is
singular on the diagonal. This simple fact explains why our estimates work (and why
the deformation of contour is so important). Note that the absolute value should not
be placed inside the integral before the deformation of contour (otherwise the integrals
become most of the time infinite in the limit n — 0).

5. THE ROUGH PATH ASSOCIATED TO T

We proceed in this section to the definition of a rough path above the process I' defined
at Section 4.1. As mentioned in the introduction, this will be achieved by regularizing I"
into a process I'* defined on IT* by I'f = T';, ... This latter process is analytic on IT*, which
allows to define any iterated integral of I'* in the Riemann sense. Then the convergence of
these integrals in some suitable Holder spaces is obtained by combining the Garsia type
result of Proposition 4.4 and some moment estimates similar to Lemma 4.7.

5.1. Convergence of I'*. A very first step in the analysis of I' consists in getting some
convergence results for I'® itself towards I', in Holder spaces. In order to obtain this
(intuitively trivial) convergence, we shall use the following elementary estimate:

Lemma 5.1. For alle,n > 0, and s,t € II'", we have
E [T} - F§|2] <clt—s*, and E [|F§ — F?|2] < cle —n*

where the constants ¢ do not depend on €,m,s,t.
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Proof. For the first inequality, observe that

i / I dz,
[stan,t+n]

c / / (—1(z — w))%‘—?dzdw‘ <clt— s>,
[s+an,t+en] J [s—wn,t—n)

owing to Lemma 4.5. For the second inequality, use the decomposition:

A / I dz,
[t+1e,t+en)

which yields, with the same kind of arguments,
/ / (—(z — ﬂ)))zanZdU_J’ <cle —nl*
[t+e,t4m] J [E—1e,t—n]

We are now ready to study the convergence of I'* on our fixed neighborhood €2 (recall
also that we work on a complete probability space (U, F,P)):

so that

E[|rs —1¢

E [|F§ —F;ﬂ <c

O

Lemma 5.2. As ¢ — 0, the process I'* converges in L*(U;C](2)), for any v < a and
T > 0. Its limit 1s the analytic fractional Brownian motion I'.
Proof. We shall divide this proof into two steps:

Step 1: Reduction to moment estimates. We shall prove that {I'*; ¢ > 0} is a Cauchy
sequence in L'(U;CJ(Q2)), and in order to estimate N[ — I'7;C]], we shall resort to
Lemma 4.3 with f = I'* — I'". This yields, for p > 1 and v < «,

15 Y € |5 — I t8|2p e
N~ T%:C)] < e, (5(T° — (// e dsdt) |

Hence, invoking Jensen’s inequality, we obtain:

5 e — 1), 2p 1/2p

E”| |5 (1% = T)4)2] 1/2p
S (// [t — st dsdt ;

where we have used the fact that ['*, I are Gaussian processes in the last inequality. By
considering p large enough in the relation above, it is thus easily seen that, if we can prove
that

E[|5(1° = T)’] < et — s[*']e — 1| (65)
for a certain # > 0 and v < 4 < a, then the following relation holds true:
E N[ =T ¢ S e —nl”.

Thus, we get that the family {I'*; e > 0} is a Cauchy sequence in L*(U/;C{([0,T7])), whose
limit is the analytic fBm T, provided we can prove (65). The remainder of the proof is
thus devoted to show the latter relation.

Step 2: Moment estimates. Set Uy, = E[|d(I'° — T'),|?]. We shall now prove that U, <
¢, |t — s|?*"|e — n|?*1=P) for every p € (0,1). To this purpose, notice that:

[5(T° = T),, [ S |9T5, [ + ST, and [§(T° — [),,[2 < [T — T} + |05 — TP
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This allows to write, for an arbitrary exponent p € (0, 1),
U < (BI0TG 1+ 0T3P])" (BT — TP + |15 - T2) "
A direct application of Lemma 5.1 gives now:
Uss S |t = 57 e — n*0=7, (66)

which ends the proof, since v = ap can be taken as close as we wish to «.
O

Remark 5.3. A slight extension of the computations above allow to prove that in fact, I'®
converges in LP(U;C] () for any p > 1.

5.2. Convergence of Lévy’s area. Consider a two-dimensional analytic fBm I' =
(I'(1),T'(2)) with independent components, and the associated approximation I'* = (I"°(1),
I'*(2)). We then set

T25(jy, o) = / ar, () / drs,(j2), for jijoe {12}, s.t€Q,  (67)
[s,t] [s,u1]

where the above iterated integral is understood in the Riemann sense. This section is
devoted to prove that I'® is a convergent sequence in L'(U;C3"(€)), and that its limit
I'2 satisfies 0I'2 = 6 B® 6 B as in Hypothesis 2. we shall study the convergence for j; = j,
and j; # jo separately.

Proposition 5.4. The increments T2<(1,1) and T3(2,2) converge in L'(U;C37(Q)).

Proof. For notational sake, we shall write C;7,Ca" instead of C57(Q),C27(Q) in the se-
quel. In order to prove that T'*¢(1,1) is a Cauchy sequence in L*(U;C3"(£2)), we invoke
Proposition 4.4, which can be read here as:
NT*9(1,1) = T27(1,1);:C57]
S Upy p(T25(1,1) = T27(1, 1)) + N[6T25(1, 1) — 6T27(1,1);C3] = A, + As.

In order to estimate the term A; above, notice first that, since I'® is a regular path, we
have: T5,°(1,1) =1 [5F§8(1)]2. Hence,

| OTg (WP — BrL P
|t — 5| 5 '
This integral can now be bounded as in Lemma 5.2, by means of an inequality similar to
(66).

Let us turn now to the evaluation of the term A,. Owing to the fact that I'?€ is defined
by (67), where I'® is a regular process, the following particular case of (3) is readily checked:

[ST2(1,1) = T*7(1,1)],, = 0T, (1) 8T%,(1) — 07, (1) 1L 1),

Hence, for an arbitrary coefficient p € (0,1) and 0 < v < 4 < «, we end up with:
| [6T%5(1,1) — 6T>"(1,1)], | < [(N[Fg; Cl]+NITC)) |t — ¥ |u — sﬂ ’

< [8T5,(1) (975, (1) = 8T%,(1)) + (5T, (1) — T3,(1) or2,(1)]
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and thus, a standard application of the Cauchy-Schwarz inequality yields:
E[4;] = E [N[6T2(1,1) — 6T>7(1,1);C3"]]
S EY2 NP (1);¢0) + N2 (1); €| BY2 [ M09 [re(1) — 1(1); ]
Sle—nl’,

for a certain 3 > 0, according to Remark 5.3. Our claim is now easily deduced from our

estimates on A; and A,.
O

Let us begin the preliminary steps for the convergence of the crossed terms I'*¢(1,2)
and T'>¢(2,1), for which the following notation will be needed:

Notation 5.5. For ej,e5 > 0 and (x,7) € I x II~, we set
Fq,ez (xa Zj) = <_Z<SU - Zj) + € + 62)

With this notation in hand, one can estimate the increments of I'’2¢ as follows:

2a0—2

Lemma 5.6. For any s,t € Q and p € (0,1), there exists a positive constant c, > 0 such
that

E[|(T?9(1,2) = T*"(1,2))5 "] < ¢t — s[**! 7| —pf**.
Proof. According to identity (48), we have:
E[|(T*9(1,2) = T*7(1,2))s|’]

(/ dru1+zs(1)/ drw+zs(2) _/ dru1+17](1)/ dFU2+m(2))
[s,t] [s,u1] [s,t] [s,u1]

X (/ de1+Z5(1>/ dfvzﬂﬁ@) _/ dfvler(l)/ dfv2+zn(2)>]
[s,¢] [s,01] [s,¢] [s,v1]
= / dul/ dUQ/ dUl/ d@g F;ﬁ])(ul,ﬁl;u%@g),
[Svt] [s’ul] [gvﬂ [571_)1]

where, recalling Notation 5.5, the function Fg(zn) is defined by:

=E

Fs(?n)(ul,z?l;ug,@g)

= F. (w1, 01) F e (ug, U2) + Fyp(ur, 1) F, 5 (ug, U2) — 2F, 5, (ur, 01) F (U2, U2)

= I (u1,01) [Fro(ug, 02) — FLp(ug, U2)] + Frpy(ug, 02) [Fro(ur, 01) — Frp(uy, 1)
+ Foyp(ur, 01) [Fy (2, 02) — Fy o (u2, 02)] + Fy e (ua, U2) [Fy (ur, 01) — Fyye(ug, 01)] -

We now have to control a sum made of many terms exhibiting the same level of difficulty.
We shall thus focus on one of them, namely:

[1(2) = / dul/ dUQ/ d1_)1/ d@g FE’n(Ug, 172) [FE’E(Ul, ?71) — ngn(ul, ’171)] .
[Svt] [Svul} [§7ﬂ [5761]

For the control of 11(2), as in Lemma 4.7, we introduce the contour of integration

Y=y UpUy = [s,s+aft —s|] U [s+aft —s|,t+ ot —s|]] U [t + 2]t — s, t].
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If z € v, let y(2) be the section of the path v comprised between s and z. Then (by
Cauchy’s theorem)

/dzl/ /dwl/ dwy F. ) (22, Ws) [Fre(21, W) — Frp(21,w01)]
~(z1) (w1)

As in Lemma 4.7, 9 terms should be controlled in order to achieve the desired bound. We
shall treat the most divergent of them, that is:

Jl(z) = / le/ dZQ/ du_)l/ dU_J2 Fs,n(z%wZ) [FE,E<217 7I)1) - FE,n(zbwl)] .
M v(21) M ¥(w1)

On 7, the change of variable z; = s4uy for 0 < uy < [t—s|, 20 = s+1uy for 0 < uy < uy,
and the same kind of transformations for wy, w,, yield:

@ [t— s| [t— s\
Jl / / dUQ / / dl)g
200—2

(2S5 + wp + v1 +26)** 72 — (285 + ug + v + € + 1) %] (285 + up + vy + 22)* 77,

and hence:

[t—s| [t—s|
\J1(2)| < / dul/ dv, }(ul +vp +26)%72 — (ug +v e+ 77)2°‘*2|
0 0

[t—s| [t—s|
X / dus / dvy | (ug + vy + 26)*72| .
0 0

As in Lemma 4.7, we can now easily conclude, for an arbitrary constant 0 < p < 1, that:
IS le = nlfr(t = )07
We may now treat the other terms appearing in the analysis of IF) (and more generally

of F®) in the same way, which ends the proof.
L]

We are now ready to analyze the convergence of the crossed terms I'?¢(1,2) and
r22(2,1):

Proposition 5.7. The increments T%°(1,2) and T%(2,1) converge in L'(U;C3"(Q)).

Proof. The beginning of the proof goes exactly along the same lines as for Proposition
5.4. Let us write C;7,C3" for C37(Q),C37(€). In order to prove that I'4(1,2) is a Cauchy
sequence in L'(U;C37 (1)), we invoke Proposition 4.4:

NT2(1,2) — T27(1,2);C]

< Unyp(T25(1,2) — T27(1,2)) + N[0T24(1,2) — 0T2"(1,2);C3] = A, + A,.
The term A, can now be bounded as in Proposition 5.4, owing to the fact that 6T'%¢(1,2) =
oI%(1) 0I¢(2). We thus get
E[A2] < Je —nl”,

for a certain (> 0.

The term A; can be handled in the following way: by definition, we have

|r?: 1 2) —TZ(1,2) A\
5’4w+4 dsdt .




28 S. TINDEL AND J. UNTERBERGER

We can now apply Jensen’s inequality as in Lemma 5.2. Furthermore, 1‘?8’5(1,2) is a
random variable in the second chaos of the fractional Brownian motion I', and since all
the LP norms on any given fixed chaos are equivalent, we obtain:

// E? [|T%°(1,2) — T27(1,2) ] s

|t — s|ptd

As in Lemma 5.2, we are now reduced to an estimate of the form
E[|(T** - T27),] < cft — s[*']e — 0|,

for a certain § > 0 and v < 4 < «. But this estimate stems directly from Lemma 5.6,
and gathering our estimates on A and B, we have thus proved our claim:

E [N[[24(1,2) - T27(1,2);¢"]] S le —nl”.
0

Remark 5.8. As in Section 5.1, the LP-convergence of T'2<(i, j) in C57(Q) can also be ob-
tained here for 4, j € {1, 2}, by slightly adapting our computations for the L'-convergence.

Putting together the results we have obtained so far, we can now state the following

existence result for a rough path of order 2 based on I, for any value of the Hurst parameter
a€ (0,1/2):

Theorem 5.9. Let I' be an analytic fractional Brownian motion with Hurst parameter
a € (0,1/2), and T¢ its reqular approzimation. Let also T?< be the regularized Lévy area
given by formula (67), and consider 0 < v < a.. Then:

(1) For any p > 1, the couple (I'°, T'2¢) converges in LP(U; C (4 RY) x C37 (4 R4)) to a
couple (T',T2), where T is the analytic fractional Brownian motion mentioned above.

(2) The Lévy area T2 is an element of C57(Q; R N Cy (Q; R%Y).

(3) The increment T2 satisfies the multiplicative and geometric algebraic relations pre-
scribed in Hypothesis 3, namely:

6T2(i,5) = 0T'(i) 6T'(5), and T2(i,j) 4+ T2(j,4) = 0L (i) o 6T(j),
fori,7=1,...,d.

Proof. The first part of our assertion is trivially deduced from Propositions 5.2, 5.4 and
5.7. The fact that I'? is an element of Cy"7(Q; R%9)) can be shown thanks to a limiting
procedure along the same lines as Propositions 5.4 and 5.7, except that one has to replace
the use of Proposition 4.4 by Lemma 4.3.

As far as the third part of our claim is concerned, it is sufficient to notice that, since
I'2¢ is a smooth process, the relation

6T2°(i, ) = 0T°(3) 0T°(j), and T2°(i,5) + T%°(j,1) = 6I°(i) o 6T°(5),

is automatically satisfied, by some algebraic manipulations involving only usual Riemann
integrals. The desired result is then obtained by taking limits on both sides of the identity
above, and taking into account that I'* converges in any L?(U;C{(Q;R?)), for ¢ > 1.

O
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5.3. Multidimensional estimates. Let I' = (I'(1),...,T'(d)) be an d-dimensional ana-
lytic fractional Brownian motion. This section is a generalization of the previous one to
the case of multiply iterated integrals of any order. As a result, we finally obtain a rough-
path lying above I', which implies the possibility to solve analytic stochastic differential
equations driven by I as in equation (5). Let us consider then our fixed bounded neigh-
borhood €2 of 0 and the analytic approximation I'* of I. For s,t € Q, n < N = |1/«],
and any tuple (iy,...,7,) € {1,...,d}", the natural approximation of I'}(iy,...,4,) is
given by the Riemann iterated integral:

T (i) = / are, (ir) / dre (iz) - - / dr= (). (68)
[Svt} [57u1] [Svun—l}

In particular, we shall denote by Vy, the following Lévy 'hypervolume’:
Vi, =T05(1,...,n).
As in the case of Section 5.2, an important preliminary step in order to obtain the

convergence of I'™¢ is the following bound:

Lemma 5.10. Let Q be a fized bounded neighborhood of 0 in T, and p > 1. For
every p € (0,2a), there exists a constant C, such that for every n > 3 and any n-uple
(11,...,1n) € {1,...,d}", we have:

E ([T (i, vin) — TR (in, -0 00)| ] < Cple —nlPPlt — sPEre=?) st € Q. (69)
Proof. First of all, since we are dealing with random variables in the n'" chaos of the
Gaussian process I, it is enough to prove inequality (69) for p = 1. Next, the following
lines prove that it is enough to estimate E[|VE, — V/L|[?]. Namely, suppose that some of

the indices (i1, ...,i,) coincide, and let X; C ¥, be the subgroup of permutations o € ¥,
such that i,(;) = i; for all j = 1,...,n. Then

E ([T (i1, in) = TR, i) ] =

3 E[(I‘?f(l, o) =T ) T e, o) — T (D), ,o—(n)))],

oeX]

(70)
and it is easily seen by the Cauchy-Schwarz inequality that this last term is bounded by
127 E[|VE, — ViL|?]. In order to justify equation (70), let us just take the example n = 3
and (i1, 4s,43) = (1,1,2). Then the computation of E[|T%"(1,1,2) —T3"(1, 1,2)[?] involves
products of the form:
which, invoking Wick’s formula, are equal to

E I, (1), (1)) E [, 1] E [, @2),(2)]
+E [, (DT, (1)] E L0, (1)] B[, 2)]. (71)

These two terms correspond to o =Id or ¢ = 715 in the right-hand side of (70), and one
can check that expression (71) is equal to

E (I, (DI, (2T, (3)) (T, (DT, ()T, (3) + Ty, (T, (DT, (3)) ] -

The general case can be treated along the same lines, up to some cumbersome notations.
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Hence all we need is to obtain a bound of the form:
E [|st — Vt”sﬂ < C,le —n|?|t — s]2m_p, s, t €. (72)

As in the Lévy area case of the previous section (see Lemma 5.6), a straightforward
application of identity (48) yields

E [|Vtgs Vts (/ dxl/ / dl’n>
[s,t] [s,21] [s,2n—1]
(/ dyl/ dy?/ dyn)F )(xlayla"'vx’rwgn))
[gzﬂ [5,@1] [5,‘@”_1}

where, recalling Notation 5.5, the function Fg((f]) is defined by

n

F;y(xl,yl,...,xn,yn)—ﬂ e (@, 7) +H (@i, 75) = 2] [ Fem(as, 57)-

Jj= Jj=1

Observe that the latter function can be further decomposed into:
Fg(;;)(x17 gla s 7xn7gn) - Z Gén(‘rl)gla oo axnvg’n) + G%,g(ml)gla co oy I, g’n)v
=1

where the functions G are defined by:
Ggm(ha gl» <y Tn, gn) - Fa,a(xla ?]1) e FE,E(Ij—la gj—l)[Fe,a(xjy ﬂj) - Fs,n(xja gj)]

X Fen(@ji1, Ujer) -+ Fen(@n, Un)

We have thus proved that E[|Ve, = VL[| =0 11+ 1)

Jj=17"¢emn 7,€7
= </ dxq dx2~--/ da:n)
[5.¢] [s,21] [8,2n—1]
(/ dgl/ dg2/ d’yn) Gg,r](xhgl;---?wn;gn);
[gvﬂ [@gl} [§7jn,1]

In order to show relation (72), it is thus sufficient to prove that, for all j = 1,...,n, we
have |I7,| < C,le —n|?|t — s|****. Observe now that we may cast the term I7, into the
following form:

(/ in [ i | dx])(/ o [ v d)
[s,t] [5,21] [s,25-1] 5. 5.1] 5,25 -1]

€ e(xla yl) Fe,e(xjfla gjfl) [Fe,e(xja y]) - Fe,n(xja gj)] (b(xj’ gj; S>>

where

where

¢(xj7gj;s) = (/ dijrl"'/ dxn) (/ dgj+1"'/ dgn)
[s,5] [s,2n 1] (5,951 [8,9n—1]

Fe,n(ffjﬂ, Yj1) - Feplza, Ud)-

It is thus readily checked that the function ¢(xz;,y;;s) is an analytic iterated integral in
the sense of Lemma 4.6, bounded by a constant times |t — s|?*("~7). Hence it satisfies the
hypothesis of Lemma 4.7. As in the proof of the latter result, let v := [s,s + 1|t — s|] U
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[s + |t — s|,t + 1|t — s|]] U [t + |t — s|,t] be a complex deformation of the contour [s,?],
and, if z € 7, let y(z) be the section of the path « comprised between s and z. Then

v v(z1) y(zj—1 2 ¥(y1) ¥(yi—1)

i-1)
Fs,s<x1a @1) Tt Fe,e(xj—la gj—l) [Fe,e(xja g]) - F€,77(xj7gj)] gb(l'j,’gj; 8)7

and thus

2, < (/|d:c1]/]d:c2|.../\dxj|) (/\dyl|/\dz72|---/!d§jl>
v Y v g 7 7

|Fee(zy, )| | Fee(zjor, i) || Fee(wj, 55) — Fen(@y, 05)|6(z5, 755 8)|.

Now the multiple integral factorizes, and one is left with an expression of the form A{_IAQ,
where

A= [ sl [ ldgl (-l - 5) + 207 S e - o (73
Y v

by Lemma 4.5, and

Ay — / dz / 4551162, 55: 9) (74)

which is bounded as in Lemma 4.7 by a constant times [t — s]**("=)¥2¢=2|¢ — p* for any
p € (0,2a). The above estimates now yield easily the desired bound |I7 | < C,le —n|?|t —
S|2na—p.

O

The rough-path convergence of the multiplicative functional (I'¢, ... T"™%) to order n is
a consequence from the above computations and may be stated as follows:

Theorem 5.11. Let I' be an analytic fractional Brownian motion with Hurst parameter
a € (0,1/2), and T its regqular approzimation. Let alson = |1/a), T%* k=2,...,n be
the regqularized iterated integrals given by formula (68), and consider 0 < v < «. Then:

(1) For any p > 1, the truncated multiplicative functional (T¢,T%¢ ... T™F) converges
in LP(U;CY(Q;RY) x ... x C37(Q; (RH)®™)) to an n-uple (T,T2,...,T™), where I is the
analytic fractional Brownian motion defined in section 4.

(2) The iterated integral T*, k = 2,... n is an element of Cy7(Q; (RN®F)), and it also
belongs to Cy"7 (£2; (RY)®F)).

(3) The truncated multiplicative functional (T¢,T%¢ ... T™¢) satisfies the multiplicative
and geometric algebraic relations prescribed in Hypothesis 3.

Proof. Similar to that of Theorem 5.9.
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