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On stochastic calculus with respect to g-Brownian
motion

AURELIEN DEYA AND RENE SCHOTT

ABSTRACT. Following the approach and the terminology introduced in
[A. Deya and R. Schott, On the rough paths approach to non-commutative
stochastic calculus, J. Funct. Anal., 2013], we construct a product Lévy
area above the ¢g-Brownian motion (for ¢ € [0, 1)) and use this object to
study differential equations driven by the process.

We also provide a detailled comparison between the resulting “rough”
integral and the stochastic “It6” integral exhibited by Donati-Martin in
[C. Donati-Martin, Stochastic integration with respect to ¢ Brownian
motion, Probab. Theory Related Fields, 2003].

1. INTRODUCTION: THE ¢-BROWNIAN MOTION

The ¢-Gaussian processes (for g € [0,1)) stand for one of the most stan-
dard families of non-commutative random variables in the literature. Their
consideration can be traced back to a paper by Frisch and Bourret in the
early 1970s [8]: the dynamics is therein suggested as a model to quantify
some possible non-commutativity phenomenon between the creation and
annihilator operators on the Fock space, the limit case ¢ = 1 morally cor-
responding to the classical probability framework. The mathematical con-
struction and basic stochastic properties of the ¢g-Gaussian processes were
then investigated in the 1990s, in a series of pathbreaking papers by Bozejko,
Kiimmerer and Speicher [2, 3, 4].

For the sake of clarity, let us briefly recall the framework of this analysis
and introduce a few notations that will be used in the sequel (we refer the
reader to the comprehensive survey [11] for more details on the subsequent
definitions and assertions). First, recall that the processes under consider-
ation consist of paths with values in a non-commutative probability space,
that is a von Neumann algebra A equipped with a weakly continuous, pos-
itive and faithful trace ¢ . The sole existence of such a trace ¢ on A (to
be compared with the “expectation” in this setting) is known to give the
algebra a specific structure, with “LP”-norms

X || Loy = 2 XIP)VP - (1X] = VXX*)
closely related to the operator norm ||.|:

IXNzr ) < IX1 -, X = lim [ Xre() , forall X € AL (1)
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2 AURELIEN DEYA AND RENE SCHOTT

Now recall that non-commutative probability theory is built upon the fol-
lowing fundamental spectral result: any element X in the subset A, of self-
adjoint operators in A can be associated with a law that shares the same
moments. To be more specific, there exists a unique compactly supported
probability measure p on R such that for any real polynomial P,

[ P@)dutz) = o(P(X)) @

Based on this property, elements in A, are usually referred to as (non-
commutative) random variables, and in the same vein, the law of a given
family {X®)};c; of random variables in (A, o) is defined as the set of all of
its joint moments

o(xX@) .. x @)y gy i, eT, reN.

With this stochastic approach in mind and using the terminology of [2],
the definition of a ¢-Gaussian family can be introduced along the following
combinatorial description:

Definition 1.1. 1. Let r be an even integer. A pairing of {1,...,r} is any
partition of {1,...,r} into r/2 disjoint subsets, each of cardinality 2. We
denote by P2({1,...,r}) or Pa(r) the set of all pairings of {1,...,r}.

2. When w € Po({l,...,r}), a crossing in m is any set of the form
Hz1, 1} {x2, y2 } } with {z;,y;} € ™ and v1 < xo < y1 < y2. The number of
such crossings is denoted by Cr ().

Definition 1.2. For any fized q € [0,1), we call a g-Gaussian family in a
non-commutative probability space (A, ) any collection {X;}ier of random

variables in (A, ) such that, for every integer r >1 and all iy,...,i, € I,
one has
(X X)) = > O T e(X,X,) (3)
WGIPQ({L"WT}) {p,q}eﬂ'

Therefore, just as with classical (commutative) Gaussian families, the
law of a ¢-Gaussian family {X;};c; is completely characterized by the set
of its covariances p(X;X;), 1,7 € I. In fact, when ¢ — 1 and ¢ is - at
least morally - identified with the usual expectation, relation (3) is nothing
but the classical Wick formula satisfied by the joint moments of Gaussian
variables.

When g = 0, such a family of random variables is also called a semicircular
family, in reference to its marginal distributions (see [11, Chapter 8] for more
details on semicircular families, in connection with the so-called free central
limit theorem).

We are now in a position to introduce the family of processes at the core
of our study:

Definition 1.3. For any fized q € [0, 1), we call g-Brownian motion (q-Bm)
in some non-commutative probability space (A, @) any q-Gaussian family
{Xit>0 in (A, @) with covariance function given by the formula

o(Xs X)) =sAt. (4)
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The existence of such a non-commutative process (in some non-commutative
space (A, p)) has been established by Bozejko and Speicher in [3]. In the
same spirit as above, the ¢g-Bm distribution can be regarded as a straight-
forward extension of two well-known processes:

e When ¢ — 1, one recovers the classical Brownian-motion dynamics, with
independent, stationary and normally-distributed increments.

e The 0-Brownian motion coincides with the celebrated free Brownian mo-
tion, whose freely-independent increments are known to be closely related to
the asymptotic behaviour of large random matrices, following Voiculescu’s
breakthrough results [14].

Thus, we have here at our disposal a family of processes which, as far as
distribution is concerned, provides a natural “smooth” interpolation between
two of the most central objects in probability theory: the standard and the
free Brownian motions. It is then natural to wonder whether the classical
stochastic properties satisfied by each of these two processes can be “lifted”
on the level of this interpolation, or in other words if the properties known
for ¢ = 0 and ¢ — 1 can be extended to every ¢ € [0,1). Of course, any
such extension potentially offers an additional piece of evidence in favor
of this interpolation model, as a privileged link between the free and the
commutative worlds.

Some first results in this direction, focusing on the stationarity property
and the marginal-distribution issue, can be found in [2]:

Proposition 1.4. For any fized q¢ € [0,1), let {X¢}i>0 be a g-Brownian
motion in some non-commutative probability space (A,p). Then for all
0 < s < t, the random variable X; — X has the same law as \/t — s X1, in
the sense of identity (2). In particular, any q-Brownian motion {X;}i>o is
a %—Hb'lder path in A, i.e.
X — Xl
su < || X1l < oo 5
T <l (5)
Moreover, the law pg of X1 is absolutely continuous with respect to the
L. . . —92 2 . .
Lebesgue measure; its density is supported on [ﬁ’ ﬁ] and is given,
within this interval, by the formula

1 = ,
pg(dz) = =/1 —¢sinf 1_[(1—q")|1—q"62’9|2 ,  wherex =

d n=1

2cos 6

with 6 € [0, 7] .

I

A next natural step is to examine the possible extension, to all ¢ € [0, 1), of
the stochastic integration results associated with the free/classical Brownian
motion. Let us here recall that the foundations of stochastic calculus with
respect to the free Brownian motion (that is, for ¢ = 0) have been laid in
a remarkable paper by Biane and Speicher [1]. Among other results, the
latter study involves the construction of a free It0 integral, as well as an
analysis of the free Wiener chaoses generated by the multiple integrals of
the free Brownian motion.

These lines of investigation have been followed by Donati-Martin in [7] to
handle the general g-Bm case, with the construction of a ¢-It6 integral and
a study of the g-Wiener chaos. Let us also mention the results of [5] related
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to the extension of the fourth-moment phenomenon that prevails in Wiener
chaoses.

In this paper, we intend to go further with the analysis related to the
g-Brownian motion. To be more specific, we propose, in the continuation
of [6], to adapt some of the main rough-path principles to this setting. The
aim here is to derive a very robust integration theory allowing, in particu-
lar, to consider the study of differential equations driven by the ¢-Bm, i.e.
sophisticated dynamics of the form

dYy = f(Vy) - dXy - g(V1) (6)

for smooth functions f,g.

In fact, thanks to the general (non-commutative) rough-path results proved
in [6] (and which we will recall in Section 2), the objective essentially reduces
to the exhibition of a so-called product Lévy area above the g-Bm, that is
a kind of iterated integral of the process involving the product structure of
A. Let us briefly recall that the definition of such an object (which appears
as quite natural in this algebra setting) has been introduced in [6] as a way
to overcome the possible non-existence problems arising from the study of
more general Lévy areas, in the classical Lyons’ sense [10] (see [13] for a
description of the non-existence issue in the free case).

At this point, we would like to draw the reader’s attention to the fact
that the construction in [7] of a ¢-Itd integral as an element of L?(p) would
not be not sufficient for our purpose. Indeed, the rough-path techniques are
based on Taylor-expansion procedures, which, for obvious stability reasons,
forces us to consider an algebra norm in the computations. As a result, any
satisfying notion of product Lévy area requires some control with respect to
the operator norm, that is in L>(¢) (along (1)), and not only with respect to
the L?(¢)-norm (see Section 2 and especially Definition 2.2 for more details
on the topology involved in this control).

In the particular case of the free Bm (¢ = 0), the Burkholder-Gundy
inequality established by Biane and Speicher in [1, Theorem 3.2.1] immedi-
ately gives rise to operator-norm controls on the free It6 integral, which we
could readily exploit in [6] to deal with rough paths in the free situation.
Unfortunately, and at least for the time being, no similar operator-norm
control has been shown for the ¢-It6 integral when ¢ € (0,1). With our
rough-path objectives in mind, we will be able to overcome this difficulty
though, by resorting to a straightforward L°(p)-construction of a product
Lévy area - the latter object being actually much more specific than a gen-
eral It6 integral. This is the purpose of the forthcoming Section 3, which
leads to the main result of the paper. Injecting this construction into the
general rough-path theory will immediately answer our original issue, that
is the derivation of a robust stochastic calculus for the ¢-Bm.

It is then possible to compare, a posteriori, the resulting rough integral
with more familiar ¢-I1t6 or g-Stratonovich integrals, through a standard
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L?(¢p)-analysis and the involvement of the so-called second-quantization op-
erator. This comparison will be the topic of Section 4. Let us however insist,
one more time, on the fact that this sole L?(i)-analysis would not have been
sufficient for the rough-path theory (and the powerful rough-path results)
to be applied in this situation.

Our construction of a product Lévy area will only rely on the consideration
of the law of the ¢-Bm, that is on the process as given by Definition 1.3. In
other words, no reference will be made to any particular representation of
the process as a map with values in some specific algebra (just as classical
probability theory builds upon the law of the Brownian motion and not upon
its representation). The only reference to some particular representation of
the g-Brownian motion (namely its standard representation on the g-Fock
space) will occur in Section 4, as a way to compare our rough objects with
the constructions of [7], based on the Fock space.

Besides, we have chosen in this study to focus on the case where ¢ € [0, 1)
and introduce the ¢-Brownian motion as a natural interpolation between the
free and the standard Brownian motions. We are aware that the definition
of a ¢-Bm can also be extended to every g € (—1,0), that is up to the “an-
ticommutative” situation ¢ — —1. In fact, we must here specify that the
positivity assumption on ¢ will be used in an essential way for the construc-
tion of the product Lévy area (see for instance (24)), and at this point, we
do not know if such an object could also be exhibited in the case ¢ < 0.

As we already sketched it in the above description of our results, the
study is organized as follows. In Section 2, we will recall the general non-
commutative rough-path results obtained in [6] and at the core of the present
analysis. Section 3 is devoted to the construction of the main object involved
in the rough-path procedure, that is a product Lévy area above the ¢g-Bm.
Finally, Section 4 focuses on the L?()-comparison of the rough construc-
tions with more standard It6/Stratonovich definitions.

Acknowledgements. We are very grateful to two anonymous referees for
their attentive reading and insightful suggestions.

2. GENERAL ROUGH-PATH RESULTS IN C*-ALGEBRAS

Our strategy to develop a robust L (p)-stochastic calculus for the ¢-Bm
is based on the non-commutative rough-path considerations of [6, Section
4]. Therefore, before we can turn to the ¢-Bm situation, it is necessary for
us to recall the main results of the theoretical analysis carried out in [6].
This requires first a few brief preliminaries on functional calculus in a C*-
algebra (along the framework of [1]), as well as precisions on the topologies
involved in the study. Special emphasis will be put on the cornerstone of
the rough-path machinery, the product Lévy area, around which the whole
integration procedure can be naturally expanded.

Note that the considerations of this section apply to a general C*-algebra
A, that we fix from now on. In particular, no additional trace operator will



6 AURELIEN DEYA AND RENE SCHOTT

be required here. As before, we denote by |.|| the operator norm on A,
and A, will stand for the set of self-adjoint operators in A. We also fix an
arbitrary time horizon 7' > 0 for the whole section.

2.1. Tensor product. Let A®.A be the algebraic tensor product generated
by A, and just as in [1], denote by # the natural product interaction between
A and A ® A, that is the linear extension of the formula

(U1 X® UQ)ﬂX = Xﬂ(Ul X Ug) =U1 XUy, forallUp,Us, X € A.
In a similar way, set, for all Uy,Us,Us, X € A,
Xﬁ(U1®U2®U3) = (UlXU2)®U3 , (U1®U2®U3)ﬁX = U1®(U2XU3) .

Our developments will actually involve the projective tensor product A®.A
of A, that is the completion of A ® A with respect to the norm

101 = 11U aga = imf 3TNV

where the infimum is taken over all possible representation U = )", U;®V; of
U. It is readily checked that for all U € A® Aand X € A, one has ||[UtX|| <
IU||]| X ||, and so the above #-product continuously extends to A®.A. These
considerations can, of course, be generalized to the n-th projective tensor
product A®" n > 1, and we will still denote by ||.|| the projective tensor
norm on A®".

Along the same terminology as in [1], we will call any process with values
in ARA, resp. ARARA, a biprocess, resp. a triprocess.

2.2. Functional calculus in a C*-algebra. Following again the presenta-
tion of [1], let us introduce the class of functions f defined for every integer
k>0 by

Fr:={f:R—>C: f(z) = / % 1 7 (d€) with / €]" pyp(d€) < oo for every i € {0,..., k}},
R R
A (7)
and set, if f € Fy, | fllx == Sl fu 6] r(d€). Then, with all f € Fy and
X € A,, we associate the operator f(X) along the formula

1) = [ e nplag)

where the integral in the right-hand side is uniformly convergent in .A. This
straightforward operator extension of functional calculus happens to be com-
patible with Taylor expansions of f, a central ingredient towards the appli-
cation of rough-path techniques. The following notion of tensor derivatives
naturally arises in the procedure (see the subsequent Examples 2.5 and 2.6):

Definition 2.1. For every f € Fy, resp. f € Fs, we define the tensor

derivative, resp. second tensor derivative, of f by the formula: for every
X e A,

1
f(X) := /0 dov /R i [0X @ (18X 1 (de) € ABA

resp. 0% f(X) := — //a 530 da dﬁ/R£2 [e9¢X @ePeX ger(l—a—hEX] pr(dg) € ARADA .
atp<1
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2.3. Filtration and Ho6lder topologies. From now on and for the rest of
Section 2, we fix a process X : [0,7] — A, and assume that X is y-Holder

regular, that is

| Xe — Xl
sup ——— < 0,
o<s<t<T |t —s|7

for some fixed coefficient v € (1/3,1/2).

With this process in hand, we denote by {Ai}iejor = {A7 hepo,r) the
filtration generated by X, that is, for each ¢ € [0,7T], A; stands for the
closure (with respect to the operator norm) of the unital subalgebra of A
generated by {X;}o<s<t.

For any fixed interval I C [0,7], a process Y : I — A is said to be adapted
if for each t € I, Y; € A;. In the same way, a biprocess U : [0,T] — ARA,
resp. a triprocess U : [0,T] — ARARA, is adapted if for each t € [0,T],
U, € At®At, resp. Uy € At®At®At-

Let us now briefly recall the topologies involved in the rough-path pro-
cedure, as far as time-roughness is concerned (and following Gubinelli’s ap-
proach [9]). For V := A®m (n > 1), let C1(I;V) be the set of continuous
V-valued maps on I, and Cy(I; V') the set of continuous V-valued maps on
the simplex Sy := {(s,t) € I?: s <t} that vanish on the diagonal. The in-
crements of a path g € C1(I; V') will be denoted by dgs; := g1 —gs (s < t) and
for every a € (0,1), we define the a-Holder spaces C{(I; V), resp. C$(I; V),
as

C?(L V)= {h € Ci(I; V) : N[h;C?([; V)] = sup H(ShstH

<
s<ter |t —s|® <}

resp.

CS(L; V) :={h €Co(L;V): N[h;CS(I;V)] := sup lhstl < oo} .

s<ter [t — s|*
2.4. The product Lévy area. Consider the successive spaces
Lr(AL) :={L = (Lg)o<s<i<r : Lst € LIARAs, A)}
Lr(AS) :={L = (La)o<s<t<r : Lo € LIARAs, AL},
and for every A € [0,1], denote by C3(Lr(A_)), resp. C3(Lr(AL)), the

set of elements L € Lr(A_.), resp. L € L1(A-), for which the following
quantity is finite:
Lt [U]]]
NLGErA)) = sup  —LElUlIL ®)
i sactor) |t = s [U]
UeA;®As, U0

At this point, recall that we have fixed a y-Holder process X : [0, 7] — A,
(v € (1/3,1/2)) for the whole section 2.

Definition 2.2. We call product Lévy area above X any process X? such
that:

(i) (2y-roughness) X2 € C27(Lp(AL)),

(ii) (Product Chen identity) For all s <u <t and U € A;®As,

X2,[U] - X2,[U] = X3, [U] = (U6 Xou) 6 Xut - (9)
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Remark 2.3. Recall that Definition 2.2 is derived from the theoretical analy-
sis performed in [6, Section 4] with equation (6) in mind. At some heuristic
level, and following the classical rough-path approach, the notion of product
Lévy area must be seen as some abstract version of the iterated integral

2(0] = [ (UsX,) X (10

noting that definition of this integral is not clear a priori for a non-differentiable
process X. As pointed out in [6], the above notion of “Lévy area” is specifi-
cally designed to handle the non-commutative algebra dynamics of (6), and
it offers a much more efficient approach than general rough-path theory
based on “tensor” Lévy areas (the object considered in [10]). In a com-
mutative setting (i.e., if A were a commutative algebra), the basic process
Ay (U) := %(UﬁéXst) 60Xt would immediately provide us with such a prod-
uct Lévy area. In the general (non-commutative) situation though, this path
only satisfies

Ay[U] = Au[U] — Aw[U] = %[(Uﬁaxw) 5 X+ (U Xur) 6 X o] |

so that A may not meet the product-Chen condition (i7), making Definition
2.2 undoubtedly relevant.

2.5. Controlled (bi)processes and integration. A second ingredient in
the rough-path machinery (in addition to a “Lévy area”) consists in the
identification of a suitable class of integrands for the future rough integral
with respect to X. The following definition naturally arises in this setting:

Definition 2.4. Given a time interval I C [0,T], we call adapted controlled
process, resp. biprocess, on I any adapted process Y € C|(I;A), resp.
biprocess U € C] (I; A®.A), with increments of the form

(0Y )t = YXU(6X) o + Y2, , s<tel, (11)

resp.

— X,1 X,2 b

(0U) gt = (0 X))t + U 80X ) + UL, s<tel, (12)
for some adapted biprocess Y~ € C](I; A®A) , resp. adapted triprocesses
UST UX2 e CU(I;A®Y), and Y € C3V(I; A), resp. U’ € C3(1; ARA).
We denote by Qx(I), resp. Qx(I), the space of adapted controlled pro-
cesses, resp. biprocesses, on I, and finally we define Q% (I) as the subspace

of controlled processes Y € Qx(I) for which one has both Y = Y, and
(YX) =YL for every s € I.

Ezxample 2.5. If f,g € Fo and Y € Q% (I) with decomposition (11), then
U= f(¥) @ g(Y) € Qx(I) with
US = 0f Y)Y @g(Ye) , US? = (V) @ [0g(Ye) YT .
Ezample 2.6. If f € F3, then U := 0f(X) € Qx([0,7]) with UX! =uUX? =
0% f(Xs).
We are finally in a position to recall the definition of the rough integral

with respect to X, which can be expressed (among other ways) as the limit
of “corrected Riemann sums”:
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Proposition 2.7. [6, Proposition 4.12] Assume that we are given a product
Lévy area X2 above X, in the sense of Definition 2.2, as well as a time
interval I = [¢1,03] C [0, T]. Then for every U € Qx(I) with decomposition
(12), all s <t € I and every subdivision Dg = {tg = s <t1 < ... <t, =t}
of [s,t] with mesh |Dg| tending to 0, the corrected Riemann sum

X,1 2% X,2
> { UK it + K, x W) + [1d < X570 %)}
tieDst
converges in A as |Dg| — 0. We call the limit the rough integral (from
s tot) of U against X := (X,X2), and we denote it by fst U tdX,,. This
construction satisfies the two following properties:
e (Consistency) If X is a differentiable process in A and X2 is understood in
the classical Lebesgue sense (that is, as in (10)), then [ U,4dX, coincides
with the classical Lebesgue integral U, 4X7] du;

e (Stability) For every A € A, there exists a unique process Z € Qx (I) such
that Zg, = A and (62)s = [L U,4dX, for alls <t el.

Theorem 2.8. [6, Theorem 4.15] Assume that we are given a product
Lévy area X2 above X. Let f = (f1,...,fm) € F3, g = (f5,..., f}) or
(fr ..o 1), and fir A € A,. Then the equation

Yo=A |, 5Yst—z V) dXy gi(Yy) , s<tel0,7], (13)

213

interpreted with Proposition 2.7, admits a unique solution Y € Q% ([0,T1]).

2.6. Approximation results. Another advantage of the rough-path ap-
proach - beyond its consistency and stability properties - lies in the conti-
nuity of the constructions with respect to the driving (rough) path. In this
non-commutative setting, and following the approach of [6], the phenom-
enon can be illustrated through several “Wong-Zakai-type” approximation
results, which we propose to briefly review here. To this end, for every
sequence of partitions (D™) of [0,7] with mesh tending to zero, denote by
{ X" epor) = {XP" Yeep ) the sequence of linear interpolations of X along
D" ie., if D" := {Ozto <t << T :T},

Xﬁ = XtZ' —|— tit(;Xt t

for t € [ti,ti+1] .
tl+1

1+1

Then consider the sequence of approximated product Lévy areas defined for
every U € A®A as

n t
XU = X5 0] = [(UsXn)AXy, s<te 1], (19)

where the integral is understood in the classical Lebesgue sense. In other
words, if t < s < o1 <ty <t <tyi1,

x2[U] = / I (Us) (5X)

tk+1—tk
+ Z /

i=k+1

trlk+1

tit1

(U0 X! )(5Xttl+1+/

i1 —t tk—f—l —tk

(U6 X¢,) (6X)

tetry1 -
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Proposition 2.9. [6, Proposition 4.16] Assume that there exists a product
Lévy area X2 above X such that, as n tends to infinity,

NIX" = X:C7([0,T); A)] = 0 and N[X>" —X2,C (Lr(AL))] =0 .
(15)
Then for all f,g € F3, it holds that

/fX” dX" g(Xn) 2222 /f )dX, g(Xy) in CJ([0,T];A) , (16)

where the integral in the limit is interpreted with Proposition 2.7. Similarly,
for all f € Fg, one has

/af X7)tdxT P2, /8f DEdXe in G0, T]A) , (17)

which immediately yields Ito’s formula: for all s <t € [0,T],

st—/ 0f (X)X, (18)

Finally, for some fixed f = (f1,...,fm) € F§  and g = (ff,..., f%) (or
g:=(fr,..., fF)), let us denote by Y™ = YP" the solution of the classical
Lebesgue equation on [0, 7]

Yr=AcA. , ayy =" L)X () .

Theorem 2.10. [6, Theorem 4.17] Under the assumptions of Proposition
n—oo

2.9, one has Y™ —=Y in C{([0,T]; A), where Y is the solution of (13)
given by Theorem 2.8.

As we pointed it out in the introduction, these convergence results are
based on Taylor-expansion procedures and accordingly, the consideration of
an algebra norm for the control of U and Lg[U] in the roughness assumption
(8) is an essential ingredient.

3. A PRODUCT LEVY AREA ABOVE THE ¢-BROWNIAN MOTION

We go back here to the ¢-Bm setting described in Section 1. Namely,
we fix ¢ € [0,1) and consider a g-Brownian motion (X¢);>0 in some non-
commutative probability space (A, ¢). With the developments of the previ-
ous section in mind, the route towards an efficient operator-norm calculus
for X is now clear: we need to exhibit a product Lévy area above X, in the
sense of Definition 2.2. Our main result thus reads as follows:

Theorem 3.1. Denote by {X]'}+>0 the linear interpolation of X along the
dyadic partition D" := {t}, i > 0}, t} := 57. Then there exists a product
Lévy area X>° above X, in the sense of Definition 2.2, such that for every

T >0 and every 0 < v < 1/2, one has
X" =X in CJ([0,T);A) and X>" = X>% in CJ(Lr(AL)), (19)

where X2™ is defined by (14). We call X3 the Stratonovich product Lévy
area above X.
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Based on this result, the conclusions of Proposition 2.7, Theorem 2.8,
Proposition 2.9 and Theorem 2.10 can all be applied to the g-Brownian mo-
tion, with limits understood as rough integrals with respect to the “product
rough path” X% := (X,X%%). The Stratonovich terminology is here used as
a reference to the classical commutative situation, where the (almost sure)
limit of the sequence of approximated Lévy areas would indeed coincide
with the Stratonovich iterated integral (see also Corollary 4.10 for another
justification of this terminology).

Before we turn to the proof of Theorem 3.1, let us recall that the whole
difficulty in constructing a stochastic integral with respect to the general g-
Bm, in comparison with the free (¢ = 0) or the commutative (¢ — 1) cases,
lies in the absence of any satisfying “g-freeness” property for the increments
of the process when ¢ € (0,1) (as reported by Speicher in [12]). For instance,
if s <wu<t,

P((Xy=Xs) (Xt —Xo) (Xu—Xs) (X = Xu)) = q‘P((Xu_X8)2)‘P((Xt_XU)2) = qlu—s|[t—ul,

which shows that, for ¢ # 0, the disjoint increments of a g-Brownian motion
{Xi}+>0 are indeed not freely independent (in the sense of [6, Definition
2.6]), making most of the arguments of [1] unexploitable in this situation.

This being said, we can still rely here on the basic fact that for all g €
[0,1), o((Xy — Xs)(X: — Xy)) = 0. Together with Formula (3), this very
weak “freeness” property of the increments will somehow be sufficient for our
purpose, the construction of a product Lévy area being much more specific
than the construction of a general stochastic integral (along It6’s standard
procedure).

The proof of Theorem 3.1 will also appeal to the two following elementary
lemmas. The first one (whose proof follows immediately from (3)) is related
to the linear stability of g-Gaussian families:

Lemma 3.2. For any fizred g € [0,1), let Y :={Y1,...,Yy} be a g-Gaussian
vector in some non-commutative probability space (A,p), and consider a
real-valued (d x m)-matriz A. Then Z := AY is also a q-Gaussian vector in

(A ).

We will also need the following general topology property on the space
accommodating any Lévy area:

Lemma 3.3. The space C3(Lr(A_.)), endowed with the norm (8), is com-
plete.

Proof. Although the arguments are classical, let us provide a few details
here, since the C3 (L1 (A_.))-structure is not exactly standard.

Consider a Cauchy sequence L™ in C3 (L7(A_.)). For every fixed s € [0, T,
the sequence L defines a Cauchy sequence in the space L™ ([s, T]; £L(As®As, A))
of bounded functions on [s, T] (with values in £(As®As, A)), endowed with
the uniform norm. Therefore it converges in the latter space to some function
L. The fact that the so-defined family {Lg}s<; belongs to C5(Lr(A_))
is an immediate consequence of the boundedness of L™ in C3(Lr(A_)).
Finally, given ¢ > 0 and for all fixed s < ¢, we know that there exists
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M. s+ > 0 such that for all m > M. ¢, || LY} — LStHL(ASé@AS,A) <t — s,
On the other hand, there exists N > 0 such that for all n,m > N, and all
s <t |ILg — Ll pea,a,,4) < 51t — s|*. Therefore, for all n > N. and all
s < t, we get that for m := max(Ng, M s+),

15— Lotll caeacny < NES=Lill a1 Es=Litl coaoan < elt=s*

and so L" — L in C3(Lr(A_.)), which achieves to prove that the latter
space is complete. O

Proof of Theorem 3.1. Throughout the proof, we will denote by A < B any
bound of the form A < ¢B, where ¢ is a universal constant independent from
the parameters under consideration. The first-order convergence statement
in (19) is a straightforward consequence of the 1/2-Holder regularity of X.
In fact, using (5), it can be checked that for all n > 0 and s < ¢,

1X50 S Xl — s[Y2 and (X" — X)gll S IXaljt — 7272

(20)
Let us turn to the second-order convergence and to this end, fix n > 0 and
s < tsuch that tf <s <t ,,t) <t <tpy, withk <L If [ —k| <1, orin
other words if [t — s| < 27! the expected bound can be readily derived
from the first estimate in (20), that is for every U € A;®.A;, we get from
(20)

I U= U] < 5™ U (OIS 11X )P e—s P72 /2

Assume from now on that £ > k + 2 and in this case consider the decompo-
sition, for every U € A,®A,,

2 n+1 [U] _ X [U]

t? n+1 n+1 b
(Ugoxgt!,) dxit —

ty ty

(UsXE ) dxu}

k41 k41
k+1 n+1 n+1 t n+1 n+1 tz+1 n n
+ (UgoXmHy dxmtt 4 [ (UgexmH)y dxmt! — (U6X") dX"
s ty s
t
- [ (usxz) ax;
t?
th t
+[ / " (UGt ) dx - / " (Unsxzy, )dX[j} . (21)
tr tr

k+1 k+1
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The “boundary” integrals within the second and third brackets can again
be bounded individually using the first estimate in (20) only. For instance,

UﬁéX"“ dx;*!
-

t
1/2 1
< I1IXa 0 |:1{t§e+1§t<t§etrl1}/t? |s — ul / (2n+ ”‘SXt;TltSZle)

tgzrkll 1
/2 (on+1
sty fpa 187U g )

t
s — u[Y2 (2|6 X g1 gt |))

+1 n+1 n+1
{t <t<t } n+1 tortitarta

20+1 >SNty o

< IX1 PO = s|Pre /2= »y) _

~

Therefore, we only have to focus on the first bracket in decomposition
(21). In fact, noting that

(%) 1
/t T (UrXp,) AXD = S (Ut Xiper, ) 0 Xere,
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we get
ty ty
n+1 n+1 n n
/t;CLJrl (Uﬁ&XtZ+1u) qu /t2+1 (Uﬁé tz-ﬂu) qu
S 5%,
S { / U)Xt / (UBo X, ) dx !
i=k+1 7t t3h
t?+1 n n
_ /t (Utoxp ) dX]
S 1 Lt 1 1
= Y {[ / o (Ugexh ) dXy T+ / o (Utex ) dXgT
1 tgz* 2 ;itrl (2T
t
_ /tn “(usxp,) dX{j}
[(UﬁdX tn+1) (5X n+1tn+1 + (Uﬁ(SX tn+1 ) 5X n+1 tn+1
Uy toi 26 U241 tet1tait toit1taito
_ (Uﬂ(SXt tn+1) 0X nz-ﬁ—ltgz-:_g} }
/-1 1
= ‘ %1 5 (Uﬂ(SX nj»ltSL;ll) 5X nl+1tgl-:>11 + (Uﬁ(;X g;lltggg)éX ;L,:,lltg,:}g
1=
(Uﬂ(SX nl+1tgl-:1 )6X nl+1tg;12:|
= (08X ) Xy, + (V8K ) 6 Xy | }
-1 1
= Z - (Uﬁ(;X n+1 n+1 ) 6X n+1l  n+l1 — (Uﬁ(;X n+1 ,n+1 )6X n+1 n+1
it 2 2 Loy toititaita toit1taita 2 Loy
1=

+[ (U8 X 1501 ) X ppin o | }

21 2'L+1 22+1 2142

P>

i=k+1

(Uﬁ (5X n'+1tn~:_1 ) (5X)tn+1 tn+1 - (Uﬁ(éX)tnﬁ»l tn+1) (5X)tn+1tn+1 :|(22)

2i4+1Y2i+2 2i+1%2i+2 2 Y2i4+1

Let us bound the two sums

/-1

1
S0 = 30 (VRO ) 0X) g,
i=k+1
and
9 /-1
S0l = 3 (VX)) 0X) gy
i=k+1
separately.

Consider first the case where U =327, U; ® V;, with
Uj::XSJIv...XSj 5 V —X] X] )

m; mi+1 m;+p;
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and sg; < s for all j,p. Besides, let us set ¥; = Y, := (6X)n+1,nr1. With
7 i+1

these notations, and for every r > 1, we have

AS5101) = o [( S 08,000 ) (S X aruition ) | )

i1 J1 ia  J2
= > > SD([Uj1Y2i1 Vi, Yaiy11Yoi, 11V Yoi, US] - -
01,0827 J1sed2r
(U Yoiae s Vi1 Yiny 141 Yaiz, 11V}, Yaio, U, 193)
where each index i runs over {k+1,...,¢ — 1} and each index j runs overs

{1,...,0}. At this point, observe that for all fixed i := (i1,...,i9,) and
j = (jl’ s aj2r)a the famlly

{ijl',... ,ij 7Y2i,Y22‘+1, 1€ {il,...,igr}, ] c {jl,... ,jgr}}

TP
is a ¢g-Gaussian family (due to Lemma 3.2) and accordingly the associated
joint moments obey Formula (3). Besides, we have trivially

0(Yo;, Yoi,41) =0 , (Y2, Y2,) = ¢(Yaip+1Y2i41) = 1{ia:ib}27(n+1)@(|X1|2)
and
p(YaiX;) = p(Yais1X;) =0

Using these basic observations and going back to (23), it is clear that, when
applying Formula (3) to the expectation in (23), we can restrict the sum
to the set of pairings 7 € Pa({1,...,N;}) (N, :== 2[(my, + pj,) + ... +
(mj,, + Djs,.)] + 8r) that decompose - in a unique way - as a combination of
three sub-pairings, namely: 1) a pairing 7! € Py({1,...,2r}) that connects
the random variables {Y3;} to each other; 2) a pairing 72 € Po({1,...,2r})
that connects the random variables {Y2;,1} to each other; 3) a pairing 73 €
Po({1,....N/}) (N] == 2[(mj, +pj,)+ ...+ (mj,. +Dpj,.)]) that connects the
random variables {X;} to each other. Moreover, with this decomposition

in mind, one has clearlly

Cr(m) > Cr(x') + Cr(7?) + Cr(7®) .
Consequently, it holds that for all fixed i := (i1, ...,42-) and j := (j1,- .-, Jor),
’@([Ujl Yai, Vi, Yoi, 11Y2i,11 Vi Yai, UG | -

* *
[szr—1 Y2i2r7 1 ‘/"7'27‘7 1 Y2i2r71 +1Y2i2r+1 ngr Y2i2r Ujh} ) ‘

< Z qu(ﬂ1)+Cr(7r2)+Cr(7r3)
alr2ePa({1,...,.2r})
7r3€732({17"'7N';})
H ©(Yai, Yaiy ) 1{i=i,} H ©(Y2ip+1Y2ig11) Lio=ig) H sD(ZiZi?‘l)
{a,b}en! {c,d}em? {e,f}em3
< 2—2r(n+1)(p(‘X1‘2)2r( Z qu(wl) H 1{iaib})
mlePy({1,...,2r}) {a,b}em!

(> I tee)( X o T eziz)

m2ePa({1,...,2r}) {c,d}emn? m3eP2({1,...,N.}) {e,fren3
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where ZJ stands for the natural reordering of the variables {X,; }, namely
foralla € {1,...,2r} and b e {1,...,m;, +pj,},

J _ 7 — )
Z2[(mjl +pjy )My, i )40 T Z2[(m11 +pjp ) et (Mg, g 05, O+[2(m, +pja ) =0 T XS{,“ )

As a result, the double sum in (23) is bounded by

/-1
2—2rn80(|X1|2)27"< Z qu(wl) Z H l{iaib}>

7T1€PQ({1,...727"}) il,...,i2r=k+1{a,b}67r1
(S @) Y (2 &I e@d
m2eP2({1,...,.2r}) Jise-g2r=1 “m3ePy({1,...,N.}) {e,f}en3

Now observe that the last sum in (25) actually corresponds to

o

> (x0T eas) -3

Jiseendor=1 “m3ePy({1,...,N.}) {e,f}emn3

and for every fixed 7! € Py({1,...,2r}),

-1

> I Yg.=iy

i1,...,ior=k+1 {a,b}en!

-1 2(1-27) {—1 4y—1
(T tew) (XTI teew)
i1, 2r=k+1{ab}en! i1,.i2r=k+1 {a,b}en?
< (= (h+ DRI (o 1)) 7D
< |t?_tz+1|4r724r'yn < |t_5|4r7247~yn‘ (27)

By injecting (26) and (27) into (25), we end up with the estimate
l,n s
@(185"[U][*")
2 o
< | |4r72—2r(1 27)n (|X1| ) < Z qu(ﬂ)> Qp(

me€P2({1,...,2r})

2r
i)

< |t—s|'r2- 2r(1-27)n (|X|)2r (1X1 |2r (}Zle )

and so

sous;;"[uw’")w

. ° 2r\ 1/2r
< fr— 201X P (1X0 ) (| S U )
j=1
< = s Yo
j=1
< e = s A (D Tl - (28)
j=1
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It is easy to see that the above arguments could also be applied to the more
general situation where U := Z;)‘:l U; ® V; with

K;
Uj = Z aj7k‘ijl',k e XS{,;k
k=0

g,k

and
L;
e ik 3.k
Vj = ZﬂjvéXu{" . “Xui’el . ik, B €C L sk ult €[0,5]
(=0 7

leading in the end to the same bound (28). Therefore, this bound (28) can
actually be extended to any U;,V; € A, which then entails that for every
U € ARA,,

1/2 -
(IS " [OIPT) ™" < |t = sPr2 020 x| U
and by letting r tend to infinity, we get by (1) that
1S (U < |t = s[*27 0727 x40

The very same reasoning can of course be used in order to estimate ||S%"[U]]|,
with the same resulting bound. Going back to (21) and (22), we have thus
proved that X2 is a Cauchy sequence in C3(£7(A_.)), and by Lemma 3.3,
we can therefore assert that it converges in this space to some element X2,

The product Chen identity (10) for X2 is readily obtained by passing to
the limit (in a pointwise way) in the product Chen identity that is trivially
satisfied by X>". Finally, in order to show that X2 actually belongs to
C3(Lr(AL)), fix s <t, U e A,BA,, and set

—_ tn
W= U] W= XSO, W= [ (U)X

where t is such that s <t} <t <}, (considering n large enough). Using
the first estimate in (20), it is easy to check that |[WW"™ — W"|| — 0, and so,
since |[W™ — W| — 0, we get that |[W" — W| — 0. As W" € A;, we can
conclude that W € A;, as expected.

O

Remark 3.4. Observe that in a commutative setting, the sum (22) would
simply vanish, leading to an almost trivial proof, which clearly points out
the specificity of our non-commutative framework (as evoked in Remark
2.3).

4. COMPARISON WITH L?(¢)-CONSTRUCTIONS

Our objective in this section is to compare the previous L (¢)-constructions
(i.e., constructions based on the operator norm) with the L?(y)-constructions
exhibited by Donati-Martin in [7]. In brief, we shall see that, when studied
in L?(y), the previous rough constructions correspond to Stratonovich-type
integrals, while the constructions in [7] are more of a It6-type. This com-
parison relies on an additional ingredient, the so-called second-quantization
operator, whose central role in g-integration theory was already pointed out
in Donati-Martin’s work.
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Since we intend to make specific references to some of the results of [7], we
assume for simplicity that we are exactly in the same setting as in the latter
study. Namely, for a fixed ¢ € [0,1), we assume that the ¢-Bm {X;}:>0 we
will handle in this section is constructed as the “canonical process” on the
g-Fock space (A, ¢) (see [7] for details on these structures).

As in the previous sections, we denote by A; the closure, with respect to
the operator norm, of the algebra generated by {Xs}s<;.

4.1. Second quantization. Recall that the space L?(yp) is defined as the
completion of A as a Hilbert space through the product

(U, V) :=eUVT) . (29)
We will denote by ||.[z2(, the associated norm, to be distinguished from
the operator norm ||.||. For every ¢ > 0, let B; be the von Neumann algebra

generated by {X,}s<; (observe in particular that A; C B; C A) and denote
by ¢(:|B:) the conditional expectation with respect to B;. In other words,
for every U € A, p(U|B;) stands for the orthogonal projection of U onto By,
with respect to the product (29): Z = p(U|B;) if and only if Z € B, and
O(ZW*) = o(UW*) for every W € B;.

A possible way to introduce the second-quantization operator goes through
the following invariance result:

Lemma 4.1. [7, Theorem 3.1]. For all sg < tg, s1 < t1, with sg < s1, and
U e As, C As,, it holds that

@((5X)SOtOU(5X)SOt0’BSO) _ @((5X)S1t1U(5X)S1t1’881) )

[to — sol |t1 — s1

Definition 4.2. We call second quantization of X the operator I'y : Ug>oA; —
A defined for all s > 0 and U € A; by the formula

Tg(U) := @((6X)s,5+1U(6X )s,541|Bs) -
In particular, for all s >0 and U € Ag, T'y(U) € Bs, T'y(U)* =Ty(U*) and

ITq(U)ll22(0) < 10X)5,541U (6X )s,stllrzge) < IXIPIUN - (30)

Remark 4.3. For ¢ = 0, it is easy to check that, thanks to the freeness
properties of X, the second quantization reduces to I'g(U) = ¢(U), while in
the commutative situation, that is when ¢ — 1, one has (at least morally)

I(U) =U.

In fact, we will essentially use the operator I'y through the following result,
which offers a quite general tool to study Itd/Stratonovich correction terms
(for the sake of clarity, we have postponed the proof of this proposition to
Section 4.4):

Proposition 4.4. For every adapted triprocess U € C{([s,t];/@g) (s < t,
e > 0) and every subdivision A of [s,t] whose mesh |A| tends to 0, it holds
that

t
S (0Kt U )10 X1, — / [Id % Ty x Id (Uy) du in L2(p) , (31)
(t)eA $
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where Ifl x I'y x Id stands for the continuous extension, as an operator from
Uu>0AL3 to L2(y), of the operator

(Idx Ty x Id)(U; @ Uy @ Us) := U L'y(U2)Us , Uy, Uz, Uz € A, .
4.2. Non-commutative It6 integral. Let us here slightly rephrase the

results of [7] regarding It6’s approach to stochastic integration with respect
to X.

Definition 4.5. Fiz an interval I C R. An adapted biprocess U : I — ARA
1s said to be It6 integrable against X if it is adapted and if for every partition
A of I whose mesh |A| tends to 0, the sequence of Riemann sums

S)A((U) = Z UtiﬁéXtitiJrl
t;€EA

converges in L2(p) (as |A] = 0). In this case, we call the limit of S{(U)
the product It6 integral of U against X, and we denote it by

/1 U dX, € L*(p) .

Given a biprocess U : I — A®A and a partition A of I, we denote by
U2 the step-approximation
U= Y Uy, -
t; €A
The following isometry property, to be compared with the classical Brownian
1t6 isometry, is the key ingredient to identify Ité-integrable processes:

Proposition 4.6. [7, Proposition 3.3]. For every interval I C R, all adapted
biprocesses

U:IT—-ARA , VI ARA,
and all partitions A1, A of I, it holds that

(53 (U5 (V) = [ (U VEDdu, (32

where ((.,.))q is the bilinear extension of the application defined for all

Ui,Uz, Vi, Vo € U0 A as
(U1 @ Uz, Vi ® Va))q := p(UrTq(U2V5)VY)
Corollary 4.7. Let U: I — A®.A be an adapted biprocess such that
/I\|Uu||f4®Adu <oo and /IHUﬁ S U2 du— 0 as|A| >0,
for every partition A of I. Then U is Ité integrable against X and

H/,U“ﬁqu ;(@) = /I<<Uu,Uu>>q du . (33)

Proof. Let us just provide a few details, the procedure being essential stan-
dard. Consider a sequence U" : I — A ® A of adapted biprocesses such
that for every ¢t € I, ||[U} — Uy|| — 0. Then, given two partitions A, Ay of
I, one has by (32)

IS5 (U™) - S%*(U"

2 n n n n
)HLQ(SO) = /I<<Uu,A1 - Uu,A27Uu,A1 - Uu,A2>>q du .
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By applying Cauchy-Schwarz inequality and then (30), it is readily checked
that for all V € A, @ A,,

(V. V) < IXlPIVIZ
and so
S51(U™) = $32(U") ) < I [ U2 =022 P du
which, by letting n tend to infinity, leads us to
83 (U) = S32(U) 3o, < IX )2 [ R = U2

The conclusion easily follows. U

4.3. Comparison with the rough integral. We now have all the tools to
identify, as elements in L?(¢y), the rough constructions arising from Sections
2 and 3.

Let us first consider the situation at the level of the product Lévy area
provided by Theorem 3.1. To this end, given 0 < s < t and U € A,®A,,
observe that, by Corollary 4.7, the biprocess V,, := (UfdXs,) ® 1 is known
to be Ito-integrable on [s,t], which allows us to consider the integral

/ (U16X,) dX, € L2(p) -
Proposition 4.8. For all 0 < s <t and every U € A,®A,, it holds that
R0 = (U)X, + 30— ) (X DU in ) (39
where Id x I'y stands for the continuous extension, as an operator from
A& Ag to L2(p), of the operator
(Idx T,)[U ® V] := UT,(V) .

Proof. Fix s < t, U € A,®A,, and let D" be the subdivision obtained by
adding the two times s, ¢ to the dyadic partition D" := {1/2” i> 0} Denote
by X" the linear interpolation of X along D" and set Xn .= >0, X tz fiin)

where {s = #; < ... < t, =t} := D" N [s,t]. Besides, we recall that the
notation X>P" (or X>P") has been introduced in (14).

Using only the 1/2-Holder regularity of X (see (5)), it is easy to check that
for every U € A,®As,

2,D™ 2,Dn Cn(1/9—
X357 U] = X357 (U] < ol Xa [Pl [t — s> 27270 0 (35)

for some universal constant ¢ and for every v € (0,1/2). Thus, by Theorem

3.1, we can assert that Xan [U] converges to Xits[ U] for the operator norm
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(and accordingly in L?()). Now write

Hn t _ B
X570 = / (U6 X7,) dX"
n—1 » A
1 /tk+1 w—
kgl U1 — i Jiy ( thi1 — tk( )tktk+1) (6X);
n—1 n—1
= Z(UﬂéXstk) ng£k+1 + - Z Us(6X); tktk+1 (5X)fkfk+1

k=1 23

n—1

t A 1
_ / (UBSX™ ) dX, + = Z UL6X);, 5, (6X)i 40,
Thanks to (33), it holds that
t t
/\n 2
H/s (UﬁéXsu)qu _/S (Uﬁ(SXsu) quHL2(<p)

= [ (UK, — X)) @ 1, (SR, — 0X]) @ 1)), d

t
. 9
_ / |UR6X7, — 6Xulll3a ) du

n—1 i1
IO 3 71, = Xl

IN

IN

o) Z/ (u—fp)du < —HUH 2t —s| = 0.

Observe finally that the limit of the second term in (37) is immediately
provided by Proposition 4.4, which achieves the proof of (34). U

Let us now extend the correction formula (34) to any adapted controlled
biprocess, that is to the class of biprocesses introduced in Definition 2.4.
Using again Corollary 4.7, it is easy to check that, as an adapted Holder path
in A®.A, any such controlled biprocess is Ité-integrable when considered on
an interval I of finite Lebesgue measure. This puts us in a position to state
the formula:

Corollary 4.9. For oll 0 < s < t and every adapted controlled biprocess
U € Qx([s,t]) with decomposition (12), it holds that

t t 1 gt
/ U, tdX? = / U,tdX, + 5/ (Id x Ty x IQUST +UX2 du  in L2 () .
S S S (38)
Proof. The transition from (34) to (38) follows from the very same Taylor-

expansion argument as in the proof of [6, Proposition 5.6] (related to the
free case), and so, for the sake of conciseness, we do not repeat it here. [

At this point, observe that the combination of Proposition 2.9 and Corol-
lary 4.9 immediately yields the following g-extension of It6/Stratonovich
formula: for all f € F3 and s < t,

(36)

ththt

(37)

St_/ O (Xu)4dXS — /af tiqu—i—/t[IdxFqxId](@Qf(Xu))du.
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As another spin-off of Formula (38), we can finally derive an expression
of the rough Stratonovich integral | St Uuﬁdxg as the L?(¢)-limit of “mean-
value” Riemann sums. The result, which emphasizes the analogy between
the rough construction and the classical (commutative) Stratonovich inte-
gral, can be stated as follows:

Corollary 4.10. For all 0 < s < t and every adapted controlled biprocess
U € Qx([s,t]), it holds that

t 1
/ Uuﬁdxg = lim Z Py (Uti + Uti+1)ﬁ5Xtiti+1 n L2(SD) ) (39)
s |A]=0 (e 2

for any subdivision A of [s,t] whose mesh |A| tends to 0.

Proof. For any subdivision A = (t;) of [s,t], write

1
3 (Ui, + Uy, )80 X0

i+1) i+1

= Uti ﬂ(SXtit
- Uti ﬁ(SXtZ

i+1 141

+ %5Ut¢ti+1ﬁ5Xtit
tit1

+% [(5Xt¢t¢+1ﬁuzi(’l)ﬂéXtitiH + (Uf’QﬁéXtitm)ﬁéXtitm + Ulziti+1ﬁ6Xtiti+lj| )
and observe that, with the notations of Section 2.3, we have

103, 86X i || < [tisr — 62X U5 C57 ([s,1])] -

titit1

Taking the sum over i and then letting |A| tend to 0, we get by Proposition
4.4 that the sum in (39) converges in L?(¢) to the right-hand side of (38),
which leads us to the conclusion. O

4.4. Proof of Proposition 4.4. When U; = U; ® V; ® W, the convergence
property (31) has been shown in the proof of [7, Theorem 3.2]. However,
since we want the formula to hold for general adapted triprocesses here, we
need to exhibit additional controls. Let U™ : [s,t] — A®3 be a sequence of
adapted triprocesses such that ||} — U,|| — 0 for every u € [s,t], and fix a
subdivision A = (¢;) of [s,t]. Then set successively Y; 1= 6.X;,;

ARE)
SaU) == > {(Yitlhy)§Y; — (tixs — ti)[1d x Ty x 1d] Uy, ) }
(ti)eA
and  SRU) = Y {(VGUNEY: — (tipr — ;) [Id x Ty x Id] (U}
(ti)eA
WUP =3 e Uy @V @ Wy € AP3 ) S%(U) thus corresponds to
(ti)eAt<Ly,

with
MYy = U YV YW o — (tin — ) Uy, LoV Wi
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SO

|SAWU) HL2(¢ Z Z Z Z <P 21,21 1232)*)- (40)

(ti €A (ti,) €A <Ly, B<LY

For more clarity, let us set U}, := U} ,, V[ == Vii,, W[, := W ,, and
consider then the expansion

P (M} o, (M ¢,)7)
* *
= (UZI 61}/@1 ‘/;1 z1 1711 01 ZZ £2K2 ’LZ ng 12, fg)

( ig+1 — tiQ) (Un €1Y ‘/;1 €1 21 151 WZ ZQF (sz ZQ)UZ?;?Q)
_(til‘f’l - tzl)@( il,fqu(‘/il,él) Zl NAT Wzg ZQY VZ ZQY UZ 22)
F(ti+1 = ti) (o1 — i) (Uf o, Dg(Vit o Wi o Wiy Do (Vi YU T4

Step 1: Non-diagonal terms (i1 # iz). Observe first that if for instance
i1 < i3, we have, by combining Lemma 4.1 and Definition 4.2,

(U’Ll 51}/@1 ‘/Zl 51 i1 ZIWTQL ZQY ‘/22 ZQY UZ ;2)
= (Ull L1t 2151}/@1 1 51W (Y n*Y ‘Bt ) 2262)

i9, ZQ i9,02
n,* n,* n,*
= (ti2+1 - tm)@( i1, 51}/;1 i1 Zly 21 1 ig,ZQFq( ig,ﬁg)Ui%ﬁg) ’

and with the same conditioning argument

gp( 01,01 (‘/2111, )Wz?, Wn* Y V Y UZ 22)

12,02 12,02
= (ti2+1_ti2)4p( i1,51FQ( ihgl) l? 12 ZZ,;2F‘1( iZ:Z;)UZZ:z) ’

so that, going back to (41), one has (M

01,01
ments lead to the same conclusion when i9 < 7.

(M, )*) = 0. Similar argu-

i2,l2

Step 2: Diagonal terms (i = io = i). First, observe that with the same
conditioning argument as above, decomposition (41) actually reduces to

O(M]y (M]y,)") = (U YV, YiW e WYV YUl
—(tiy1 — t:)? 80( Lo La(V W WrT (VU
Now, on the one hand, using (5) and the Cauchy-Schwarz inequality,
(UL, iV YiW oy W ViV YU |
< IO NIV W W NIV, NNTT, |
< (tigr — )2 I Xa I UL NV W, W IV U, ) -
On the other hand, using the definition of I';(V}, ),
lo(Ul, Ty (Vi) Man*F (VMQ)UZTZ)‘
o ( le(st)t,-,t-H 0 OX )ttt 1 W W (VI) an:)’
< VR URn OX) b1 Vil (OX )t Wil W 12 o T (Vi) 2
which, by (30), entails that
’QO( Zr,bfqu( ztlﬁl) infl :lgFQ( ztlég*) an)‘

4
< X IO MV MW W, TTVile, 1T, |-



24 AURELIEN DEYA AND RENE SCHOTT

Going back to (40), we have thus shown that

2
ISA@) 22 < 1X01* S (i — 02 3 IOV
(t;)EA <Ly

and so we can assert that

ISA@ONZ2¢) < X2l D2t — )[4z

(ti)eA
< 20X X (b — 6P - ]+ (sup (24P~ 5111}
(ti)eA ue[s,t]

By letting n tend to infinity first, we can conclude that ||Sa (U)H%Q(w) — 0
as the mesh |A| tends to 0. The convergence

t
> (tigr — to)[Id x Ty x 1d] (Uy,) — / [Id x T, x 1d] (U,) du  in L*(p)
(ti)eA ®

follows easily from the regularity of ¢/, by noting that for every u and every
Ve AD3,
I[Id x Tg x Id] (V)| 12, < VI -

This achieves the proof of our statement.
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