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1 Introduction

This article illustrates the notion of convergence of stochastic processes “as
controls”. Suppose that (X¢)..¢ is a family of stochastic processes. Let
R(X*®) and J(X?) be the stochastic processes obtained when one integrates
a differential form along the trajectories of X*¢ or considers the solution to
some SDE driven by X¢. We investigate conditions ensuring the functionals
and the limit of X© may be interchanged.

For that, we study two examples. One comes from the homogenization
theory and provides a coherent interpretation of some of the results presented
in [Lej02]. The second example is a problem of interpolation. In appearance,
these examples are quite different although both are of practical interest.
However, these results are rather similar, as will be proved using the rough
paths theory developed in [Lyo98] (See also [LQO02, Lej03]). In fact, a sim-
ilar phenomenon appears in these two examples and this provides a strong
intuitive support to understand what happens.

The problem of homogenization concerns the large scale behavior of func-
tionals of stochastic processes X¢ processes whose infinitesimal generators
have coefficients that oscillate more and more rapidly as € goes to 0. For
example, if X© has as infinitesimal generator

1 0 0
562‘/('/6)% (ai,j('/e)e_w('/s)a%> ;
it is standard that X*© converges in distribution to @B, where B is a Brownian
motion, and @ is a constant matrix characterizing the large-scale, or effective,
behavior of the media (See [BLPT7E| for example). This result motivates using
7 B instead of more complex diffusion models in applications.

One could consider now that &(X¢) = [7 f(X?) o dX?, and that J(X®)
gives the solution Y* of the SDE dYF = ¢(Y;?) o dX§, where f and g are
smooth enough. A natural question is to know whether lim._oR(X¢) =
KR(lime o X?¢) and lim. 0 J(X?) = J(lim._o X¢). In other words, could one
interchange K or J with the limit? Or does @B provides enough information
to know the asymptotic behavior of K(X¢) and J(X*¢)? This is false in gen-
eral, and one also has to keep track of the various areas enclosed between the
trajectories of X*¢ and its chords.

The second example concerns the interpolation of trajectories of Brown-
ian motion. This has attracted interest, since it allows effective approximated
solutions J(X) of stochastic differential equations driven by a Brownian mo-
tion X using ordinary differential equations. However, the approach is not
completely straightforward. If the trajectories are not interpolated by care-
fully chosen straight lines, one may obtain as a limit solutions to various SDEs
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driven by the Brownian motion X, but with a drift reflecting the choice of
the interpolation (see for example [McS72, TW89, [Kun90, [Sus91, [KP91] or
more recently [CE00]). There are strong parallels between this phenomenon
and the form of the limiting SDE in our homogenization result and the use of
rough paths theory brings a new light in this fact. Moreover, although this
observation appears to be a pitfall in the theory of SDEs, it also provides us
with a numerical method to compute a large scale approximation of K(X®)
or J(X¢) in the case of homogenization, without having to compute the first
derivative of the vector fields or differential form we integrate.

In this article, we also explain what is the link between Stratonovich
integrals and rough paths’ integration theory for semi-martingales, and we
give some convergence and tightness results.

This paper is organized as follows: In Section Pl we recall the results
about the construction of interpolation function leading to a process with a
corrected area. In Section [B] we identify the limit of the SDEs driven by a
family of stochastic processes that converges with the homogenization prop-
erty. We link the corrective drift with the correction that appears in the
limit of the Lévy areas of (X¢).so. In Section @l we put these results in the
context of rough paths. In Sections and [£.3] we explain how the construc-
tion of different geometric rough paths with different areas leads to different
solutions of differential equations, which could be identified. Section 4.5 is
devoted to state some tightness and convergence results in the topology gen-
erated by the norm in p-variation. In Section .4l and Section Bl we prove
that the convergence of the process and its Lévy area studied in Sections
and [3 also holds in this topology.

2 The interpolation problem

In 1965, E. Wong and M. Zakai proved in [WZ65|] that the solutions of dif-
ferential equations driven by piecewise linear approximations of trajectories
of a Brownian motion converge uniformly in probability to the solution of a
Stratonovich SDE driven by a Brownian motionZ,

One may consider more general piecewise smooth approximations B°(w)
of the trajectory B(w) of a Brownian motion than piecewise linear approxima-
tions. This leads to a slightly different result. Here, we recall the main fact,
without stating the hypotheses. These results, initially treated by McShane
[McS72], are developed in Chapter 5.7 of [Kun90, p. 274] and in Section VI-7,

!They did it for 1-dimensional SDEs. The results was quickly and substantially refined
by others, including Clark, Stroock, Varadhan, ...
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Figure 1: Meaning of ¢;  in the interpolation problem

p. 392 of [IW89]. The reader is refereed to these books for details. If
o(x) = (o8 (2)) % € d x N-matrices and b(z) = (b'(x))i—

.....

are smooth functions, then the solution Y? of
t t
Y =2 +/ on(Y9) dB™ +/ b(Y?) ds,
0 0
converges uniformly on [0, 1] in L'(PP) to the solution Y of

t 1 t
Yt:x—i—/ on(Y,s odB"+/ ds+20nm/ 00, 0m] (Ya)ds, (1)
0 0

where |-, -] is the Lie bracket of two vector fields:

(00,00 = ((Uglﬁam B Jil&jn))
&rj 8[Ej i=1...d

-----

and the anti-symmetric matrix ¢ = (¢; ;)i j1

.....

1 5 . [ )
— lim —E / B dBI — / BIS AR || 2)
tJ 6—0 25 0
And for integration of a smooth differential form f from R into R¢, the
result is

lim E
6—0

/fl (B%)dB — /f, )odBi — /t 9y ds

c =0.
1,7 ax]

(3)
As we see it from (), the area of the interpolation function between two
sample points provides a necessary and sufficient information to compute the

limit ().

sup
t€[0,T]
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3 Homogenization and convergence of solu-
tions of SDEs

3.1 An illustrative example

We start with a simple example of homogenization, where the drift is only
time-dependent. This example allows us to understand the role the drift

plays.

Convergence of the process and convergence of the Lévy area to the
“wrong” value. Let B = (B', B?) be a 2-dimensional Brownian motion,
and b, b be the functions, with complex notations where i = —1,

b(t) = e and b(t) = V' (t) = ie.
We set L
XF = eBye + eb(t)e?) = eByee + - / B(s/<?) ds.
e Jo
As b is bounded and B2 remains a Brownian motion in distribution, X*®
converges to a Brownian motion B as ¢ goes to 0. But its infinitesimal

generator is %A—l—%g(t /e%)V and has a highly-oscillating first order differential
term.
Remark 1. In fact, the function e provided a simple counter-example to the
continuity with respect to the uniform norm of the application giving the area
under the chord of a trajectory, since ont(eeit/ 52) — ¢ and eelt/s’ converges
uniformly to 0 [Lyo98, Example 1.1.1, p. 217].

The Lévy area of X = X* with ¢ = 1 between 0 and 27 is

1 2m 1 2m
Aoze(X) = Aoan(B) + Aoan(d) + 5 [ Blvtat— 3 [ Bt
0 0

Lor2my o 1 rPmoy 1
+§/O btodBt—i/O i2odB!
and then
E[Ap2-(X)] =mand E[Ag2(X?)] >~ 7 for any € > 0.

In fact, using an integration by parts and proceeding as in [Lej02], it is easily
proved that A ,(X¢) converges in distribution to As;(B) + (t — s)/2. Here,
Ay(B) = L J{(B! = Bl o dB2 — L J{(B? — B?) 0 dBL.

The drift term b induces some loops in the trajectories, and even after
the renormalization, the area created by these loops keeps the same order of
magnitude. At large scale, we see trajectories which become more and more
closer to that of the Brownian motion. On the other hand, a look at the
small scale shows us particles spinning around their “mean” trajectory.

bt
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Influence on SDEs. We consider now the SDE:
1. 6
dYyE = f(Y7) odX; = f;(YF) odB}*" — gb](t/€2)fj(yt ) dt,

where f = (f¥)=15? is a smooth function from R? into R™? and B® =
(B'#, B*¢) is the Brownian motion eB./.2. As in [Lej02], for i =1,..., N,

Vi = el (b)) [(Y7) = Yo© = b (0) f(Y5) = /0 f(¥5) o dBy?

t ‘ Of?
— [ B s/ (/) A (V) ds 4V,
0 Y,
where V¢ contains all the terms of order € and converges to zero in probability.
The sequence (Y¢).~g is tight, and has a unique limit Y solution to

o L 0f
A} = fj() 0 dBL =B L fE(Y;) e

. 1
= f(Yo) o dBi + Sejel i, fol (Vo) dt,
0 2m . 1 —pi  —s )
with 5 = [ b ds and e = 5 (67— 1) = 45.(0).
0

In fact, c10 =1/2, co1 = —1/2 and ¢1; = ca2 = 0. Although X© is very close
to a Brownian motion, the drift b has a strong influence on the behavior of
Y® when ¢ is very small.

3.2 Good sequence of semi-martingales

The problem of interchanging stochastic integrals or SDE and limit of semi-
martingales has given rise to an abundant work around the notion of good
sequence of semi-martingales. The article [KP96] contains a review of results
about these notions.

Definition 1 (Good sequence of semi-martingales). A sequence (Y"),en
of semi-martingales is a good sequence if for any sequence of stochastic pro-
cesses (H™),en converging jointly with (Y),en to some process (H,Y') and
such that the stochastic integrals [, H! dY;" and [, H,dY; are well defined
(which yields that H™ and Y™ are adapted with respect to the same filtra-
tion,...), then Y is a semi-martingale and [, H? dY;" converges in distribution
to [y HsdYs.

It is immediate that if (Y"),ey is a good sequence of semi-martingales
converging to Y, then (Y" Y77) converges in distribution to (Y*,Y7). We
give now a simple criterion ensuring that a sequence of semi-martingales is a
good sequence.
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Proposition 1. A sequence (Y™)nen of continuous semi-martingales on [0, T
decomposed as the sum of a local martingale M™ and a term of finite varia-
tion A™ is a good sequence if and only if it satisfies the condition UCV (for
Uniformly Controlled Variations), that is

((M"™)1)nen and (Val"1,[o7T] V™)nen are tight. (4)

This criterion could be refined when one works with discontinuous mar-
tingales, (in which case, the jumps shall be taken into account) or when the
time interval [0, 77 is Ry.

3.3 Homogenization of stochastic process with highly-
oscillating drift

In this section, we consider the solutions
1
dX; =o0(X[/e)dB; + —b( X} /e) dt,
€

generated by the operators

1 2 1 )
L= §ai’j('/€)7axi8xj + gbi('/é‘)axi (5)

where a = oo? is measurable function in the space of N x N-symmetric

matrix and is uniformly elliptic and bounded. The vector b is measurable
and bounded.

This type of diffusion covers many physical problems, since it contains
the cases where the diffusion operators has the form

1 ovie @ ( Lov(e) O
26 axl ald(/g)e 8xj

so that b = —aVV. We assume that the coefficients are smooth enough and
periodic. It is well known that the processes X¢ converge in distribution to
some Brownian motion @B, where & is a constant, non degenerate matrix
(see for example [BLP78]). However, it is easily seen that the presence of the
highly-oscillating term b implies that (X*).~o does not satisfy Condition ().
In fact, as it was shown in [Lej02], this sequence is not a good sequence of
semi-martingales in general.

One may directly apply the Central Limit Theorem of the martingale part
of X¢ using the ergodic theorem on its cross-variation, since the coefficients
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are periodic, and the projection of X*© on the torus is an ergodic process with
respect to an invariant measure m(x) dx whose density is solution to:

2
5 3o 55(0)m(a) = (b (ym(z) = 0 on the torus T,

where TV = RN /ZV.
However, the difficulty is to deal with the drift term. For that, we will
introduce some functions called correctors, i.e., the solutions of

L'u; = —b; on the torus TV (6)

fori=1,..., N. Equation (@) may be solved if and only if

/T b(x)m(x)dz = 0. (7)

From now, we assume that () is satisfied. Otherwise, it is easily shown, by
substracting to the drift its average, that X¢ does not converge.
We remark that u$é = eu;(-/¢) is solution to Lfu$ = —e~1b;(-/¢). Further-
more, LFv$(x) = 0 on RY, where v;(z) = x; + u;(x) and v (x) = ev;(z/¢).
So, v°(X[) is a local martingale M¢, whose cross variations are, for i, j =
1,....N,

‘ ) . t/e?
(Mie, Mie), ’32/0 aVu; - Vo (X,) ds, (8)

where X = X°® with ¢ = 1. So, these cross-variation converges according to
the ergodic theorem to ta, ; with @;; = [r~v aVv; - Vuj(x)m(x) de. Both Me®
and X* (since u; is bounded on RY) converge to @B, where B is a Brownian
motion, and 7 is matrix such that 7o' = a.

Remark 2. In all this article, one may add a first-order differential term

C('/E)a%i' This will add to the limit of X a drift of the form ( [y~ ¢(x)Vu;m(x) dx)i=1, N,
which may be treated using the Girsanov theorem. There is no difficulty to

extend all our results to this case. However, to simplify the computations,

we do not consider such a term (see [Lej02]).

Consequence for Lévy areas and SDEs. [t was proved in [Lej02] that
in presence of a highly-oscillating first order term, the Lévy areas A, (X°)
does not converge in general to A, (aB), but to As:(6B) + ¢(t — s), where
c is the anti-symmetric N x N-matrix defined by

1 ou; Ou;
=g (o), (o) + 0= Gu,). O
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Here,
(P = [, Flaym(z) da.

denotes the averaging of periodic functions with respect to the invariant
measure m of the projection of X on the torus.

The solution to dY;F = h(X[ /e, X5, Y;?) dX] does not converge in general
to the SDE driven by the limit of X¢ (See [Lej02]).

In Section B4l we identify of the limit of the solution of dY;® = h(Y,?)dX?
in a way which is coherent with the interpolation problem of Section 2.

What happens for Lévy area of martingales or for SDE driven by
martingales? The local martingales M*® = v°(X¢) form a good sequence
of semi-martingales, and no corrective term appears when one interchanges
the limit of M* and the functional giving the Lévy area or the solution of
some SDE.

By transforming processes into martingales, the correctors allow to sup-
press “pathological” behavior of the particle, such a spinning statistically
more clockwise than anticlockwise. For a clear picture of the situation, we
have to remember that the average of the drift term b with respect to the
invariant measure of X is equal to 0.

So, for the sake of the convergence, we approximate trajectories with a
lot of loops and foldings by the trajectories of martingales. However, the
solutions of SDEs are sensitive to the loops and the foldings through the
area, and reacts in consequence. As our examples proves it, two processes
may be very close one from each other, but they may drive distinct (through
a of a drift term) SDEs. as for the interpolation problem in Section [

3.4 Identification of the limit of solutions of SDEs driven
by X°
Let us consider the solution of the following SDE written in the Stratonovich

form:

Ay = f(¥) 0 dX7, (10)

where, to keep things simple, we assume that f = (f1,..., fny) maps R to
RY, that is V; belongs to R. The SDE (I0) could be transformed into an It6
SDE:

of;

y

Here, the process X¢ is generated by the operator L¢ defined in (Bl). The
scalar product with respect to the invariant measure m(z)dz of L acting on

AF = FO)AXG + A0V 20 () (X7 =) .
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the space of periodic functions is denoted by

ﬁﬂ%ﬁZAWf@M@MM@dx

Without any special notification, all the involved functions are considered to
be smooth enough.

Lemma 1. Let f and g be two periodic functions. Then

(F5500) = (Lhigh+ L9 P = VS V) (1)

where L* is the adjoint of L with respect to the scalar product (-,-), .

Proof. Equality (1) follows from two integrations by parts and the fact that
L™ m = 0. O

The homogenized diffusion coeflicient is @ = (a@; ;); ; with

Em = (a(] —f— VUZ) . (I ‘I— Vu]))m
= (ai,j>m + <ak’j8xk>m + <ai’k8xi>m + <aVuZ . Vuj)m (12)

As a is symmetric and Lu; = —b;, we deduce that

1
> L @) (@) = by (@)us(2)m(x) da
1 L—L*
= S(Lug ), = (L)) = = (S5 uy) . (13)

Here, it is the anti-symmetric part of L with respect to (-,-), which is in-
volved.

As in [Lej02], the limit Y of Y, is obtained by adding to Y© the quantity
eu;(XE /) fi(YF) computed with the It6 formula for a product. So, the limit
Y is solution to

_ of; ou; of;
dY; = f(¥;) dX; + fiafyj(yi) <ai,kaxi>m dt + fiafyj(yi) (uibj),, dt
1,0f;
+ 5 Z@(E) <ai,j>m dt.
With (I2), this equation becomes
_ Of: of; Ou;
dY; = f(V3) dX; + fzaiyj(yt) (uib),, dt + fzaiy](yi) <aivkaxz>m dt

1.0f; B ou; ou;
+3 iafy](Yt) (am - <a"”’j6:vk>m - <a”“8:n,i>m — (aVu; - Vuj>m> dt.

10
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Using (1)) and (I3), Y is solution to

1 0 1
AYi = F) AR, + g S ) e+ e [, 5] (0 de, (14)
or in the Stratonovich sense,
- 1
dYs = f(¥y) o dXe + Saiy [fi, f] (Vo) dt, (15)

where ¢; ; is the corrective term appearing in the limit (9) of the Lévy area
of (X%, X7¢). This SDE (I8) has to be compared with ().
Hence, the parallel with the result of Section [2]is now complete.

Integration of one-forms. If instead of considering solutions of SDEs,
one considers the integral of a smooth differential form f with coordinates
(fi)i=1...n along the trajectories of X¢, that is, Y7 = [¢ f(X¢) o dX¢, then
similar computations prove that Y* converges to

Ly - t1 ofi  0f;\ ~
Yt_/o f(Xs)odXs+/ =y (8% - ax) (X,)ds
:/0 F(X,) 0 dX, +/ cmax](Y)d

This limit is similar to the one in (@]).

4 Convergence of the solution of differential
equations controlled by rough paths

4.1 Background information on the theory of rough
paths

We explain in this section how the theory of rough paths allows one to unify
the previous results on interpolation and homogenization. The concept of
rough path allows one to regard differential equations of “SDE” type:

dY; = f(Y;) 0 dX? (16)

as solutions of deterministic differential equations where X is a randomly
chosen “rough path?’. These are now a well developed concept, and there

2Rough Path is a technical term.

11
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are many publications setting out their basic properties (See for example
[Lyo98| [LQ02, Lej03]). We do not feel we can justify doing it again here. For
our purposes it will be sufficient to recall that such functions are like smooth
functions to the extent that to solve differential equations such as (I6), one
can define iterated integrals of all orders, and these integrals satisfy algebraic
and analytic conditions. However, the analysis is richer and allows one to
consider paths that are far from smooth. The price one pays is that the rough
paths have an extra structure (coming from iterated integrals) that needs to
be accomodated.

In case of X is smooth and f; (y) = A;y is linear then Y; may be expressed
in terms of iterated integrals:

=k
Y, = A, / AXi ... dXE | v
' (Z ( 1 J) 0<si<o<sp<t 5’“) ‘

k>0 \Jj=

and in the general case there are asymptotic expansions for solutions involving
the iterated Lie brackets of the vector field f = (f1,..., fn)-

Rough paths can be thought of as coming from a closure procedure. The
equations such as (@) can be thought of as functions on smooth path space.
But they are not continuous functions (and they are very very non-linear
functions). It is well understood that one might usefully close an unbounded
linear operator and Sobolev spaces can be thought of in this spirit. The
appropriate analogue in this non-linear context starts with the smooth paths
and uses metrics (built out of the iterated integrals) to identify the space of
rough paths and so close the function ([I6]).

The value of this approach is the fortunate fact that the space of rough
paths of a given p-variation is not particularly complicated.

If X is a smooth path in a Banach space V then we could define the i-th
iterated integral to be X! € V& :

X, ::/---/qul®---® dX,, € V¥
s<uy<--<u; <t

and the truncated signature in the truncated tensor algebra

Xoo= (1, X}, XE) e TH(V)

s,t)
THV)=ReoVaeVeVe. - Ve
and in this way, lift the path to the truncated tensor algebra. There are

natural homogeneous metrics on the tensor algebra, and one may consider
the p-variation of the lifted path in this space and with one of these metrics

12
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by considering
k
s (X Y) = X = Voo o + ; Varyi (X' = YY),
where we define
k i/p
Vary /i s, (X@) = sup ( 1 ’Xij,tjﬂ |p/i) .
J

partitions s<t;<---<t <t
for any integer k

We may consider the completion of this space of paths in this metric. In
particular we could take £ = 1 and get classical paths of finite p-variation.
However, such a choice would not close the 1t6 map (I6]) if p > 2 as the second
iterated integral is easily seen to be discontinuous in this metric. However,
if £ > [p] the one can prove that the It6 map is closed and is a continuous
function on the completion (and even on those paths with finite p-variation
in T (V) which are in the closure of the smooth paths in finite p/-variation
for every p’ > p.) and we call this closure the space of geometric rough paths
on V.

The extension of the graph of the Itd6 map takes a p-rough path on V
to a p-rough path on V& W and by projection to a p-rough path in W,
where W is the original target (Banach) space where Y took its values in the

equation (I6).

4.2 Changing the area

A smooth path such as X is also continuous, but X has many additional
features. Although we can represent X as a curve in RY, we could equally
consider it through its lift into the tensor algebra, as described in the last
section. This option is not available for a general continuous function as
there can be no canonical choice for even the second iterated integral. To
see this observe that X — Xit is not even continuous in the conventional
2-variation norm on the associated Banach space of continuous paths.

A geometric rough path can always be associated to a path in V as it is
obvious from the definition of d, o7 that if a sequence of smooth paths is
Cauchy in d,, o) then the paths are Cauchy in the classical p-variation norm
defined for paths in V. However, a sequence that is Cauchy in dp, o] has to
have convergence of all higher order integrals with & < [p]. As we remarked,
this does not follow from the convergence of the paths in p-variation if p > 2.
By the same token, one expects different families of approximating smooth
paths converging to a given path in V to have higher integrals converging

13



A. Lejay and T. Lyons / Convergence of Lévy Area

to distinct limits. There are always infinitely many p-rough paths which lay
above a given path of p-variation over a path in V if there is one.

For an example of this phenomena look back at examples. Suppose that
X(e) are a Cauchy family of smooth paths converging to some rough path
X, and that x € V is the associated path of finite p-variation under X. Then

X (g) +eb (t/52>

(where b (t) = exp (it) € C) is also a Cauchy sequence in d,, 7 for p > 2.

In particular, one should note that a smooth path, regarded as a rough
path with p < 2 has uniquely defined iterated integrals of all orders (and
indeed these are used in the definition we have taken for geometric rough
paths of any order) however, when p > 2, there are always many p-rough
paths over a given smooth path in V' which do not have the standard values
for the higher iterated integralsd. One sometimes refers to these as smooth
rough paths to distinguish them!

So a rough path carries extra information which is over and above a
function carrying [0, 7] — V and which cannot be derived from it. In effect
one is saying that, to approximate differential equations such as ([I6]), it is
enough that we know a chordal approximation to X in the case where X
is of p-variation less than 2 but in the case where it is greater than two
it is no longer sufficient as the errors that occur do not disappear as one
refines the chordal partition. One needs a better statistic to describe the
path X over an interval of time than its chord. The extra iterated integrals
for k < p provide an adequate description and if they are collectively used to
describe the evolution of Y in (€ approximately one can develop schemes
that converge as one refines the partitions in a way that would be impossible
with chordal descriptions. (This was used for example to develop variable
step size algorithms for SDEs in [GLI7]).

The extra information contained in the first k iterated integrals is not
totally simple to extract as there are lots of algebraic identities between them
because the signature always takes its values in a certain nilpotent group G*
embedded in the tensor algebra in a non-linear way. A simple example of
this can be seen when £ = 2 and p < 3. In this case we can regard the second
iterated integral as a matrix

X =[] dXi dX7
’ s<u<v<t

3Although this might seem counter intuitive to some one unfamiliar with the theory,
and a cause of mistakes, its is in fact quite natural.

14
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and can consider the anti-symmetric and symmetric parts separately. Now
. 1 . -
&L (X) = S (X5 +X0)

can be identified as &31(X) = (X} — XI)(X{ — X7) and one readily sees
that it is a function of X ,. On the other hand the anti-symmetric part:

HX) = (X3 - X24)
is completely fresh and represents the area between the chord and the path.
It is simple to see from the above examples that we can find d, o7 Cauchy
sequences of paths converging to rough paths where X S{t and GZi(X) agree
but where ﬂii(X) is only determined up to a function ¢ (t) — ¢ (s) and ) is
a function of finite £-variation.

To improve the intuition, consider a smooth path X and its canonical it-
erated integrals (the unique extension to a finite I-variation path in 7% (V)).
Now consider the paths X; (¢) = X; +¢eexp (2 (t) /¢?) in the complex plane
in a way similar to the example above. Then define

Yy = fi(Y¥) 0 dX; (e).

Since the (X (€))eso form a Cauchy sequence, the Y© will converge to some
limit ¥ (assuming the f are smooth enough). Can we understand the limit
— and describe Y as a classical solution to a classical differential equation?
In fact the answer is yes:

4%, = £i(V2) 0 dX{ + S[fr, fl(T0) du

so we see that the difference between geometric rough paths over a fixed path
is explicitly reflected in the response of the system and can be calculated quite
precisely in terms of a new vector field built out of the Lie bracket of the
original vector fields defining the original differential equation.

For the rest of this section we restrict to the situation where X is a
geometric rough path X of finite p-variation with 2 < p < 3, and we assume
that X lies above a path X. The map R, integrating a one form, is defined on
geometric rough paths in 73 (V) and takes its values in T (W). However,
ifY = (1,Y',Y?) = &(X), and if f is a one form of class C? for ¢ > p — 1,

15
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then Y! and Y2 may be computed by:

1 X1
Ys,t - h_I)% Z Xté,tirl (17)
N S EX
X1 1k Y Ofn 2,5,k
with Xst - Z fk Xsyt + Z 7(Xs>Xs:t7 ;
k=1 kj=1 Ox;
. Lk
and szt = (lsu% Z Z fo(X 12 ) fr(X )ng i (18)
77777 Kk k=1
t5 t6+1€[s t]
+ ; th 9 ® Xt5 20,10 (19)
té.vjtiLl’.é‘[?Svt}
tf t§+16[s,t]
where I1° = {tf ‘z =1,...,k° } is a partition of [0, 7] whose mesh decreases

to 0 with 0. (The existence of the limit relies on an algebraic property of
these iterated integrals inherited by geometric rough paths from their smooth
cousins). Note that, even if X is a stochastic process with rough sample paths
then this integral Y may be computed pathwise for each rough sample paths
and all f. -

We denote by X and X two geometric rough paths of finite p-variation
with 2 < p < 3, and such that X! = X', From Lemma 2.2.3 in [Lyo98|
p. 250], we know that there exists a function ¢ = (¢;;)};_; defined on [0, 1]
and such that for any 0 < s <t <1,

ii;’] = 2” + @Z}u( ) — @Dm‘(s)

where 1) is of finite p/2-variation.
The following proposition is immediate from (I7)) and (IS).

Proposition 2. Let X, X and ¢ as above. We set Y = R(X) and Y =
R(X). Then fori,j=1,...,N,

Yii =Yl +Z/ 00 v ()

(9&:]
and Y21 =Y27 + Z F1(X,) dipo(r)
ke=1""%
taf]
+k%:1 s 8!L‘k d¢lk ®/ 8@ ¢J€( )

16
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Now consider the more sophisticated functional: the It6 map J. Of course
superficially, we simply want to construct a “solution” geometric rough path
Y = J3(X) in T®(V), but in fact it is necessary to construct a geometric
rough path Z = (X,Y) in T®(V @ W) in order to interpret the integral.
If V=1RNYand W = R? then Z is solution to Z = £/(Z), where & is
the application corresponding to the integration of the differential form z =
(z,y) — fi(y)dz'. Hence, Z* = (Z*"7)(; jyer, where I is the set of indexes
such that i and j belong to {1,..., N} or to {1,...,d}. Moreover, if (i, j)
belongs to {1,..., N} x {1,...,d}, then

72 = Z L) dX 2, (20)
k=1"%
A similar relation holds for (i,7) € {1,...,m} x {1,..., N}, and (20) is
easily proved for smooth X, and then by passing to the limit using the
continuity of J.
The following corollary is immediate from of (20)) and Proposition

Corollary 1. Let X, X and 1 as above. We set Y = 3(5(\) Then Y lies
above a path Y which is solution to

+ (/Otf(?r) dX ) Z /t afk Y,) diby, ()

j,k=1

denotes the geometric rough

fori =1,...,d. Here, (fstf(?})dX
path £((X,Y)).

T)ogsgtgl

4.3 Rough paths and Stratonovich integrals of semi-
martingales

We assume that V = R¥. Let X be a continuous semi-martingale. If one
considers again (I8) then in the expression

N
zlilir(l) Z (Z f’f(th)Xiéi@ + Z t‘gjéi];: )

1,....k%, t2€[s,t] k.j= 1

the first term added to the symmetric term in the expression 35 =1 gif k (th)Xi;j;’;
z 377141
can easily be seen, using Taylors Formula, to be what most people call the

Stratonovich integral. It is shown to converge in probability under fairly

17
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broad assumptions on X providing the times of the partitions are kept deter-
ministic. As a consequence, we can identify the Stratonovich integral with
the rough path integral if we can prove that the anti-symmetric part of

. afk 2,5,k
(ISLI% Z Z ax té Xt(; tf+1 - 0 (21)
i=1,....k t5€[st k,j=1 J
Note that (2I)) is always true in dimension 1, or if f, = % for some

function F' smooth enough.

Hence we see that this is essentially equivalent to proving that the polyg-
onal approximations to a Brownian path are Cauchy in the sense of rough
paths. This convergence can easily be checked independently and provides
extra insight into the Wong-Zakai theorem: see for example [NY7S, [Pro85],

4.4 Construction of a Brownian motion with arbitrary
area
In this section, we transpose to rough paths the results of Section
Let B be a Brownian motion on a probability space (2, F,P), and let B

be the “natural stochastic” geometric functional lying above the trajectories
of the Brownian motion B:

Bl = B — B and B% = / (Bi — Bi)odBj.

Thus, the anti-symmetric part A”(B) = %(Bi;j - Bgil) of BY}” is just the
Lévy area of (B, BY).

For some integer m, we set § = 1/2™ and t}* = j/2™ for j = 0,...,2™.
Fori=1,..., N and almost every realization w € €2,
i,0 i,0 t— t;n i,0 ,0 m ym
B (w) = Byn(w) + ﬂ(B;n(w) — By (w)) for ¢ € [t7", 7],

We already know that (B, A(B?)) converges in probability to (B, A(B)) in
VP as 6 — 0 for any p > 2 (in fact, there are other approximation of the
trajectories of B leading to the same result: see [[W89, Section VI-7]).

Let ¢ = (¢ )i j=1,..~ be a function on [0, 1] taking its values in the space
of anti-symmetric N X N-matrices. In Section 1.2] we have seen that B
defined by Blt =B}, and Bgz’] B2/ 4 ;(t) — i (s) is also a geometric
rough path. Moreover we have seen that a drift is added when one consider
A(B) and J(B) instead of &(B) and J(B).

18
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Moreover, we know that B is the limit in V? of rough paths lying above
a piecewise smooth trajectory B° (see Lemma 2.3.1 in [Lyo98, p. 259]). The
problem is to find some explicit expression for B°. We do it below in a simple
case.

Remark 3. Let (e;);=1,..n be an orthonormal basis of V = RY. At any time ¢
the expectation of B; is an element of T (V) equal to

t
E[Bt]:exp(2(el®€1+---+eN®eN)>,

where the exp, the inverse of the function log previously introduced, is defined
by the projection on T (V) of the non-commutative power series

1 A ,
exp(a1+---+aN)=HZ > a...a'’.

k>0 multi-index (i1,...,ix)

One the other side, one may embed the points (Sg)ren of a simple random
walk S in a trajectory (S;)s>o for which the area above the path is different
from the area above the path when the points of the random walk S are
simply linked by straight lines. The renormalization S} = S,,;/v/n of (S¢)i>0
satisfies

t Q t &
Ji_{goE[S?]:exp §Z€i®€i+§zci,j[eiae]’] ;
i=1

i,j=1

where S™ is the geometric rough path lying above S™, [e;, ¢;] = €;Qe;—e; ®e¢;
and (¢; ;)i j=1,. n is an anti-symmetric matrix given by the expectation of the
additional area between two points (See [Faw03| [LVO03]).

A theorem of McShane revisited. In [McS72] McShane gave an explicit
example to see that the Wong-Zakai theorem was wrong when one used a
generic interpolation. We can interpret his result as saying that in general,
if one provides an interpolation of a Brownian path to a path that is smooth
off a discrete set of times and continuous and agreeing in value with the
Brownian path at deterministic times path, one expects that the family of
paths will be tight in the metric of rough paths. Converging subsequences
will provide converging solutions to the SDE. However, in general it will not
be the case that the limit of the convergent sequences will have the “natural
stochastic” lift to a rough path although it will often be the case that it
does converge to some unique rough path if the interpolation has enough
independence of the Brownian path.
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For that, we explicitly construct, when the dimension NV is 2, an approx-
imation X°(w) of B(w) such that the limit of A,,(X°) is Ag+(B) + c(t — ),
where ¢ = (¢; j)i j=12 i an anti-symmetric 2 X 2-matrix.

We assume that the dimension N of the space is 2. Let us introduce a
smooth function ¢ = (@', ?) : [0,1] — R? such that ¢(0) = (0,0), ¢(1) =
(1,0) and

a2 = A6 =5 ([ olagt - [ s2asl).

We identify R? with the complex plane C: The Brownian motion B =
(B!, B?) is now B; = B! +iB? and ¢ = ¢' + i¢®. Let us define the pro-
cess (X7)ieo,1) by setting

X;P = Bim + ¢((t = 17")/6)(Byn | — Bim )
for ¢ € [t ¢m,]. If ¢(t) = (t,0), then X? is the piecewise linear approxima-
tion of B along the partition { e }j:Lm’k.

Proposition 3. If X is constructed as previously, then with probability one:

(X, A(X?)) == (By = By, Au(B) +2¢(t = 5))sea+
Proof. One knows that the piecewise linear path B° together with its area
A, 4+(B%) converge a.s. in the rough path metric to Brownian motion B and
the standard Lévy area A(B) (See for example [Sip93] [LLQO02],...). An easy
calculation shows that the area associated to a second interpolation X° dif-
fers from A, (B‘;) by the sum of the areas in the individual intervals of
interpolation, that is, for dyadic times s,t and d small enough,

2
As,t(X[;) - As,t(Bé> = Z Ati,ti+1 (X6> =cC Z ‘Bti+1 - Bti

ti,ti+1€[s,t] ti,ti_‘_le[s,t]

Hence, the result comes easily from the fact that (s, t) — Xy, ¢+, efs. | Btisy —
By, |? converges almost surely both uniformly and in p/2-variation to (s,t) —
2(t — s). O

Remark 4. Using the results from [CLO5|, this result is easily generalized to

continuous semi-martingales.

4.5 Useful results to prove the convergence in p-variation

We end this section with lemmas that will be useful in the next Section, in
order to compute prove that some convergence also holds in p-variation.
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Let (X%).»o be a family of rough paths in 7" (V) of finite p-variation.
We are interested in giving a simple relative compactness criteria for this
family with respect to d,[o,1). Let us denote by V? the topology this distance
dp01] generates on TH (V). Let also (C,||-||,,) be the space of continuous
functions from [0, 7] to the metric space V with the uniform norm ||z||_ =
suPyefo, 7y [2(t)]-

We set AT = {(s,t)|0 < s <t <T} Weremark first that if (Y*).5¢ is a
family of functions from A* to R of finite g-variation such that Y, converges
to Y, for any (s,t) € A*, then

Varq,[QT] (Y) S lim lglf Varq7[07T] (Ys) . (22)
We also remark that for any a > 0,

Vargq, o, (Y = Y5)7F
<20t qup [V, - YE® (Varq7[o7T](Y€)q + Varq,[o,T](Y)q) - (23)

(s,t)eAT

Thus, if we combine (23)) and (22]), we see that the uniform convergence of Y*
to Y and the condition sup,_., Varg jo.7r1(Y ) < 400 implies that Y* converges
to Y in V¢t for any o > 0, and the limit is of finite g-variation.

Proposition 4. Let (X%).5o be a family of random rough paths in T® (V)
defined on a probability space (0, F,P). We assume that for any k > 0 and
forio=1,...k,

limsupP | sup |Xi5|> k| =0,
1—0 >0 [t—s|<n

and that for any 6 > 0, there exists some k > 0 such that fori=1,...,k,

sup P [Varq/i’[O,T] (X)) > K] <6 (24)

e>0

Then there exists some rough path X in T® (V) of finite p-variation such
that, for any q > p, X converges in distribution to X with respect to the
topology V4 generated by dg 01 along a subsequence.

If furthermore X¢ lies above a stochastic process X¢ and (X§)e=o is tight,
then X lies above some stochastic process X which is a limit of (X¢)eso in
the space of continuous functions.

Remark 5. As VP is not separable, the convergence of X¢ to X in distribution
in V? does not necessarily implies that (24]) is satisfied.
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Let X = (1,X',X2) be a rough path in 7™ (V). One of the practical
problem with the rough paths theory is to prove that a candidate to a geo-
metric rough path is really of finite p-variation. For that, one could use the
following estimate. Let us set

k
Wp,[s,1] (X) = sup Z(|Xt t1+1|p + |X Lig1,t

k>1, partition (t;)%_, of [s,t] i=1

),

Proposition 5 (See [BHL02] or [LLQO02| for example). There exists some
constant C' = C(p) such that for any v >p —1,

wp,[s,t} (X) S C(Us,t(X17 17p) + ns,t<X2> 2ap))a

where
2k_1
m k k
ns(Y,m, p) kz: kY z; Vi e 7 pim otk — s 4 (t — s)i/2k.
>1 1=

What this Proposition said is that one could estimate the p-variation of
X if one has a good estimate X, ;, , at the dyadics points of [0, 7.

141

5 Rough paths and homogenization

We come back now to the homogenization problem: X¢ is the process gen-
erated by (B). Let us recall that v{(z) = z; + cu;(x/e), where u;’s are the
correctors, i.e., the solutions of Lu; = —b; on the space of periodic functions.

For a semi-martingale X, we denote by A, :(X) its “Lévy area” between
the times s and ¢, that is AZ%(X) = [HX! — X!) odX].

We know from the theory of homogenization that both X¢ and the mar-
tingale v°(X¢) converge to the same limit X on (C, ||-||..). Moreover, from
[Lej02],

(Cill o) Agt(Y)—FCt and Ag,(v5(x%)) Ell), (C Nl oo

e—0 e—0

Age(X7) —= ) 404(X),

where the coefficients ¢; ; of the anti-symmetric matrix ¢ are given by (@).
In order to apply the results from the theory of rough paths, mainly the

continuity of the maps K and J, one has to prove that his convergence also

holds in p-variation.
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5.1 Convergence with the corrected driving process

Let us fix a real p > 2. As a and the gradients of the v;’s are bounded, it is
clear that v®(X¢) satisfies the condition UCV of Proposition [l (See [Lej02]).
Then it follows from [CLO05| that

€ € 1> > VP ' %
(v (X%), A (X)) 2 (X, A(X)).
Consequently, it is immediate that if f is a function in CP*" for some 1 > 0,
then the solution of the SDE dYf = f(Y;)odv®(X[) converges to the solution
of the SDE dY; = f(V;) o dX.

5.2 Convergence with the initial driving process

Again, p is a fixed real satisfying p > 2.

Proposition 6. The following convergence holds:
(X2 Aut (X)) erear ~ (X At(X) + elt = 9))peas

mn distribution.

With the results of Section [£.4] it is clear that the solution of the SDE
dYgF = f(Yy) o dX] converges to the solution of the SDE (I4]).

Although v*(X*) is very close to X° when ¢ is small, the behavior of
the solutions of the differential equation controlled by these processes are
different.

As V§ = 1 [1b(XE/e)ds converges in distribution to a martingale, one
cannot expect that the sequence (Varly[oﬂ V)eso is tight and then that
(X®)es0 satisfies the condition UCV, and the results from [CLO5| cannot
be applied.

Lemma 2. There exists some constant C' such that for any 0 < s < 1 and
any p > 2,

sup sup [E, [ sup |X; — X:|P7 | < Ot — 5P/, (25)

e>0 zeRN T€[s,1]

where X¢ generated by L and starting at point x under P,.

Proof. In this proof, we denote the distribution of X° by P* and by X the
canonical projection at time t: X;(w) = w; for any continuous function w.
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From the Markov property of X,
sup E° [ sup | X, — Xs|p] = sup EZ [ sup |X, — X0|p] :
zeRN re(s,t] zERN re[0,t—s]

Let us consider an arbitrary positive real R, and let us denote by 7 the first-
exit time from the ball B(x, R) of radius R and center x: 7 =inf {¢ > 0||X;| > R }.
Then, as X is a strong Markov process and 7 is a stopping time,

sup E° l sup | X, — Xo|?

z€RN r€[0,t]

< sup E [ sup | X, — Xo|Pit <7
z€RN r€[0,t]

+2P71 sup Ef [ sup | X, — X "5t >71
zCRN rel0,t—7]
+ 2P~ sup EE [|X, — Xof?;t > 7]

zeRN

< (1 +2"YHRP + 2071 sup EE l sup | X, — Xglp] sup P% [t > 7].

zeRN re(0,t] zeRN

If we assume that sup,.,sup,cpny P; [t > 7] < ¢ for a constant ¢ small
enough and R = /%, then

< C'P/?

1+20-HRP
sup EZ | sup | X, — XoP | < S + )
2ERN ref0] 1 —2r=tsup, pn P2 [t > 7]

and our Lemma is proved.
The constant 3 will be chosen later. We assume first that € and ¢ satisfy

the relation
oVt _ R
1 -1

1 (26)

e llull <

Then

Plt>1]=P, [ sup |M; —eu(X;/e) +eu(z/e)] > R

rel0,t]

Y

R
MR,
ref0, 2

where N°¢ is the martingale defined by M7 = X7 — X§+cu(X[ /e) —eu(X§/e)
and N§ = 0. In distribution, the cross-variation of N¢ are
1
Px/e) )

c ((N’VE, N7, \ Pg)
t/€2 aru/ au
= 2 . - . (X
L (5 /0 Akt <5l7k + 8$k> (5]75 + 5374) (X,)dr
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so that sup,. o ES [ (N*¢, N*€), ] < Cyt for some constant Cy that depends only
on the bounds of a, b and Vu. Using the Bienaymé-Chebyshev inequality and
the estimate on the supremum of a martingale, there exists some constant

C; independent from e and ¢ such that, if (26) holds,

. t Ch
Now, if we assume that ¢t and ¢ satisfy
BVt R
>—=— 27
lulle > 2 =7 (27)

then we set 7° = inf {¢t > 0]|X; — Xo| > R/e, Xo =x/c}. Tt follows from
the renormalization property of X¢ and a standard estimate on the exponen-
tial martingales which appears in the Girsanov theorem that

. 1/2
Pt >71] <Py {t/aQ > Te] < ec?’t/EQ]P)x/E {t/52 > Ts] / ,

where ('3 depends only on the constant of uniform ellipticity of a and the
bounds of b, and where P, /e is the distribution of the process generated by
%a@j%;xj' This process is in fact a martingale, and as previously, P, e[t/ > 1] <
Cyt/R* = C4/ 3 for some constant Cy which depends only on the bounds of a.

On the other hand, with (27), t/e* < 4|jul|__ /8. Then, if 3 is large enough,

P, [t > 7] may be chosen smaller than a constant not depending on z, t

and €.

Lemma 2] is then proved by combining all these results. O

Proof of Proposition[d. Let us remark the following fact: Let V' be an adapted
process and M be a square-integrable martingale. We assume that there ex-
ists some constant C' such that E[|V; — Vi|] < Clt—s|and E [ (M), — (M),] <
C|t — s| for any 0 < s <t < T. Then for any ¢ > 2,

d

On the other hand,

q/2
<E

t
[ vi—vian,

(mMW—WWM%%MMYW

rée(s,t]

1
SQEFMWW—%V

rels,t]

+ ;E (M), — (M))72] < CJt — |2 (28)

1
(Ve = Vo) (M, — M) <

1
< 5"/;‘, — V|7 + §’Mt — M9
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Hence, with the Burkholder-Davis-Gundy inequality, there exists some uni-
versal constant K depending only on ¢ such that

E [ (Vi — V) (M, — M,)|"?]| < KClt — ]/,

Combining this inequality with (28], one gets also that

g

for some constant K’ depending only on C' and ¢q. With the Burholder-
Davis-Gundy inequality again, this result is also true when V' is a square-
integrable martingale such that E[(V), — (V)s] < C|t — s| for any 0 < s <
t < T, orif M is a not a martingale, but a term of finite variation such that
E[|M;— M|]<Clt—s|forall0 <s<t<T.

Let us set V) = L [{bi(XE/e)dr, and

q/2

t
/ (V, = Vi) odM,| | < K'|t — s, (29)

Myi = X;° = X0° + cui(X; [e) — eus (X5 /e).

One knows that M€ is a martingale whose cross-variations are given by (8]).
Then

t , .
[ (008 — XE) 0 aXE = I (s.8) + I5(s.) + 5 (s.8) + I (5.1
with
t ) ) .
Ii(s,0) = [ (M = M) o db>e,
¢ A
Ii(s,6) = [ e(uilX2/e) = (X5 /2) 0 dMIS,
t A ,
Ii(s,t) = [ (M = M) avi<,
t
Ii(s,t) = / (ui(X7 /) — wi(XS/€))bi( X7 /) dr.

As a is bounded, there exists some constant C' such that (M*X<), —
(Mo5e) < Clt—s|forany 0 < s <t <Tandalli€{1,...,N}. Similarly,
as the coefficients a and b are smooth enough, the gradient Vu; of the correc-
tors are bounded, so that (M%), — (M), < C|t —s| forany 0 < s <t < T

and all 7 € {1,..., N }. Using this and (25), one gets from Lemma [ that
for any g > 2, there exists a constant C' such that

sup sup B, | sup |ew;(XE/e) — ew;(XE/e)|7| < C|t — 5|72
e>0 gzeRN TE[s,1]
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Similarly, from Lemma [2] again, one has that

sup sup E, [ sup [V)"7 = V#|T | < Ot — 5|72,

e>0 gzeRN TE[s,t]

It follows that applying ([28)) or (29) to all the terms If, I5, I5 and I§
separately, there exists a constant C' such that for any 0 < s <t < T,

t . . .
(X = xi¥) o dxz

/2
sup sup E, [ ] < Clt — sV (30)

e>0 geRN

In Proposition [, one could replace the second-order iterated integral X2 of X

.....

and Proposition Bl imply that
sup sup E, [Varq/g A(X°?) + Var, XE} < 4o00.

e>0 geRN
We have then proved that (X¢, A(X¢)).s¢ is tight in V? for any p > ¢ > 2.
Since the limit in the uniform norm of (X<, A(X®)) is known, Proposition
is now proved. O
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