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A TREE APPROACH TO P-VARIATION AND TO INTEGRATION

By JEAN PICARD

Université Blaise Pascal

We consider a real-valued path; it is possible to associate a tree
to this path, and we explore the relations between the tree, the prop-
erties of p-variation of the path, and integration with respect to the
path. In particular, the fractal dimension of the tree is estimated from
the variations of the path, and Young integrals with respect to the
path, as well as integrals from the rough paths theory, are written as
integrals on the tree. Examples include some stochastic paths such
as martingales, Lévy processes and fractional Brownian motions (for
which an estimator of the Hurst parameter is given).

1. Introduction. Consider a continuous path w: [0, 1] — R. The p-variation
of w is defined for p > 1 by

Vp(w) := S(;ll))z |w(tit1) —w(t)?

for subdivisions (t;) of [0,1]. It is well known that the finiteness of V,(w) is
closely related to the possibility of constructing integrals fol pdw for some
functions p. The simplest case is when Vj(w) is finite (w has finite variation);
then a signed measure dw = dw™ — dw™ (the Lebesgue-Stieltjes measure) is
defined from w, and the integral is well defined for any bounded Borel func-
tion p; if moreover p has left and right limits, then the integral is also a
Riemann—Stieltjes integral (it is the limit of Riemann sums). If now w has
infinite variation (V;(w) = o00) but V,(w) is finite for a larger value of p,
it was proved by Young [36] that a Riemann—Stieltjes integral can still be
constructed as soon as V,(p) is finite for ¢ such that 1/p+1/¢ > 1; as an ap-
plication, one can consider and solve stochastic differential equations driven
by a multidimensional path with finite p-variation if p < 2 (in particular a
typical fractional Brownian path with Hurst parameter H > 1/2). If now p
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2 J. PICARD

is greater than 2, Lyons’s theory of rough paths [20, 21, 22, 23] provides a
richer framework which is still suitable to consider and solve these equations.

On the other hand, one can associate to w a metric space (T, d) which is
a compact real tree and which can be used to describe the excursions of w
above any level; see [6, 8] or Chapter 3 of [10]. The tree T can be endowed
with its length measure A, and our aim is to relate the properties of (T, J, \)
to the questions of p-variation of w and of integration with respect to w.
These questions are also considered for cadlag paths w (paths which are
right-continuous and have left limits), since these paths can be considered
as time-changed continuous paths. As an application, we consider the case
where w is a path of a stochastic process such as a Lévy process or a fractional
Brownian motion (the case of a standard Brownian path has been considered
in [30]).

In Section 2, we introduce the tree T and study its basic properties. In
particular, in the finite variation case, we work out the interpretation of its
length measure A by means of the Lebesgue—Stieltjes measure of w, extending
a result of [6]; this result is fundamental for the construction of integrals in
Section 4 (see below). We also explain how the tree can be defined in the
cadlag case.

In Section 3, we see in Theorem 3.1 (Theorem 3.10 for the cadlag case)
that the finiteness of V,(w) is related to some metric properties of T, par-
ticularly its upper box dimension dim T; more precisely,

{Vp(w):oo, if 1 <p<dimT,

(1.1) Vp(w) < o0, if p>dimT.

We give applications of these results to martingales, fractional Brownian
motions and Lévy processes. We prove in particular that upper box and
Hausdorff dimensions of T coincide for fractional Brownian motions (with
Hurst parameter H) and stable Lévy processes (with index «); we also
construct an estimator of H based on T, which can be computed by means
of a sequence of stopping times (Proposition 3.9).

The aim of Section 4 is to construct integrals with respect to w by means
of the tree. Let us assume that w is continuous and w(0) = w(l) = infw
(considering the general case adds some notational complication). The con-
struction of the integral is based on the following remark (Propositions 2.2
and 2.3): when w has finite variation, the positive and negative parts dw™
and dw™ of dw can be viewed as the images of the length measure A by two
maps 7+ 77 and 7+ 7 from T to [0,1]; thus

(1.2) [ pdo= [(or”) = o)A

When w has infinite variation, this procedure can still be applied to construct
dw™ and dw™; these measures are o-finite but no more finite. However, (1.2)
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can be viewed as a definition of [ pdw provided the term in the right-hand
side is integrable; this means that the tree can provide a mechanism by means
of which dw™ and dw™ compensate each other. For instance, if 1/p+1/q > 1,

Vi@ <o Vilp)<oo = [1o(r”) = ol IA(dr) < cx.

Moreover, in this case, the integral defined by (1.2) coincides with the Young
integral (Theorems 4.1 and 4.5). Consequently, differential equations driven
by multidimensional paths with finite p-variation with p < 2 enter our frame-
work. Actually, we may take p > 2 for one of the components (Theorem 4.8);
this is due to the fact that the condition V,(p) < co can be replaced by some
weaker condition V,(p|lw) < co. We also prove that the tree approach can
be used to consider multidimensional fractional Brownian motions with pa-
rameter H > 1/3 (Theorem 4.9); in this case, the right-hand side of (1.2)
should be understood as a generalized integral on T (a limit of integrals on
subtrees T obtained by trimming T), and we recover the integrals of the
rough paths theory.

The Appendix is devoted to two results which are needed in the article,
and which may also be of independent interest. In Appendix A.1, we prove
that increments of fractional Brownian motions are asymptotically indepen-
dent from the past. In Appendix A.2, we study the time discretization of
integrals in the rough paths calculus, in a spirit similar to [13, 15].

REMARK 1.1. A lot of work has been devoted to the links between
random trees and excursions of some stochastic processes; these links are
an extension of the classical Harris correspondence between random walks
and random finite trees. Historically, they have first been investigated in
the context of Brownian excursions in [1, 18, 26] (see also the courses [10,
32]) with the aim of studying branching processes. In order to consider
more general branching mechanisms, Lévy trees, defined by means of Lévy
processes X without negative jumps, have been introduced and studied in
[7, 19]; they have been related to the notion of real tree in [8]. However,
we will not focus here on properties of Lévy trees; a Lévy tree is indeed a
tree which is associated to some continuous process related to X (the height
process), whereas we will rather consider in our applications the tree which
is associated directly to the Lévy process X.

REMARK 1.2. We work out here a nonlinear approach to integration
with respect to one-dimensional paths; consequently, the integral with re-
spect to wy + we is not simply related to integrals with respect to wy and
wo; moreover, integration with respect to a multidimensional path can be
worked out by summing integrals with respect to each component, but this
depends on the choice of a frame.
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REMARK 1.3. In the proofs of this article, the letter C' will denote con-
stant numbers which may change from line to line. For quantities depend-

ing on the path w of a stochastic process, we will rather use the notation
K =K(w).

2. Paths and trees. In this section, we first define the tree associated to
a continuous path, describe its length measure, and extend these objects to
cadlag paths.

2.1. Basic definitions and properties. Consider a continuous function
(w(t);0 <t <1). The function

(2.1) I(s,t) =w(s) +w(t) — 2[i§1£w

is a semi-distance on [0, 1], where

i(s,t) =0 <= w(s)=w(t)= %ngw.
S,
The quotient metric space T = (]0,1]/6,9) is a real tree; this means that
between any two points 71 and 7 in T, there is a unique arc denoted by
[71,72] (T is a topological tree), and that [r1, 72| is isometric to the interval
[0,0(T1,72)] of R; see [8]. Actually, real trees can also be characterized as
connected metric spaces satisfying the so-called four-point condition, and
one can use this condition to prove that T is a real tree; see [6, 10]. We will
denote by 7 the projection of [0,1] onto T; notice that if w is constant on
some interval [s,t], then all the points of this interval are projected on the
same point of T. The continuity of 7 follows from the continuity of w; in
particular, T is compact. In this article we implicitly assume that w is not
constant, so that T is not reduced to a singleton.
We now suppose m(0) =7(1), or equivalently
(2.2) w(0) =w(1) = inf w.
[0,1]
An example is given in Figure 1. We explain at the end of the subsection how
general paths can be reduced to this case. Under this condition, T becomes
a rooted tree by considering 7(0) =7(1) = O as the root of the tree, and we
can say that a point 71 is above 75 if 79 € [O,71].
We consider on T the level function ¢ defined by

(2.3) (1) :=w(0) + (0, T).
Then w=~/{omx. For 7 in T, define

v/ =infr (r), N i=supn (1),
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so that

Y = N) = g —
w(rt”)=w(T) [T;I}Tf\]w o).

In particular O~ =0 and O™ = 1. The set 7([7/",7\]) is exactly the set of
points above 7. If now we consider the set 7([t",7\])\ {7} of points which
are strictly above 7, it is made of connected components which are subtrees,
and which are called the branches above 7; each of these branches is the
projection of a connected component of [r/",7\]\ 71 (7), and corresponds
to an excursion of w above level /(7). If there is more than one branch
above 7, then 7 is said to be a branching point; this means that there is
more than one excursion, and the times between these excursions are local
minima of w (a local minimum may be a constancy interval). On the other
hand, if there is no branch above 7, then 7 is said to be a leaf; this means
that 7—!(7) = [r/,7\], so this holds when 7/ =7\ or when [7/,7\] is
a constancy interval of w. Local maxima of w are projected on leaves of T,
but there may be leaves which are not associated to local maxima. Points
which are not leaves constitute the skeleton S(T) of the tree.

We say that w is piecewise monotone if there exists a finite subdivision
(t;) of [0,1] such that w is monotone on each [t;,t;11]. We also say that T
is finite if it has finitely many leaves. If T is not finite, then it has infinitely
many branching points, or it has at least a branching point with infinitely

po(t)

w(0) =w

Fia. 1.  An example of path w with its tree T represented by dashed lines (the vertical lines
represent points of the skeleton, and each branching point is represented by a horizontal

line); maps T— 17, T+ 7> and s— 7(s) are also depicted.
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w(0) =w

Fi1G. 2.  The trimmed tree T is represented by dashed lines, and its leaves by double
arrows; the flattened path w® is represented by dots when it differs from w; times Ty, Si
and U, i > 1, are respectively represented on the curve by bullets, circles and triangles.

many branches above it; in both of these cases, w has infinitely many local
minima and is therefore not piecewise monotone. Conversely, if w is not
piecewise monotone, then it has infinitely many local maxima, and each of
them is projected on a different leaf of T, so T is not finite. Thus

(2.4) w is piecewise monotone <= T is finite.

We shall also need an operation called trimming, or leaf erasure, due to
[25] (see also [10, 11, 17, 26]); to this end, we introduce the function

(2.5) h(r) :=sup{w(t) — £(1);77 <t <7}

This is the height of the (or of the highest) branch above 7. In particular,
h(7) =0 if and only if 7 is a leaf.
Now consider the trimmed tree

(2.6) T*:={r €T;h(r) > a}.

Then T® is nonempty if and only if ||w|| :=supw —infw > a, and in this case,
it is a rooted subtree of T (it contains the root O). An example is drawn in
Figure 2. As a | 0, the tree T® increases to the skeleton of T; each branch
grows at unit speed, and a new branch appears at 7 if 7 is a branching point
of T such that one of the branches above 7 has height exactly a, and another
one has height at least a. This subtree has been introduced in [26] and is
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related to a-minima and a-maxima of the path. More precisely, starting with
Sg =T =0, define

a = inf{t € [S81];w(t) — sup w < —a},
551
2.
(2.7) Siq ::inf{t € [T8 1, 1];w(t) — [Tianf w > a},

Aot
N®:=inf{i; T} or S =inf &}.
Actually, in the case 7(0) = w(1), Tf. is still well defined, but not S%.
(notice in particular that if w is a path of an adapted stochastic process,
then S§ and T}* are stopping times). Then N¢ is the number of leaves of T%;
the set of leaves 0T and the set of times (7%;1 <i < N®) are in bijection
by means of 7 and its inverse map 7 — 7 . Moreover

(2.8) inf w= inf w=w(Sy)—a  forl1<i<N®
[T T (73,551

The approximation of T by T% can also be interpreted as an approximation
of the path w; trimming the tree is equivalent to flattening some excursions of
the path. More precisely, let 7(¢) be the projection of 7(¢) on T* (assuming
T # @), and let

(2.9) wt="Lon®

for the level function ¢ defined in (2.3). Then T is the associated tree of
w®. The path w® is continuous, is obtained from w by means of the change
of time

w(t) =w(inf{u > t;7(u) € T*}),

and satisfies 0 <w — w® < a. Since T is finite, it follows from (2.4) that w®
is piecewise monotone. Actually, if U? is a time of [T, S¢] at which w is
minimal (for 1 <i < N%) and if U§ :=0, Uf. :=1, then

(2.10) wlU) =w(Sy)—a  for 1<i<N®,
and

(2.11) {wa is nondecreasing on [ z‘aﬂﬁl]’

w® is nonincreasing on [T, U?].

Consider now a general continuous map w which does not satisfy 7(0) =
7(1). Then we can again associate the tree T by means of ¢ defined by
(2.1), but some of the above properties differ. However, it is still possible
to apply the above discussion to an extended path ' defined on a greater
interval, say [—1,2], coinciding with w on [0,1], and satisfying w'(—1) =
w'(2) = inf[_; . Then the associated tree T’ contains T as a subtree,
and the projection 7:[0,1] — T is the restriction of 7’:[—1,2] — T’ to [0,1].
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foo(t)

Fic. 3. A path with jumps, and its tree (dashed lines). The graph G is the curve aug-
mented by the jumps (dotted lines). Are also depicted the map w from G to T, the maps
T=17 T T from T to [0,1]; in particular, A=7(0,w(0)) and B =n(1,w(1)).

Among these paths, we will only consider the minimal extensions; they are
those such that T/ = T. This means that
/ / .
W'(—1) =w'(2) = inf w,
(2.12) { [0,1]
w’ is nondecreasing on [—1,0], nonincreasing on [1,2].

Let U be a time of [0,1] at which w is minimal and consider
(2.13) O:=x(U), A:=m(0), B:=7(1)

(these points are drawn in Figure 3 below, in the more general case of paths
with jumps). We choose O as the root of T. Then O belongs to [A, B], the
points of [0, A] are those such that 777 <0 <7\ <1, and the points of
[0, B] are those such that 0 <7/ <1 <7\; for the points of T\ [4, B], one
has 0 <77 <7\ < 1.

In particular, if we trim the tree T and if T® # @, then the flattened path
w® of (2.9) is the restriction of w'® to [0, 1]. Moreover, the quantities N¢, T2
and S¢ defined in (2.7) and the similar quantities for w’ satisfy

N®=N'"" S = (5")¢, T =(T)¢  for 1<i< N@.
At i = N“, the time (T")%. may be after time 1, and in this case T is not
defined.
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2.2. The length measure on the tree. The length measure on T is the
unique measure A which is supported by the skeleton (the set of leaves
have zero measure) and such that the measure of an arc is equal to its
length; in particular, this measure is o-finite and atomless. The existence
and uniqueness of A is elementary for the finite subtrees T¢, and it is not
difficult to deduce the result for T by letting a | 0. It can be identified to
either of the two following measures.

ProproSITION 2.1. Define

Al_/ > 6rdz, AQ_/ Zada_/ > b-da,

7€S(T): 4(T)=x TedT T:h(r)=

where 0; denotes the Dirac mass at 7. Then A =X\ = \q.

Notice that the number of terms in the sum is at most countable for any
z in the definition of Aj, whereas it is finite for any a > 0 in the definition
of A2. The integrals are supported by the interval [infw,supw] for the first
one, and [0,supw — infw] for the second one.

PrROOF OF PROPOSITION 2.1. The two measures are supported by the
skeleton of the tree; in order to check that they are equal to A, it is sufficient
to verify that they coincide with it on arcs [O, 7] for any 7 in the skeleton
S(T). The maps ¢ and h are injective on [O, 7], so, if Agr denotes the Lebesgue
measure on R,

M ([0, 7)) = A (U([0,7]),  X2([0,7]) = Ar(h([O,7])).
Moreover, ¢ induces a bijection between [O, 7| and [¢(O),¢(T)], so
A([0,7]) = (1) = £(0) = 6(0,7) = ([0, 7]).

Thus A; = A. For the study of Ay, notice that h(7p) is the distance between
70 and any of the highest points above it. When 7 goes from O to 7, then
h(ry) is decreasing; more precisely, it jumps at 79, when 7¢ is a branching
point so that no highest point above it is in the direction of 7; thus A has a
finite number of negative jumps, and between these jumps, it is affine with
slope —1. Consequently, h induces a bijection from [O, 7] onto its image, and
this image has Lebesgue measure 6(O, 7). We deduce that Ao =A. O

The measure A is closely related to the two following measures on [0,1].
Say that an excursion begins at time ¢t above level w(t) if for some € > 0,
w(s) > w(t) for t <s <t+e. Let E/ be the set of beginnings of excursions
above any level; we can define similarly the set E™ of ends of excursions.
These two sets are in bijection with each other; to each beginning ¢ of an
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excursion we can associate its end inf{s > t;w(s) = w(t)}. If we restrict our-
selves to a fixed level x, the sets of beginnings and ends of excursions above
x are at most countable, and we can define

(2.14) w’ = / 0sdx, W\ = / Z dsdx.

s€EEw(s)=x sEE™Nw(s)=

PROPOSITION 2.2.  Assume (2.2). The measures w” andw™ are o-finite
and are respectively the images of X by the maps T +— 77 and T — 7\, and A
is the image of w”” and W™ by the projection 7. If (2.2) does not hold, then,
with the notation (2.13), the maps T — 77 and T — T\ are respectively
defined on T\ [O,A] and T\ [0, B]; the relation between w” and X\ (or
between W™ and \) again holds by restricting A to T\ [0, A] (or T\ [0, B]).

PrOOF. We only work out the proof under (2.2); the general case is
easily deduced by considering an extension of w satisfying (2.12). We want to
compare the measure w- carried by the set £/ of beginnings of excursions,
with the measure \ carried by the skeleton S(T). If s is in £/, then 7(s)
is in S(T) and s =(s)”” except if s is at a local minimum, or the end of a
constancy interval of w; on the other hand, if 7 is in S(T), then 7 = 7(7/)
and 7/ is in B/ except if it is the beginning of a constancy interval of
w. Since there are at most countably many local minima and constancy
intervals, we deduce that there exists EO/ C B/ and Sy(T) C S(T) such that
B\ EO/ and S(T) \ So(T) are at most countable, and the maps 7+~ 7/
and 7 are inverse bijections between EO/ and So(T). Moreover, A and w”
are atomless, so they are supported respectively by Sy(T) and EO/ . Thus
the relation between A and w/” claimed in the proposition follows from this
one-to-one property, the definition (2.14) of w/” and the property A = \; of
Proposition 2.1. The case of w™ is similar, and the o-finiteness follows from
the o-finiteness of A. [

We now give a condition on T with which one can decide whether w has
finite or infinite variation (this characterization is also given in [6]).

PROPOSITION 2.3. The measures \, w” and w™ are finite if and only if
w has finite variation. In this case, w” and w™ are respectively the positive
and negative parts of the Lebesque—Stieltjes measure of w. Moreover,

(2.15) /01 |dw| = 2A(T) — 5(0,1).

PrOOF. We first work out the proof under the condition (2.2), so that
5(0,1) =0. Suppose also that T is finite, so that A is finite and w is piecewise
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monotone [as explained in (2.4)]. If, for instance, w is nondecreasing on
[t1,12], then it is easily checked from the definitions (2.14) that

w/ ([t ta]) =w(ta) —w(tr),  w™([tr,ta]) =0.

A similar result holds for intervals on which w is nonincreasing, so we deduce
that the proposition holds true in this case. If T is not finite, consider the
tree T% of (2.6) and its path w® of (2.9). Notice that \(T*) 1 A(T) as a | 0.
For b < a, one has T* C T?, and the path w® is obtained from w® by a change
of time, so the variation of w® increases as a decreases, and is bounded by
the variation of w; since the variation is a lower semicontinuous function of
the path, it follows that the variation of w® converges to the variation of w
as a |0, so

1 1
(2.16) / dw| :nm/ |dw®| = 2Tim A(T®) = 2(T)
0 0

(we have applied the first part of the proof to w® and T%). Thus w has
finite variation if and only if A is finite. Moreover, if w has finite variation,
one checks similarly that the positive part dw™ of the Lebesgue-Stieltjes
measure of w satisfies

(dw™)([s,1]) = lim(dw®) T ([s,1]) = limw/([s,t] N 7T_1(']I'a)) = w/([s,t])

where we have used the fact that (w?®)/” is the restriction of w/” to 7~ 1(T?).
If (2.2) does not hold, we can consider an extension of w satisfying (2.12)
and then restrict to [0,1]. In this case, with the notation (2.13), the points
7 of [A, B] are such that 77" <0 or 7 < 1 and should not be counted twice
in the total variation of w in (2.16). The correction which has to be made is

M[A4, B]) =4(0,1), so we obtain (2.15). O

2.3. Paths with jumps. Let us explain how our construction of T can be
extended to cadlag paths w (paths which are right-continuous and have left
limits), see Figure 3; we apply the classical idea of embedding these paths
into continuous paths by opening temporal windows at times of jumps and
considering interpolated continuous paths (this idea has been used for the
rough paths theory in [35]).

Let G be the set of points (¢,z) such that 0 <¢ <1 and x is between
w(t—) and w(t). This is the graph of w augmented by the segments joining
(t,w(t—)) and (¢t,w(t)). Then define

5((t,x), (t, ")) = |2’ — x|
and

5((s,x), (t,2") =x+ 2" — 2(inf wAxz A x')

(s:t)
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if s <t.If w is continuous, then G and [0, 1] are naturally identified, in such
a way that § coincides with the previous definition (2.1).

Let us say that two points of G satisfy (t,2) < (¢,2') if either t </,
or t =t and x is between w(t—) and 2’. This is a total order, and G can
be endowed with the topology generated by open intervals for this order;
actually, this topology coincides with the topology of G considered as a
subset of R2.

PROPOSITION 2.4.  The map 0 is a semi-distance on G, and T = (G/4,9)
is a compact real tree. Actually, there exists a continuous map w' such that w
is obtained from w' by an increasing (not necessarily surjective) time change,
and T is the tree associated to w'.

PROOF. Suppose that w is not continuous (the result is evident other-
wise). Let J be the set of times where w jumps, and let (S(¢);t € J) be a
family of (strictly) positive numbers such that > S(¢) = 1. Let

1 x—w(t—)
Alt,z) =< |t S(u)+S(t)—————=1(t) |
(t,) 2( +u2<t () +5() oy — iy L ))
Then A is an increasing bijection from G onto [0,1], so G and [0,1] can
be identified, and previous results on the tree representation for continuous
functions defined on [0,1] can also be applied to continuous functions on
G. Thus, in order to prove the proposition, it is sufficient to find a map w’
defined on G. Put o'(¢,z) := x. It induces the semi-distance

W(s,x) +W' (t,2') —2 ’ 1)n(f ) W'=0((s,x), (t,2")),
s,x),(t,x’

so its tree is T. Moreover, w = w’ o @) for the increasing time change Q(t) :=
(t,w(t)). O
In this setting, let m be the projection of G on T. We extend the notation
(2.13) by
O =7(U,wlU) ANw(U-)), A:=m(0,w(0)), B:=7(1,w(1)),

where U is a time at which w(U) Aw(U~) =infw. Let £/ be the set of
(t,xz) in G such that w(s) > x for any t < s <t + e and some € > 0, define
E™ similarly, and let

w/::/ Z ds dx, w\::/ Z Osdx.
s:(s,z)eEE” s:(s,z)EE™

Notice also that all the points of 771(7) are at the same level; we let 7/
and 7\ be the infimum and supremum of the time component of this set.
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PROPOSITION 2.5. The measures w” and W' are the images of \ by
7717 and T T\ [after restricting X as in Proposition 2.2 if (2.2) does
not hold]. The statements of Proposition 2.3 about the finite variation case
again hold true.

PRrROOF. Let us use the notation of the proof of Proposition 2.4. The
set B/ is the set of beginnings of excursions of w’, so w”” is the projection
on the time component of (w')””; we deduce the first statement. Moreover,
w’ is monotone on the intervals corresponding to the jumps of @, so the
total variations of w and ' coincide (a more general result will be proved in
Theorem 3.10), and the Lebesgue—Stieltjes measure of w is again deduced
from its analogue for w’ by projection on the time component. [

3. p-variation and trees. Let us now assume that w has finite p-variation
for some p > 1, so that
31 Thle) = Sp Voo () = s0p 3 folt) —(t) <

t; t; i

where the supremum is with respect to all the subdivisions of [0,1] (notice
that a nonconstant continuous map cannot have finite p-variation for p < 1).
Let us first assume that w is continuous (the cadlag case will be dealt with
in Section 3.3). We first want to describe the property (3.1) by means of the
geometry of T. In particular, V,(w) < oo implies V,(w) < oo for ¢ > p, and
we are interested in the variation index

(3.2) V(w) :=inf{p > 1;V,(w) < oo}

3.1. The wariation index. Let us recall that we have defined in (2.6)
approximations T of T obtained by trimming the tree, that N¢, defined by
(2.7), is the number of leaves of T%, and that the flattened path w® of (2.9)

is associated to T%; let L* := A(T%) be its total length. As a | 0, each branch
of T* grows at unit speed at its leaves, so

(3.3) Lo— / N db.

If 7(0) =7(1), we deduce from Proposition 2.3 that L® is the mass of the
positive part of dw®, so, by applying (2.11) and (2.10),

Ne
L =w(T{) + > (w(Tf) — w(U,))
=2

Na
= w(TT) + Y (W(Tf) —w(Siy) +a)
=2

Na

=Y (W(TF) —w(SEy)) + (N - 1a.

i=1
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If 7(0) # 7(1), then this equation has to be corrected as in (2.15); notice,
however, that the correction is bounded, so if w has infinite variation, then
No—1
(3.4) L ~ Z (W(T?) —w(Si ) +aN? asal0.
i=1
Thus L® is easily estimated from the path w, the times S{ and 7}*, and the
number N® of (2.7).
We consider two other metric characteristics of T, namely its upper box
(or Minkowski) dimension (see, for instance, [12]) defined by

dim T := lim sup M
alo  log(1l/a)

where N (a) is the minimal number of balls of radius a which are needed to
cover T, and the index

H(T) := inf{p > 1;/1T(h(7'))p_1)\(d7') < oo}

where h(7) is the height of the highest branch above 7. The aim of this
subsection is to prove that all these quantities are related to the variation

index V(w) defined in (3.2), and in particular prove the result announced in
(1.1).

THEOREM 3.1. Let w be a (nonconstant) continuous function. Then

V(w) =H(T)
log L*
= lhfjgp bg%ﬁ +1
= liICILlj(l]lp % V1
=dimT.
PRrROOF. Denoting by Ii,...,I5 the successive terms of the theorem, we

prove that
LHh<L<I3<I,<I5<1.

These five inequalities are proved in the five following steps.
Proor oF I1 < Iy. Let s <t be two times, and let 7y be the most recent
common ancestor of 7(s) and m(¢). Then

{(19) = minw
(70) o
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|w(t) —w(s)| < max(w(s) — £(70),w(t) — £(0))
and
w(t) = w(s)|” < (w(s) = &))" + (w(t) — £(70))"-
On the other hand,

<p [ (PN
[T0,m(t)]
where we have used in the second line the property

h(7) — h(m(t)) = max ¢—¥(7)— max {4+ w(t
(1) = h(n(t)) 22 (1) e (t)

> w(t) — (1)
valid for 7(t) above 7. The same property holds at time s, so by addition,

wt) = w@P <p [ (Bm)P A

[7(s),m(t)]

If (¢;) is a subdivision of [0,1], we can sum up these estimates for s =¢; and
t =t;+1. Since almost any 7 appears at most twice in the right-hand sides
(at times 7/ and 7\), we deduce

(3.5) V,(w) < 2p /T (h(7))P~"\(dr).

In particular I < Is.
PROOF OF Iy < I3. It follows from A = Ay (Proposition 2.1) and from (3.3)
that for p > 1,

o0 o0
[ay=xan = [~ N da=(p-1) [~ @210 da.
T 0 0
We deduce that if L* < Ca'™" for some « < p, then the integral is finite, so
I <I;.

PROOF OF I3 < I. This inequality follows from (3.3).

PROOF OF Iy < I5. Above each 7 € 9T there is a 7" such that 6(,7") = a,
and the N® balls with centers 7" and radius a are disjoint; this implies that
the number of balls of radius a/2 which is needed to cover T is at least N%;
we also have dimT > 1, so we deduce that I, < Is.
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PrRoOOF OF I5 <Iy. For a >0, let {5 =0 and
tiy1 = inf{t > t;; w(t) — w(t;)| > a}.

Let 7; be the most recent common ancestor of m(t;) and m(¢;11), so that
{(r;) = infp, 4, jw. Consider the closed ball B; of T with center 7; and with
radius 2a, so that m([t;,t;11]) is included in this ball. Then the union of
B, is a covering of T. Moreover, the number of these balls is dominated by
Vp(w)/aP, so the upper box dimension of T is dominated by p as soon as
p > V(w). We deduce that I5 <I;. O

REMARK 3.2. If 7(0) =n(1), we have
p p
Vp(w) > Z << sup w —w(T/)) + ( sup w —w(T\)> ) =2aPN*.
redTe N N7 [r77™]

If 7(0) # (1), we have to omit the first term for the first leaf of T¢ (7
may be before time 0), and the second term for the last leaf of T* (7™ may
be after time 1). Thus

(3.6) Vp(w) > a?N*®
and the right-hand side can be doubled if 7(0) =7 (1).

REMARK 3.3. Other related estimates of V,(w) using numbers of up-
crossings were previously known; see [4, 34].

REMARK 3.4. The link between the dimension of T and the behavior of
N® is similar to the link between the dimension of the boundary of discrete
trees and their growth (see page 201 of [29]).

REMARK 3.5. A more classical fractal dimension related to a path w
is the dimension of its graph as a subset of R?. This dimension (which is
bounded by 2) is of course generally different from the dimension of T.

Other well-known notions of dimensions ([12]) are the packing dimension
dimp T and the Hausdorff dimension dimy T, and we always have
(3.7) dimy T < dimp T < dim T.

Some of these inequalities may be strict. For instance, consider the path w
which is affine on each interval [1/(n 4 1),1/n], and such that

w(l/(2k+1)) =0, w(1l/(2k)) =1/k“.
Then
Vp(w) :2Zk*ap
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for p>1, so dimT = V(w) = 1/a V 1. On the other hand, the tree is a
star with a countable number of branches, and its Hausdorff and packing
dimensions are 1.

On the other hand, if w has the same variation index V(w) on any interval
[s,t] with s < ¢, then any open subset of T has the same upper box dimension,
so in this case ([12])

We will now see an example where the Hausdorff dimension is also equal

to V(w).

3.2. The fractional Brownian case. We now consider the case where w
is a typical path of a fractional Brownian motion W. This is a centered
Gaussian process (W;;t € R) with covariance function

2
o
cov(Ws, Wy) = ?(\S\QH + \t\ZH —|t— 8’2H)

for the Hurst parameter 0 < H < 1 and the coefficient o > 0. It satisfies the
scaling property

(3.8) (Weast € R)'2 (HW,;t € R)

for ¢ > 0. In this subsection, we let w be a path of W restricted to [0,1] and
extended to [—1,2] by the technique of (2.12); we compute the Hausdorff
dimension of the tree T, and describe an estimator of H based on T.

The property V,(W) < oo for p > 1/H is well known; it is classically ob-
tained from the (1/p)-Hélder continuity of the paths, which itself is obtained
by means of the Kolmogorov criterion and the estimation

[We = Willq = Cqo(t — S)H
on the L? norm of the increments for any ¢ > 1. It actually follows from this
estimation that the moments of V,,(W) are finite.
ProproSITION 3.6.  For almost any path w of W, one has
PrROOF. The property V(W) <1/H follows from the discussion preced-
ing the proposition. From (3.7) and Theorem 3.1, it is therefore sufficient to

prove that dimy T > 1/H. The constants involved in this proof depend on
H and o. It is known from [24] that

' —ul =0
(3.9) P[[O{rll/fQ}W> u] O(u")
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as u | 0, for any v < 1/H — 1. Moreover, if (F3;0 <t <1) is the filtration
of W, the conditional law of Wi — Wy 5 given Fj/, is a Gaussian law with
deterministic positive variance, so

(3.10) P[[W| < u| Fyp) < Cu.

The event {0(0,1) < u} is included in the intersection of the two events of

(3.9) and (3.10), so
P[5(0,1) <u] = O(u"1).

We deduce that 6(0,1)7? is integrable for p < 1/H. From the scaling prop-
erty (3.8), 0(s,t)7P is also integrable, and

Ed(s,t) P = C(t —s) P,

(3.11) E//MT5(71,72)—Py(dﬁ)y(d72):E/Ol /01 5(s,1) P dsdt < oo

for the projection v of the Lebesgue measure of [0,1] on T. The double
integral of the left-hand side is the p-energy of the measure v on the metric
space (T,d). Its almost sure finiteness implies that dimg T > p for any p <
1/H (see, for instance, [12]), so dimy T >1/H. O

Dimensions of Lévy trees have been computed in [8]. This includes our
tree T for H =1/2, and for this tree, the exact Hausdorff measure has been
obtained in [9]. Here, we do not look for a so precise result, but verify that
the normalization of the length measure A on T¢ converges to the measure v
of the previous proof; the same property is verified for the uniform measure
on leaves of T®. In this sense, v can be viewed as a uniform measure on the
leaves of the tree. This will be a corollary of the following result (Proposition
3.8).

ProproSITION 3.7.  For almost any path w of W, we have
H
NaNC(H)O'l/HCL_l/H, LaNC(H)l_Ho_l/Hal—l/H
as a | 0, for some C(H) > 0.

PROOF. Since N* and L* are related to each other by means of (3.3), it
is sufficient to study N®. Moreover, o acts as a multiplicative coefficient on
the path, so N for the process with parameter o has the same law as N%/7
for the process with parameter 1; thus it is sufficient to consider the case



A TREE APPROACH TO P-VARIATION AND TO INTEGRATION 19

o=1.1If p>1/H, it follows from the finiteness of the moments of V(W)
and from (3.6) that

(3.12) INlly < Ca™?

for any ¢ > 1 and some C' = C(p,q, H). In the two following steps, we study
successively the expectation and the variance of N¢.

StupY OF E[N?]. Consider in this proof the whole path (w(t);t € R)
of W, and its associated (noncompact) tree T oo yoo. For s <t, let N¢,,

respectively Ngt, be the numbers of leaves of the trimmed tree T2 |
such that s < 77 <7\ < t, respectively s <7/ <t. Then

(3.13) Ngt—Ngte{O,l}, N®— N, €{0,1,2}

(actually one may have N“t — N¢, =2 if s is some 77", but this happens

S S

with zero probability for aﬁy fixed s). On the other hand, it follows from
the scaling property (3.8) of W that

E[N&ﬂ = E[Nol,a—l/H]-
The law of W is shift invariant and [s,t) — N 1, is additive, so IE[N;J] is
proportional to ¢t — s, and

E[Nél,l] = a_l/HE[Nol,l]-
Thus the result of the proposition holds in expectation for C'(H) = E[N&l]

STUDY OF var(N%). It follows from (3.13) and the additivity of [s,t) —

Ng, that

INE, + N2, — N2 <2

for s <w <t. Thus, by considering a regular subdivision of [0, 1] with mesh
At, we have

(3.14) ‘Na o ZN&UH
Moreover,

Var(Nf;tHl) = Var(N&At) = Var(Ngft_H)

<2At! 4 2.

< E[(Ngft_H)Z] < E[(NaAt_H)Z] < Ca—Qp(At)ZpH

for p > 1/H, where we have used the scaling property in the second equality,
and (3.12) in the last inequality. Since N{;  depends only on the incre-
ments of w on [t;,t;11], we deduce from the result (A.1) of Appendix A.1
that

. 1
var(3oNi ) S Ca M@0 3 ey
k<At J
3.15
( ) < C/a72p(At)2prH71’
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so, by joining (3.14) and (3.15),
var(N®) < C(a™2P(At)?PHH=1 1 (A1)72).
We choose At ~a® for 0 <a<1/H, so
var(N%) < C(a=2@ 4 q~2p+a@pH—H-1)y
By choosing p and « close enough to 1/H, we have
var(N®) < Ca?*~%/H

for some ¢ > 0.

CONCLUSION OF THE PROOF. The two previous steps show that a'/# N®
converges in L? to a constant, and that the rate of convergence is at most
of order a®. From the Borel-Cantelli lemma, the convergence is almost sure
on a sequence a, =n_? for § large enough. Since a — N® is monotone, we
deduce from

1/H
an{’—lNan < al/HNa < arll/HNanJA

for a1 <a <a,, that the convergence is actually almost sure as a | 0. [J
PROPOSITION 3.8. For almost any path w of W, the measures

1 1
V= Na Z 0 and vy = ﬁ)\hm
TedTe

converge weakly to the projection v on T of the Lebesgue measure of [0,1].

ProOOF. Let u¢ and u$ be the images of v¢ and v§ by 7+ 7. One
has m(7/") =7, so v{ and v§ are the images of u¢ and u$ by 7. Since m
is continuous, it is sufficient to prove that p§ and p§ converge weakly to
the Lebesgue measure of [0,1], and therefore that u{([s,t]) and u§([s,t])
converge to t — s. But u{([s,t]) counts the proportion of leaves of T® which
satisfy s < 7/ < t; the number of such leaves is close to the number N gt of
the proof of Proposition 3.7; it can be estimated from Proposition 3.7 and

the scaling property, and we can conclude. The study of p§ is similar. [

We can deduce estimators for H from Proposition 3.7. Our result is an al-
ternative to the generalized quadratic variation approach [16]. For instance,
we can consider N2¢/N¢ or L?*/L% so that the unknown coefficient o is
eliminated. However, we can also use

Roughly speaking, the estimator alN*/L® counts the normalized number of
changes in the sense of variation of w®. The smaller H is, the more often the
sense of variation of w® changes. From (3.4), we deduce the following result.
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ProprosiTION 3.9. The Hurst parameter H of the fractional Brownian
motion (Wy;0 <t <1) can be estimated from the relation

N*—1
1 oH — 1
1' [/L a — [/L a =
ald aNe ; Wrp =Wse ) =35

which holds almost surely, where N, S¢, T* were defined in (2.7).

3.3. The case with jumps. We now consider a cadlag path w. We have
seen in Proposition 2.4 how it can be written as a time-changed path w =
w' o Q for a continuous w’ defined on G, and the trees of w and w’ coincide.
Actually, the variations also coincide, so the tree T can again be used to
study the variations of w.

THEOREM 3.10. Let w be a cadlag path and o' the associated continuous
path. One has Vy(w) = V(') for any p > 1. In particular, V(') = V(w) and
Theorem 3.1 again holds.

PROOF. The relation w = w’ o Q) immediately implies V,(w) < V,(«'). In
order to verify the reverse inequality, we notice that when computing Vj,(w’),
it is sufficient to consider subdivisions (¢;) consisting of local extrema of w’;
thus these times are in the closure of the image of (); consequently, from the
continuity of «’, it is sufficient to consider times in the image of @, so that
we can conclude. [J

We now give applications of the tree representation to martingales and
Lévy processes. In the following result, we recover with our method a result
of [31] (which was given in discrete time). Notice, however, that our results
are only for the real-valued case, whereas [31] considers the Banach space-
valued case.

ProrosiTIiON 3.11. Consider a purely discontinuous martingale X =
(X4;0<t<1) for a filtration (Fy;0<t<1). Let 1 <p<2; then

(3.16) E[Vo(X)] < CE> |AXP.

PrOOF. The proof is divided into two steps; in the first step, we reduce
the problem to a particular case.

STEP 1. Let Sp:=0 and (Sk;k > 1) be the times of jumps of an inde-
pendent standard Poisson process, and consider

Xf = Z XESk 1{€Sk§t<€sk+1}
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(X is supposed to be constant after time 1). Then X¢ is a martingale in its
filtration; if the proposition were proved for X¢, we would have

Vo(X%) S GEY [Xes,,, — Xes, P
k

Sk41

/2
(317) S C;]EZ(Z |AXt|2]‘{€Sk§t<€Sk+1})p
k

<CEY|AXP

where we have used in the second line the classical Burkholder—Davis—Gundy
inequalities; it is then sufficient to let € tend to 0. Thus it is sufficient to prove
the result for martingales varying only on a sequence of totally inaccessible
stopping times. By separating the positive and negative parts of the jumps,
such a martingale is the difference of two martingales with finite variation
and with no negative jump, so we only have to prove the result for these
martingales.

STEP 2. We suppose therefore that X has finite variation with positive
jumps at a sequence of stopping times S;. Thus the positive part X+ = X/
of the Lebesgue—Stieltjes measure of X is purely atomic; it is carried by the
times of jumps of X. Let 7 be in T; it is the projection of some (77, z) of

G, and
h(r) =sup{ X, —z;77 < s <T(v7,2)}
with
T(t,z):=inf{s > t; X; <x}.

Then (3.5) implies that

Xo
V,(X) < 2p/ sup{ X — x;5 <T(0,2)}" " du
inf X

Xt
+2p2/ sup{X, —z;t <s<T(t,z)}P 'da
teg ’ Xe—

where J = {Si; k > 1}. The first term corresponds to the integral on the arc
[A, O] of T, on which 7" < 0; its expectation is dominated by the expectation
of | X1 — Xo|P (Doob’s inequality) which can be estimated by the right-hand
side of (3.16) with the technique of (3.17). The second term corresponds to
the integral on the remaining part of the tree, for which 7/ € J. In order
to estimate it, consider some jump S = .S, and notice that since X is a
martingale with no negative jump,

Xg—x

Plsup{Xs —2;S <s<T(S,z)} >a|Fs] <
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for Xg_ <2< Xg and a> Xg — x. We deduce that

M
Bloup(X, ~#:§ <5 < T(S,2))7 | Fs < (X5 —) [ a"Pda,
Xg—x

SO

Xs
B| [ 7 sup{X, —5:8 <5 < T(t.))? o | | < (AXs)/(p(2 - p)

and we can conclude by summing on the times of jumps S =S5,. O
We now give for Lévy processes the analogue of Proposition 3.6.

PRrROPOSITION 3.12.  Let X be an a-stable Lévy process. Then, for almost
any path w of X,

dimyT=dimT=V(w)=a V1.
PrROOF. For a < 1, the process has finite variation, so V(X) =1 and the

dimension is 1. For o > 1, the fact that V(X) < « is classical and can be
deduced from Proposition 3.11; thus

1 <dimyT<dimT=V(X) < .

Our result is therefore proved for a = 1. Suppose now « > 1. We will use the
notation

(5(8,t) = (5((8,X5), (t,Xt)) = XS + Xt — 2[1§1£X

It is known (Proposition VIIL.2 of [3]) that

IP’[ inf X > —u] <Cu® =0t
[0,1/2]

as u | 0, for 6=P[X; <0] > (o —1)/a. We also have
Pl X1] <ul|Fyjo] <supPlr —u < Xy — Xy/5 <o+

=supPlz —u < Xy )y <x+u]=0(u)

because X/ has a bounded density, so by taking the intersection of these
two events,

P[6(0,1) < u] = O(u®).

We deduce that §(0,1)7? is integrable for any p < . The variables (s, t)
satisfy the same property, and by scaling,

Eé(s,t)7P = C(t — s)7P/°.

This can be used to prove (3.11) for any p < a, so we deduce as in Proposition
3.6 that the Hausdorff dimension is bounded below by «. [
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REMARK 3.13. Another real tree, called the Lévy tree, has been asso-
ciated to X in [19] when X has only positive jumps. This tree is different
from T but is related to it; times which project on the same point of T also
project on the same point of the Lévy tree, but an arc of T associated to a
jump of X is concentrated in the Lévy tree into a single point.

Let us now give an analogue of Proposition 3.7 for Lévy processes.

PROPOSITION 3.14.  Let X be a Lévy process. Suppose that almost surely,
X has no interval on which it is monotone, and define

é(a) = E[S" + 17
for

T“::inf{t; X,g<supX—a}7 Sa::inf{t; Xt>ian+a}.
[0,4] [0,4]

Then limp& =0, and {(a)N*(X) (for the process X on the time interval

[0,1]) converges in probability to 1 as a | 0. If £(a) = O(a®) for some a> 0,

then the convergence is almost sure.

When the assumption about X is not satisfied, then X or —X is the sum
of a subordinator and a compound Poisson process. In this case, T is finite,
so N is bounded.

PROOF OF PROPOSITION 3.14. Consider the times T} = T*(X) and
S¢ = 8%(X) defined by (2.7). On the other hand, notice that our assumption
implies that S* and T tend almost surely to 0 as a | 0. Since X is a Lévy
process, times T} ; — Si* and S{ — T} are independent, and have the same
law as 7" and S*. Thus

sup (Xt—ian> > sup ( sup <Xt— inf X>>
0<t<kp [0,¢] 1<<k \(G—Dp<t<ju [(F—D)pt]

and the right-hand side is the supremum of k£ independent identically dis-
tributed variables, so

PS> kpl = IP’[ sup (Xt — inf X) < a} < (P[S* > p])*
0<t<kp [0,¢]

for p > 0. This probability is smaller than 1 from our assumption on X. We
deduce that the moments of S* (and T%) are finite, so limp& =0 and

P[S® > 2kE[S]] < 1/2F.
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Thus S*/(2E[S?]), and similarly T%/(2E[T"]), are dominated by a geometric
variable, so the variances of S and T® are dominated by (E[S?])? and
(E[T%])%. Thus

(3.18) E[S:] =n&(a), var(S%) = n(var(S®) + var(T%)) < Cné(a)?.

If n=n(a) T oo as a0, then n(a)_lf(a)_lsn(a) has expectation 1 and has a
variance dominated by 1/n(a); in particular it converges in probability to 1.
By taking n =n(a,+) ~ (1+£¢)é(a)~t, we see from (3.18) and the definition
of N%in (2.7) that N is between n(a, —) and n(a, +) with a high probability,
so the convergence in probability of the proposition is proved. Moreover,
for the second statement, it follows from the Borel-Cantelli lemma that
n(ak)_lf(ak)_lSn(ak) converges almost surely to 1 as soon as »_ 1/n(ay) <
0o0. We can apply this result to the above n =n(ay,+) for a = 1/k5 and (8
large enough, and we deduce that (ay)N® converges almost surely to 1.
We conclude as in Proposition 3.7 from the monotonicity of N¢. [

The almost sure convergence holds in particular for a-stable processes
such that |X| is not a subordinator. In this case indeed, {(a) is proportional
to a® from the scaling property. For the standard Brownian motion, S*
and T are the first hitting time of 1 by a reflected Brownian motion, and
have expectation 1. Thus £(a) = 2a* and N® ~ 1/(2a?). This means that
C(1/2) =1/2 in Proposition 3.7.

We can deduce an estimation of L* when the process has infinite variation.
However, (3.4) cannot be directly applied; one has to use the associated
continuous path, since times S and 7} can be jump times.

4. Integrals and trees.

4.1. An integral on the tree. We now want to integrate some bounded
function p(t) against w. First suppose that w is continuous and 7(0) = 7(1).
Let us remember (Proposition 2.3) that if w has finite variation, then w/”
and w\ are finite measures, and are the positive and negative parts of
the Lebesgue-Stieltjes measure dw; moreover, since the images of the fi-
nite length measure A by 7— 7" and 7+ 7"\ are respectively w””" and w™
(Proposition 2.2), we have

[ o= [ ot [ o an = [ o),

(41) [ pdo= [0~ ot A,
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If w(0) # w(1), we extend w to [—1,2] as in (2.12), put p(t) =0 for ¢ ¢ [0, 1],
and we can use the same formula to define the integral; actually, with the
notation (2.13), we have

1

| pdo= [ (o) = p(r A

0 T\[A,B]
(4.2)
[ A+ [ pr ).
[A,0] (0,B]

In this form, one can notice that the integral on [0,1] depends on p and w
on [0,1], and not on the extension of w out of [0, 1].

More generally, even if w has infinite variation, we can define the integral
by the right-hand side of (4.1) or (4.2), provided

(4.3) L 1o = o) Aar) < .

Notice that the right-hand side of (4.1) is the limit as a | 0 of the integral
on the trimmed tree T* which is the tree of w® defined by (2.9), so [pdw
is the limit of [ pdw®. This means that in this sense our approach is similar
to other approaches using a regularization of w; another example for which
there has been a lot of work recently is the Russo—Vallois approach [33].
We now verify that we can apply our technique in the Young framework.

THEOREM 4.1. Assume that w is continuous. One has
@) 1o = p(r NN < V) P (V) V7 + sup o]

for some C'=C(p,q), as soon as 1/p+1/q > 1. Thus (4.3) is satisfied as
soon as 1/V(w) 4+ 1/V(p) > 1, and in this case we can define [ pdw by the
right-hand side of (4.1) or (4.2). It satisfies

(45) [} o] < V) P01+ sup o)

for1/p+1/q > 1. Moreover, this integral coincides with the Riemann—Stieltjes
integral constructed by Young [36] (see also [22, 23]); this means that

1
| pdo=tim 3 plsi) @ltin) — w(t)
fort; <s; <tiy1, as the mesh of the subdivision (t;) of [0,1] tends to 0. The

integral fstpdw can be defined similarly by replacing p by pl(sy; it satisfies
the Chasles relation, and

. 1/p
@e) Wl [odo) T <COV) (Vo) 1+ sup o).
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PROOF. Let us first assume 7(0) = 7(1). It follows from the disintegra-
tion formula A = A9 of Proposition 2.1 that

fo= = [ 1ol )= oM = 3 1ol = o

TedTe

Define 0<r <1 by 1/qg+r/p=1. Then

1/q
< (X oty =) vy
(47) TedTe

R AB L

from Hélder’s inequality and (3.6). Consequently, I, is of order 1/a" and is
integrable with respect to a near 0; more precisely, with ||w|| = supw —infw,

flwll
Lot = o n@n) = [ ada

1 1—7r 1/q r/p
(48) < s el V) )
1 1/q 1/p

where we have used Vj,(w) > 2||w[|? in the last line. If A=x(0) # (1) = B,
we decompose T into [A, B] and T\ [A, B]; we can apply the above procedure
to the integral on the latter part, and again prove (4.8), but without the
factor 2. On the other hand, [A, B] has finite length so the integral is finite
on it; more precisely,

S 2 =) = [l IAn) £ [ ot AGa)

<4(0,1)sup|p| < 2V},(w)1/p sup\p\.

The result (4.4) follows by adding these two estimates. Thus we can define
the integral fol pdw by (4.1); this integral satisfies (4.5), and similarly,

t
/ pdw\ < CVp(w; 5, )P (Vy(p) /7 + sup )

where the p-variation of w is limited to [s,?]. One easily deduces (4.6) by
applying

(4.9) Z‘/};(w;ti,fwl) <Vp(w).
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More precisely, by considering the variations of p and w on [s,t],

[ o= pls)(tt) — )

[ 0= st

< OVp(w; 8,0) P (Vy(p; 5,8) 7 - sup | p(-) — p(s)])
< C'Vylw; s, 8) PV (ps s, t) 1.

Thus
tit1
[ oo s ttin) — wit)
(4.10) < CVy(pitistin) YV (witi tia)'/P

< C'(Vy(ps tistign) + Vo(wi i, ti1)) Vp(wi by tig ) 7777
By applying (4.9) and the similar estimate for p, we get

1
‘ | pde =S pswltin) - w<m>|
< C(Vy(p) + Vp(w)) sup Vp (w; tiytiyr)37/P
which converges to 0 since w is continuous. [

REMARK 4.2. In the proof, we have considered separately the arc [A, B].
Actually,

(4.11) /{A (P77 =Pl NN = [ pae

with

4.12 t)=infw Vinfw.
e 0 B Vi

REMARK 4.3. In the framework of Theorem 4.1, the fact that our inte-
gral is a Riemann—Stieltjes integral implies that it is linear with respect to
w; this property was not evident on our definition, since the tree associated
to the sum of two paths is not simply related to the trees of the two paths.
Actually, we do not know whether the space of w satisfying (4.3) is linear.

REMARK 4.4. Young integrals can also be written as classical integrals
on the time interval by means of a completely different technique, namely
fractional differential calculus (see [37]).
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THEOREM 4.5. Theorem 4.1 holds for cadlag paths w, provided p is
continuous at times of discontinuity of w.

PROOF. The tree is associated to a continuous path (w'(¢,2); (t,z) € G),
as it has been explained in Proposition 2.4, and w’ has the same variations
as w. One can also consider p/(t,x) = p(t) which has the same variations
as p. Then the left-hand side of (4.4) is the integral for p’ and W', so (4.4)
holds true. For the Riemann sums, we modify (4.10) in the previous proof
by introducing r’ < 1 such that 1/p+1/q =1/7'; then

‘ /:M pdw — p(si)(w(tit1) — w(ti))‘

X Vp(w;ti,tiﬂ)(l—r/)/p%(p; ti b))/,
so that

[ = 3 plsi) o) - w<m>|

< C(Vy(p) + Vpw)) sup(Vp (wsti, tip1) P Vg (pi ti, tign) V)

We have to prove that the supremum tends to 0 as the mesh of the subdi-
vision tends to 0. For any € > 0, let us consider

Je :={i;]Aw(t)| > e for some t; <t <t;11}.
Then
lim sup sup ‘/},(w;ti,tiJrl)l/p <eg,
i¢Je
and the number of jumps greater than ¢ is finite, so from the continuity of

p at these points,

lim sup V,(p; ti,tip1) 9 =0.
1€Je

We deduce the convergence from these two properties. [J

REMARK 4.6. If p and w have common discontinuity times, our integral
can still be defined, but the Riemann—Stieltjes approach has to be modified,
as in the classical Young work [36].

This theory can be applied to paths of fractional Brownian motions with
Hurst parameter H > 1/2, or to Lévy processes without Brownian part and
such that |z|P A 1 is integrable with respect to the Lévy measure for some
p<2.
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4.2. Beyond the Young integral. A limitation of the Young integral con-
cerns its iteration. If w and p have respectively p- and g-finite variation for
1/p+1/¢>1 and w is continuous, then we can consider the function

t
x(t)::mo—i—/ pdw,
0

and (4.6) implies that x has p-finite variation; however, it generally does
not have g-finite variation so, unless p < 2, one cannot construct [z dw.
Nevertheless, we now check that this is possible with our framework (for
a continuous one-dimensional path w). The idea is to look for a weaker
condition than V(p) < oo for (4.3).

For instance, if p(t) = f(w(t)), (4.3) holds for any bounded f and any
continuous w, and

1
/O f(w(t) dw(t) = F(w(1)) — F(w(0))
for a primitive function F' of f; this is because the integral on T\ [A, B|
n (4.2) is 0 (f(w(r7)) = f(w(r))), and the integral on [A, B] is easily
computed from (4.11). However, in this case, the integral is not always the
limit of Riemann sums, as it is easily seen for f(z) = z. We want to generalize

this example.
Define

Vo(plw) :==sup Y _ |p(tars2) — pltars1)|?
k

where the supremum is with respect to subdivisions (¢;) of [0,1] such that
w(topt1) = w(tok+2), and put
V(plw) :=inf{qg > 1; Vg (plw) < oo} <V(p).
THEOREM 4.7. Let w be continuous. The integrability condition (4.3)
holds as soon as
1/V(w)+1/V(p|w) > 1.

Moreover, if 1/p+1/q>1 and w fized with V,(w) < oo, the space of bounded
functions p such that Vy(plw) < 0o is a Banach space By, for the norm

pllg.o == Vo(plw)/? +sup p],
and we have

. 1/q
(4.13) Vil [ pdolw) T <OV Vol

/.pdw
0

for some C'=C(p,q).

. 1/p
a1 | Vo ([odo) < CB) ol

q?w
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PROOF. In the estimation (4.7), we can use V(p|w) instead of V,(p)

since we consider the subdivisions defined by to11 = 7/ and togto = 7\ for
7€ 0T Thus (4.4) is replaced by

(4.15) L 16t = o N)IAr) < Vo) ol

This proves the first statement. The Banach property is easily verified from
the lower semicontinuity of p — Vg (p|w) with respect to uniform convergence.
By applying (4.15) on [s, t], we estimate fst pdw, and deduce that [;pdw and
V([ pdw)/P are bounded by the right-hand side of (4.15) [for the estimation
of the p-variation, we use (4.9)]. The last property which has to be proved
in order to conclude is (4.13). To this end, we are going to check that

1
(4.16) || pde] < V)7V, ol

as soon as w(0) = w(1); then (4.13) follows by applying (4.16) on the intervals
[tok+1,tok+o] in order to estimate Vg (-|w). The left-hand side of (4.16) is
written as an integral on the tree; the integral on T\ [A, B] is estimated by
the right-hand side of (4.16) as in (4.8); for the integral on [A, B], it can be
written as

w(0)

[, 6 = oA = [ (p(a(@) — o6 () da
[A,B]

infw

with

Gi(z) =inf{t;w(t) =z},  fo(x) =sup{t;w(t) =z}
This expression is also easily estimated by the right-hand side of (4.16). O

As an application, we can solve differential equations driven by a multidi-
mensional path, provided all the components of the path but one are smooth
enough.

THEOREM 4.8. For1/p+1/q>1 and q <p, consider a continuous real-
valued map w with finite p-variation, and let By, 4. be the Banach space of
functions p such that

”P”p,q,w = Vp(P)l/p + %(P’w)l/q + sup |p|

is finite. Consider also a continuous function n with values in R4~ and with
finite q-variation, and let &€ = (w,n) with values in R, Let f be a C? function
with bounded derivatives from R™ into the space of linear maps L(RY R").
Consider, for xg in R™, the equation

oty =+ [ FGols) de(s)
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where the integral should be understood as the sum of integrals with respect
to each component, each one being given by an expression of type (4.1) or

(4.2). Then this equation has a unique solution in the Banach space By 4w

PRrROOF. In this proof, the constants C' may depend on f and xzg, but
not on &. It is not difficult to deduce from the Lipschitz property of f that

Fo(e(t);0 <t < 1) (fa(t);0 <t < 1)
maps (B, ;)" into (B, 4.)"¢ and has at most linear growth:
(4.17) 1E()lp.g.0 < C(2/lpge +1)-

Let us prove that F' is locally Lipschitz. It is easy to verify
(4.18) sup |F(xg) — F(z1)| < Csup|zy — 21|,

and let us estimate V(F(z2) — F(z1)|w). Let (¢;) be a subdivision satisfying
w(togs1) = w(tokr2), and use the notation Ajv = v(t;41) — v(t;). It follows
from the boundedness of the derivatives of f that

|f(@2(tiv1)) = f(@1(tiv)) — fz2(ts) + f(z1(t:)]
< Clza(tivr) — z1(tira)] + [2(ti) — z1(8:)])
X (|Ajza| + |Ajz1]) + C|Ajze — Ajay |

<2Csup |xg — z1|(JAsza] + |Asx]) + ClAjxe — Ajxq .

By taking the ¢th power and summing over indices ¢ = 2k + 1, we deduce
Vo(F(22) = F(a1) [w)
(4.19) < Csup|zy — 21|1(Vy(z1|w) + Vg (22|w)) + CVy(22 — 21 |w)
< Cllzg — 21l g0 (Vo (21 ]w) + Vy(22|w) +1).

We prove similarly that
(4.20)  Vp(F(22) = F(21)) < Cllzg — 21} g o (Vp(21) + Vip(22) +1).

p?q?w

It follows from (4.18), (4.19) and (4.20) that F' is locally Lipschitz; more
precisely,

(4.21)  [F(22) = F(z1)llpgw < Cll21lpgw + |122/lpgw + Dlze = 21llpg.0-

On the other hand, the property ¢ < p and Theorem 4.1 (applied with an

exchange of p and ¢) show that

‘ / pdn < Csup
0 Paw

. . 1/q
/Opdn‘JrCVq(/O pdn) < C||pllp,gu0 Va(m) '/
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if p takes its values in £(R?1,R"). If now p takes its values in £(R% R"),
we deduce by using also (4.14) that

(4.22) H/O'pdg

Thus, by joining (4.17), (4.21) and (4.22), we obtain that the map

< Cllpllpge (Vo) + Vo(m) /7).
p7q7w

t
P:(p(t);0<t<1)— (xo+/ pd£;0§t§1)
0
satisfies

1(@ 0 F)(@)lpge < C + C(Vp(@) P + Vo (m) ) (1 + [2llp.ge)

and

(@ o F)(x2) = (® 0 F)(z1)lp.qw
< CVp(@)? + V) ) (|21 llp.go + l22llpgeo + Dllz2 = 21l go-

It is then classical to deduce that ® o F' has a unique fixed point if V,(w) and
V,(n) are small enough. We conclude like for usual differential equations by
dividing [0,1] into subintervals where w and n have small variation. [

In particular, we can work out a calculus for one-dimensional fractional
Brownian motions of any Hurst parameter, and the stochastic integrals can
be interpreted as integrals on the tree; another interpretation can be worked
out by modifying Russo—Vallois integrals [14, 28].

4.3. Integration for fractional Brownian motion. Up to now, we have
found sufficient conditions ensuring that the integral [ pdw can be defined
as an integral on the tree. However, by means of the disintegration A = Ay
of the length measure (Proposition 2.1), the strong integrability condition
(4.3) can be replaced by the weaker condition

(123 JI Z )=o)

T€oTe
(where the number of terms in the sum is finite), and in this case we can

define

1
4.24 dw = ) = p(t\)) da
(4.21) fyrtei= [ 3 0671 =ptr)

[with a form similar to (4.2) if 7(0) # 7(1)]. This is a generalization of the
previous framework, and the integral, when it exists, is again the limit of
J pdw®. If (4.23) is satisfied for p replaced by 0 out of [s,t], we can define

da < 00
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similarly [ St pdw satisfying the Chasles relation. Our aim is now to check
that this integral is well adapted to the differential calculus with respect to a
finite-dimensional H-fractional Brownian motion, for 1/3 < H <1/2 (made
of independent one-dimensional fractional Brownian motions), and that the
integrals coincide with those of the rough paths theory [5, 20, 21, 22, 23].
Some related results for the standard Brownian case H =1/2 are also given
in [30]; in this case, the integrals which are considered here are Stratonovich
integrals, but it is also explained in [30] how one can use the tree T to obtain
It integrals. We are going to consider the two-dimensional case (higher
dimension is similar).

THEOREM 4.9. Consider a two-dimensional H -fractional Brownian mo-
tion for H <1/2. Then almost any path (w,n) satisfies the following prop-
erties:

1. Suppose H >1/4 and let 1/4 <r < H. Then the integral ['ndw can
be defined in the sense of (4.24). Moreover

(4.29) s,t)i= [ o = n(s)(0) ~ ()
satisfies
s, < Kt = ),

where K depends on r and the path (w,n), but not on (s,t).
2. Suppose H >1/3 and let 1/3 <r < H. Let p, ¢ and 1) be bounded paths
such that

(4.26)  |p(t) — pls) — B(s)(w(t) — w(s)) —¥(s)(n(t) —n(s))] < Ki(t — 5)*
and
[(t) — ()| < Ka(t —s)"

for any s <t [where K1 and Ko may depend on (w,n)]. Then the integral
[t pdw can be defined in the sense of (4.24), and

[ oo = pls)(ett) — wls)) - £

(4.27)
< K3(t —s)".

PRrOOF. Let E“ denote the integration with respect to the law of 1, with
w fixed, and let T be the tree of w. We divide the proof of the two parts of
the theorem into two steps.
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STEP 1. Define a process U® as follows: consider the points 71, 72,...
of 8T such that [r7”,7, ] C [0,1], and let U be 0 before 7'1/, be constant

T 0
on each [Ti\,Ti{l] and after the last Ti\, be affine on each [7’/ ,Ti\], and
have the same increment on this interval as 7. We will use the notation
AT = Z\ — TZ/ . Since the increments of 7 are negatively correlated, we have
for j <k and e small enough

E*(U(r,) = U ()" < Ci(An)zH

i=J

Z(ATl’)4H—2€

) —2H42¢ k
i=j

<C (inf AT;

—2H+2¢ [ k AH—2¢
<C (inf ATZ) <Z ATZ‘>

=]

< Ka—2+25(7_\ N Tj/)4H—25

with K = K(w) bounded in the spaces L?; in the last line, we have used the
modulus of continuity of w. Thus U? is Hélder continuous in L?(P“) on the

)

set of times {Tj/ Tj\}; since it is extended to [0, 1] by affine interpolation,
it satisfies the same property on the whole interval, so

B2 (U(t) — U%(s))? < Ka= 2T (t — s)*H 2,

Since the variable is conditionally Gaussian, estimates in LI(P“) can be
deduced for any ¢, so that, after integration with respect to w,

[T () = U(5)ll2a < Cga™Fo(t — 5)21 7%
By applying the Kolmogorov lemma,
(4.28) |U%(t) — U%s)| < K% e (t — 5)%"

with K bounded in L9, uniformly in a, and for 1/4 < r < H —e/2. Moreover,

I8, = > (n(T™) =n(v7))

T€dTe: [7/7,7\]C|s,t]
is an increment of U® on a subinterval of [s, ], so
’Ig,t‘ < Kaa—H—a(t . S)QT.

Since K is bounded in L', [§'* K®a™'*¢da is finite for any a( and almost
any (w,n); moreover, I, is 0 if a is greater than the oscillation of w. Thus

(4.29) / 1%, da < K(t — )"
0
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for some finite variable K. This implies that the integral [ St ndw is well
defined as claimed in the theorem, and

t [ee] t
/ ndw:/ Ig,tda—i-/ N dw
s 0 s

where [0, 1] is replaced by [s,t] in the notation (4.12). The estimation of
v(s,t) follows from (4.29) and the moduli of continuity of w and 7.

STEP 2. Let us now consider the integral of p. As in the previous step, we
consider the term K® of (4.28), and a path (w,n) such that [;° K% " da
is finite. Consider as in the previous step the times 7; of 9T, and define ¢*

to be Q,Z)Tj/ on each [TJ/,Tjﬁl), and 0 before 7'1/; then, by limiting the sums

to indices j such that [Tj/ ,Tj\] C [s,1],

T =" (p(r>) = p(m1))

(4.30) !

= [+ o) — ol ) =) V) = (e D)

where s’ and ¢’ are the first Tj/ and the last Tj\ in [s,t]. Since 1/r+1/(2r) >
1, the first term is estimated as a Young integral by means of (4.5), so

t/
 Ytdu < CVij(2ry (U (Vi ()" + sup [9))

S

(4.31)
< KKaaflJre(t _ S)2r

for a finite K, and for K* obtained in the previous step. The second term
of (4.30) is dominated from (4.26) by

(432) (1 =7 )< Ka 7Y (r =) < Ka V(- s)™
where we have used the modulus of continuity of w in the first inequality.
Thus, by adding (4.31) and (4.32), the expression J¢, of (4.30) is integrable

with respect to a, and | St pdw is defined. Moreover,

t t
/pdw:/ pdg—l—/Js‘ftda.

If p(s) = ¢(s) =9(s) =0, then p is at most of order (¢t — s)?", so the first
term is at most of order (¢ — s5)3"; on the other hand, in this case, one can
put the exponent 3r instead of 2r in (4.31), so the integral of Jgy is also of
order (t — s)%; thus [ pdw is of order (t — s)*. This can be applied to the

integral of

p(:) = p(s) = d(s)(w(-) = w(s)) = ¥(s)(n(-) = n(s)),
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and we deduce (4.27). O

REMARK 4.10. The estimate (4.27) shows that the integral can be con-
structed by time discretization as limits of generalized Riemann sums

/01 pdw = limz <p(7§i)(W(ti+1) —w(t;))
(4.33) i
o(t:)

T

(w(tip1) — w(t))? + 1t )yt ti+1))-

In the framework of Theorem 4.9, we can construct similarly integrals
with respect to 1 by means of the tree of 1. Let (e1,e2) be the canonical
basis of R%. Put & = (w,n) and

D(s,t) = [ (elw) ~ €(6)) @ de(w)

:Memewweﬂm

(4.34) )
+ ([ 0w = 0(s)) o ) ez 91

- (/j(w(u) —w(s)) d”(“)) e1 ® eg.

It is easy to check that I' is multiplicative [see the definition in (A.7)], and
we obtain a rough path (§,I"). Moreover, Theorem 4.9 enables to consider
integrals with respect to £, and, by applying (4.33) and Theorem A.5, we
see that they coincide with the integrals of Appendix A.2, so they match
the rough paths theory.

PrOPOSITION 4.11.  Let £ be a two-dimensional H -fractional Brownian
motion for 1/3 < H <1/2, and let T' be defined by (4.34). Then the rough
path (&,T") coincides with the rough path constructed by Coutin and Qian [5]
by means of linear interpolation on dyadic subdivisions.

PrOOF. It is sufficient to check that the integral ~y(s,t) of (4.25) co-
incides with the other approach, and actually, we only consider ~(0,1) =
fol ndw. For w fixed, the integral [ndw is in the Gaussian space generated
by 7, so it is characterized by its covariance with the variables 7(¢). But, for
w fixed, [ndw® converges in L? to [ndw, so

B ) [ ndo] =tip [ Blnon(s) dot (o)
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=t [ (1)~ (6) Bl ds

1 1o}
=/ (w(1) —w(s)) 5 Em(t)n(s)] ds.
0 s

Thus the integral is in the closed subspace of L? generated by the variables
w(u)n(t), and is characterized by

Blotun@) [ o] = [ Blotu)@0) — o)) B ds
(4.35)

1 0
— [ Emn@n(s) 5 Bl (ulw(s)] ds.
0 S

On the other hand, the Coutin-Qian integral [7ndcqw is also in this closed
subspace, and is characterized by

(1.36) Elwtun(t) [ ndoge| =tm [ Blaten (o)) 2Bt ()] ds,

where (w™,n™) are dyadic approximations of (w,n). We have to prove that
the two expressions in (4.35) and (4.36) match. It is clear that the expec-
tations in (4.36) converge, and we can conclude by standard techniques as
soon as we prove that

(4.37) s%p/o1 ’ %E[w(u)w"(s)]

for some € > 0. But s+ E[w(u)w™(s)] is the dyadic approximation of s—
E[w(u)w(s)] which contains two terms (s*/ and |u — s|*/') depending on s
(the term u?! disappears in the differentiation). If {s2}" and {|u — s}
denote their dyadic approximations, then

8 n 8 n
— {51} —{Ju— s}

so (4.37) holds provided (1+¢)(1-2H)<1. O

1+e
ds < 00

< 2H-1 < Ju— s[2HL

)

REMARK 4.12. It is known from the construction of [5] that the rough
path (£,T) is geometric (it is the limit in p-variation of finite variation paths
with their double integrals). However, we do not know whether it is the limit
of (w® n*) with its double integrals.

APPENDIX

A.1. A mixing property. We give a result about the long-range depen-
dence of increments of a fractional Brownian motion. This result was used
in Proposition 3.7 but may also be of independent interest. After this work
was completed, a similar result was proved in [27] with a more functional
analytic method.
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THEOREM A.l. Consider a fractional Brownian motion (Wy;t € R) with
parameter 0 < H < 1; for —oo < s <t <400, denote by F; the o-algebra
generated by the increments W, — W, s <u <wv <t. Let tg <t] <to, let
F and G be real variables which are respectively measurable with respect to
F;.>° and .7:521, and let ¢ > 1. We suppose that F' and G are in L1. Let

0

R(to,t1,t2) == (

Then if R(to,t1,t2) is small enough, the product F'G is integrable and
[E[FG] - E[FIE[G]| < C||F|ql|GllgR(to, t1,t2)
for some C=C(q,H).

In particular, for ¢ =2, we get an upper bound for the correlation coeffi-
cient

| cov(F,G)|
var(F') var(G)
This bound is valid if R(tg,t1,t2) is small enough, but the coefficient is of
course bounded by 1 everywhere. We deduce that the mixing property

C
—00 ko H
(A1) p(Fjs af(k+1)5)§W

p(Fio, Fi2) ::sup{ ;Fefmm,Geffg}.

holds for any 6 > 0 and any integers j < k in Z.

REMARK A.2. The order of magnitude claimed in the theorem is op-
timal, as it can be seen by taking for F' and G some increments of W.
However, in Proposition 3.7, we do not use the whole o-algebra ]:J%OO, but

only .7-"]((]5._1)6; in this case, our estimate is rough but sufficient for our result.

REMARK A.3. One can consider the similar problem for the o-algebra
generated by W, s <wu <t, instead of the increments of W. This question
is studied in [2], but the result proved there is not sufficient for us.

For the proof of Theorem A.1, let us first introduce some notation con-
cerning fractional calculus. The fractional integral operator (or left-sided
Riemann—Liouville operator) of order a > 0 is defined by

1t .
m/o (t—s5)*"Lg(s)ds.

It satisfies % = I*I8 and it coincides with the iterated integral of g if «
is an integer. Moreover I maps the space L%([0,T]) into itself, and

(A.2) %95 =¢arp  for ¢p(t) =17 /T(B+1), > ~1.

I%g(t) :=
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Consider the fractional Brownian motion W of the theorem. The result
is trivial if H =1/2, so we suppose H # 1/2. From the shift invariance, we
can also suppose tg = 0. The Mandelbrot—Van Ness definition states that if
(Bt;t € R) is a double standard Brownian motion, then

H-1/2 H—-1/2
(A3) Wt::c/R((t—s)+ /2 (—s) 1% ap,
is a fractional Brownian motion for C' > 0; we will choose the normalization
C=Cp:=T(H+1/2)7L.

We also consider an independent standard Brownian motion (By;t < 0), and
we let Fp and Fi be the o-algebras generated respectively by (Bs; s < 0) and
(Bs,Bs;s<0).

LEMMA A.4. Let (f(t);0 <t <ty —t1) be a random function which is
measurable with respect to F, and such that f(0) =0. We suppose that f =
THHY2g for a function g in L*([0,ty — t1]). Consider the perturbed process

(A.4) Wi =W+ f(t—t)lgsny,  t<to

Then, if G(W) is a functional depending (as in Theorem A.1) on the incre-
ments of W between times t1 and ts,

[E[GW) | Fo] - E[G(W) | Fy|
< CE[|IG(W)|7| Fol E[(LY/?eF )P | Fol' /P

for1/p+1/qg=1 and some C = C(q), and with
to—t1
L::/ g(s)*ds.
0

PRrROOF. By definition, we have

tVity
ft—t1) sy :CH/t (t— )71 2g(s — 1) ds,
1

SO
Wi=Cu [ ((t= 9177 = (=) aB,

with

. tViy
By = B; + g(s—1t1)ds.
t1
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The process B is perturbed after time t; by an absolutely continuous pro-
cess which is F-measurable, so by writing the Cameron-Martin theorem
conditionally on F),

E[G(W) | Fol

:E[G(W)exp(— /t2 g(s—t1)dBs — 3 h g(s —t1)? ds) ‘.7—"6}

t1 t1

By conditioning on Fy C F,
E[G(W) | Fol = E[G(W) | Fo] = E[G(W)(exp(---) — 1) | Fo

and the result follows from Hélder’s inequality and standard estimates on
the moments of exp(---) —1. O

ProOF OF THEOREM A.1. We use previous notation, and in particular
suppose H # 1/2 and ¢y = 0. Define
0 __
(A.5) f(t):=Cy / ((t+t1 —s)T7V2 — (t; — 5)=12)(dB, — dBy)

—0o0
for 0 <t <ty —t1. Let us assume that f satisfies the assumption of Lemma
A.4 (this will be proved later). Consider the process W of (A.4), and the
process W obtained from W by replacing B by B on (—o0,0] in (A.3), so
that
W, =Cq /

— 00

tA0 _ t
((t - S)H71/2 _ (_S)Hfl/Q)dBS + CH/ (t— 8)H71/2 dBs,.
A0
Then W has the same law as W, is independent from Fy, and
Wity = Wiy = Wige, = Way + f(8) = Wi, — Wy,

so G(W) =G(W) is independent from Fy and has the same law as G =
G(W). Thus we can use

E[G(W)|Fo] =E[G],  E[GW)|Fo]"/* =Gl
in Lemma A.4, so that
[E[G | Fo] - E[G]| < C||G||(E[(L"?e“F)P | Fol' /7.
Thus
|cov(F,G)| < C||G||E[|F|E[(L"?e“F )P | Fo] /7]
< C|GlllIFll | L2 -

In order to conclude, we have to estimate this LP norm. The formula (A.5)
for f can be differentiated, so f is smooth and

(k) (4) 1 ’ _ G H-k=12(gB. _
P90 = g | ) B~ dB)
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for k> 1. In particular,
IF D@l = Ct+ )"

for any r and some C' = C(r,k, H). On the other hand [recall the definition
of g5 in (A.2)],

f=1O)¢n+P(f") =112
for
9= O/ + 121 (f").
In particular, f satisfies the assumption of Lemma A.4. Moreover,
1L/ Ol b2 (1) = Ot 1271,

and
t
IOl < [ (6= ) 2 @) ds

t
<0 [t 2 (14 5) T2 ds
0

< C”t{{_ltl/Q_H

where the last estimate is easily obtained by considering separately the inte-
grals on [0,¢/2] and [t/2,t]. Thus we have obtained an estimate for ||g(¢)||,
and we deduce that

1LYl < O((t2 —t1)/t1) ™" = CR(0, 11, t2)

for any r and some C' = C(r, H). We still have to prove that the moments
of exp(L) are bounded; but, from Jensen’s inequality,

1 ftmh 9(s)? 2
exp(rL) < EL /. exp (TEg(s)QEL)E[g(S) | ds,
so, since g(s) is Gaussian, this expression has bounded expectation provided
rEL < 1/2, and therefore if R(ty,t1,t2) is small enough. O

A.2. Rough paths. Our aim is to describe a part of the rough paths
theory through a point of view which is well adapted to our approach (The-
orem 4.9). Our result (Theorem A.5 below) is in particular comparable to
[13, 15, 20], and we include for completeness a short proof which is sufficient
for our purpose. Let £(t) be a path with finite p-variation, for p < 3. In this
case, we learn from the theory of rough paths that £ is not sufficient for the
construction of an integral calculus, but we also need its double integrals.



A TREE APPROACH TO P-VARIATION AND TO INTEGRATION 43

More precisely, let £(t) and T'(s,t) take their values respectively in R% and
R? @ RY. We suppose that

(A.6) €)= &(s) <u(t—s),  [D(s,t)] < p(t—5)*

for r =1/p (continuous paths with finite p-variation can be reduced to this
case by a change of time). The path is supposed to be multiplicative in the
sense

(A7) (s, t) =T(s,u) + T(u, t) + (E(u) = £(s)) @ (£(1) — (w))

for s <u<t. If r>1/2, then I is necessarily the Young integral

Clsvt) = [ (6lw) — €65)) @ deCu),

but if 1/3 <r <1/2, the function I', when it exists, is not unique; one can
add to it ¢(t) — ¢(s) for any (2r)-Holder continuous ¢. Let us now explain
how one can define integrals [ pd¢, in a way which coincides with the tree
approach of Theorem 4.9.

THEOREM A.5. Consider paths (§,1") satisfying (A.6) and (A.7), p with
values in LR, R™) (the space of linear maps), and ® with values in the space
LR, L(RYR")) = L(R? ® RY, R™). We suppose that

[o(t) = ps) — @(s)(E(t) — E(s)| < 1/ (t — 5)*
and
B(t) — D(s)| < 2 — 5"
For any s <t and any subdivision ¥ = (t) of [s,t], put

(A.8) 9(2) = (p(te) (E(tis1) — E(tr)) + P(ER)T (trs trgr))-

k

Then g(X) converges as max(tyyq — t},) tends to 0, and the limit [ pdé
satisfies

t
(A9) | [ pde = pl)E) ~ €(5)) — ()T (5,0 < Cpp(t — )

for some C' =C(r).

REMARK A.6. The identification £(R?, £(R? R")) = L(R? @ RY R") is
made through [G(2)](y) = G(z ®@y).
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REMARK A.7. We use the simple notation [pd¢ though the integral
actually depends on (p,®) and (&,T"). Notice, however, that if

lim supl€(t) — £(s)1/ (¢ — 5)*" = +o0

for almost any s (and this is the case for an H-fractional Brownian motion
and 1/3 <r < H <1/2), then ® is uniquely determined by p.

PrROOF OF THEOREM A.5. In the proof we will use the following result
taken from Young integration. Let g(X) be a function defined on finite sub-
divisions ¥ = (t;) of [s,t] and let X be the subdivision with ¢; removed.
We suppose that

(A.10) 9(3) = 9(Xx)| < Cyltrr1 — te—1)"
for some k > 1. Then g(X) converges as the mesh of 3 tends to 0, and
|limg — g(0)| < C(r)Cy(t —s)"

where the trivial subdivision o = (s,t). Let g be the functional of (A.8).
Then

9(2) = 9(Ek) = p(te—1)(E(tr) — E(tk—1)) + P(te—1)I (tr—1, k)
+ p(t) (E(kr1) — E(tk)) + (L) (ks tht)
= p(tk—1)(€(trt1) = E(to-1)) = P(tr—1)T (to—1, th41)
= (p(te) — p(te—1)) (€(te+1) — &(tk))
= O(tp—1)(E(tr) — §(te-1)) @ (E(trr1) — E(tr))
+ (@(t) — P(tp—1))T (tk, thr1)

where we have used the multiplicative property of I'. The condition (A.10)
is satisfied with £ = 3r and C, =2/, so the result is proved. O

In particular, we can compute the integral [ f(£)d¢ of a one-form by
considering p = f(§) and ® = f'(£); the property (A.9) implies that the
integral is the limit of generalized Riemann sums, so it coincides with the
standard rough paths approach.
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