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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 properties 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(“%’Z o (ti1) — 0 (t)|”
t; i

for subdivisions (#;) of [0, 1]. Itis well known that the finiteness of V), (w) is closely

related to the possibility of constructing integrals fol p dw for some functions p.
The simplest case is when V| (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 function 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) = o0) 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 g such that
1/p+1/q > 1; as an application, 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 is greater than 2, Lyons’s theory of rough paths [20-23] 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, §) which is a com-
pact 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, §, A) to the questions of
p-variation of w and of integration with respect to w. These questions are also
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considered for cadlag paths w (paths which are right-continuous and have left lim-
its), 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, particularly its upper
box dimension dim T'; more precisely,

Vy(w)=o00, ifl<p<dimT,

1.1 v
(1.1 Vy(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 dimen-
sions 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(1) = infw (considering the
general case adds some notational complication). The construction 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 +— 7/ and 7 > 7" from T to
[0, 1]; thus

1
(1.2) | pdo= [ (o) =p)ro.

When o 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) can be
viewed as a definition of [ p dw provided the term in the right-hand side is inte-
grable; 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/ > 1,

V() < 00, V,(p) <oo = /T|p(r/)—p(r"\)|,\(dr)<oo.

Moreover, in this case, the integral defined by (1.2) coincides with the Young inte-
gral (Theorems 4.1 and 4.5). Consequently, differential equations driven by multi-
dimensional paths with finite p-variation with p < 2 enter our framework. Actu-
ally, we may take p > 2 for one of the components (Theorem 4.8); this is due to
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the fact that the condition V,(p) < oo can be replaced by some weaker condition
V4 (plw) < 0o. We also prove that the tree approach can be used to consider multi-
dimensional fractional Brownian motions with parameter H > 1/3 (Theorem 4.9);
in this case, the right-hand side of (1.2) should be understood as a generalized in-
tegral 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 in-
crements of fractional Brownian motions are asymptotically independent 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 re-
spect to one-dimensional paths; consequently, the integral with respect to w; + >
is not simply related to integrals with respect to w; and w;; 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.

REMARK 1.3. In the proofs of this article, the letter C will denote constant
numbers which may change from line to line. For quantities depending 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(¢);
0 <t <1). The function

@2.1) 55,1 =0 () + o) = 2inf o
S,t
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is a semi-distance on [0, 1], where

5(s,1) =0 <+— a)(s):w(t)z[inf]a).
s,t

The quotient metric space T = ([0, 1]/6, §) is a real tree; this means that between
any two points 71 and 72 in T, there is a unique arc denoted by [71, 72] (T is a
topological tree), and that [7q, 72] is isometric to the interval [0, (71, 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, 7], then all the points of this
interval are projected on the same point of T. The continuity of = 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 7 (0) = (1), or equivalently

(2.2) w0)=w(l) = [bnif]w

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) = (1) = O as the root of the tree, and we can say that a
point 71 is above 1y if 12 € [O, 11].

Aw(t)

\ 4

FIG. 1. Anexample 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 +— 7,
T N and s — 7 (s) are also depicted.
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We consider on T the level function £ defined by
2.3) () =w(0)+46(0, ).
Then w = £ o . For T in T, define
7= infn_l(r), N = supn_l(r),
so that

o=@ = inf w=L1).
[z, 7N]

In particular 0" =0 and O™ = 1. The set 7([t/, ™]) is exactly the set of
points above 7. If now we consider the set x([t7,T\)) \ {r} of points which
are strictly above t, it is made of connected components which are subtrees, and
which are called the branches above t; each of these branches is the projection of
a connected component of [/, ]\ w~!(7), and corresponds to an excursion
of w above level £(t). If there is more than one branch above 7, then t 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 @ (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 ~!(t) = [t/, ], so this holds when 7/ = ™\
or when [t/7, ] is a constancy interval of w. Local maxima of  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 (#;) of
[0, 1] such that w is monotone on each [#;, t;+1]. 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 many branches above it; in both
of these cases, w has infinitely many local minima and is therefore not piecewise
monotone. Conversely, if @ 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(t) :=sup{w(t) — €(7); <1< 7,'\}.

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

(2.6) T :={r €T; h(r) >al.
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FIG. 2. The trimmed tree T? is represented by dashed lines, and its leaves by double arrows; the
flattened path ' is represented by dots when it differs from w; times T{, S¢ and U{', i > 1, are
respectively represented on the curve by bullets, circles and triangles.

Then T is nonempty if and only if ||w|| := supw — infw > a, and in this case, it is
arooted 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 t if T is a branching point of T such that one of the
branches above t has height exactly a, and another one has height at least a. This
subtree has been introduced in [26] and is related to a-minima and a-maxima of
the path. More precisely, starting with S§ = 7if' =0, define

= inf{t e[S, 1]; 0(t) — sup w < —a},
[8¢.1]
2.7
@7 Sity :=inf{te[ S 1l o) — inf a)>a},
st

N :=inf{i; T/ or S} =inf @}.
Actually, in the case 7 (0) = m (1), Tx. 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 dT¢ and
the set of times (7T;; 1 <i < N¢) are in bijection by means of 7 and its inverse

map 7 — . Moreover

(2.8) inf o= inf w=w(S')—a for1 <i < N“.
(7.7 (7.5

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
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path. More precisely, let 7% (¢) be the projection of 7 (¢) on T (assuming T¢ # &),
and let
2.9 o' =Lom"

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

o (t) = w(inf{u > 1; 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  is minimal
(for1 <i < N*)andif Uj :=0, Uy, :=1, then

(2.10) oU")=w(S])—a for1 <i < N¢,
and
@2.11) o is nondecreasing on [U/", T |1,

) w is nonincreasing on [T, U{].

Consider now a general continuous map « 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 discus-
sion to an extended path " defined on a greater interval, say [—1, 2], coinciding
with w on [0, 1], and satisfying o'(—1) = &'(2) = infj_; 2] @’. Then the associated
tree T” contains T as a subtree, and the projection 7 : [0, 1] — T is the restric-
tion of 7":[—1,2] — T’ to [0, 1]. Among these paths, we will only consider the
minimal extensions; they are those such that T = T. This means that

o' (=) =o' (2) = inf w,
(2.12) [0.1]

@' 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 . =a(U), A :=m(0), B:=n(1l)

(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
[O, A] are those such that 77 <0<1\ <1, and the points of [O, B] are those
suchthat 0 <7/ <1 < t"\; for the points of T \ [A, B], one has 0 < <t <
1.

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

N%=N", S = (8¢, ¢ =(T)?  forl<i< N

Ati = N%, the time (7")$,. may be after time 1, and in this case Ty, is not defined.
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FI1G. 3. A path with jumps, and its tree (dashed lines). The graph G is the curve augmented by the
Jjumps (dotted lines). Are also depicted the map ww from G to T, the maps T — 2R TN from T
to [0, 11; in particular, A = 7 (0, w(0)) and B =7 (1, w(1)).

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.

PROPOSITION 2.1. Define
o0 o0
A ::/ > Sy dx, A2 :=f > 5,da:/ > 8:da,
R resm: e(r)=x 0 reate 0 . h(m)=a

where &; denotes the Dirac mass at t. Then .. = A1 = Aj.

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

PROOF OF PROPOSITION 2.1. The two measures are supported by the skele-
ton of the tree; in order to check that they are equal to A, it is sufficient to verify
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that they coincide with it on arcs [O, 7] for any 7 in the skeleton S(T'). The maps ¢
and A are injective on [ O, ], so, if Ag denotes the Lebesgue measure on R,

r([0, ) =Ar([O, T]), M ([0, t]) =Ar(R([O, T])).
Moreover, £ induces a bijection between [O, t] and [£(0O), £(T)], so
AM([0,t]) =L(r) —£(0)=46(0, 1) =[O0, 7]).

Thus A1 = A. For the study of X,, notice that h(7g) is the distance between 1
and any of the highest points above it. When 1y goes from O to 7, then k(1) 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 t; thus 4 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 (0, 7). We deduce that Ao = A. [

The measure A is closely related to the two following measures on [0, 1]. Say
that an excursion begins at time ¢ above level w(¢) if for some ¢ > 0, w(s) > w(¢)
fort <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 excursion we can associate
its end inf{s > #; w(s) = w(t)}. If we restrict ourselves 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) o= Yoo Sdx, o= Y Sdx.
seE o (s)=x seEN;w(s)=x

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

PROOF. We only work out the proof under (2.2); the general case is easily de-
duced by considering an extension of w satisfying (2.12). We want to compare the
measure o/ carried by the set E-” of beginnings of excursions, with the measure A
carried by the skeleton S(T). If sisin E 7, then 7 (s) isin S(T) and s = 7 (s)”" ex-
cept if s is at a local minimum, or the end of a constancy interval of w; on the other
hand, if 7 isin S(T), then t = 7 (t/") and /" is in E/ 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/v C E7 and Sy(T) c S(T)
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such that E/"\ EO/ and S(T) \ So(T) are at most countable, and the maps 7 /7

and m are inverse bijections between EO/ and So(T). Moreover, A and o are

atomless, so they are supported respectively by So(T) and EO/ . Thus the relation
between A and /" claimed in the proposition follows from this one-to-one prop-
erty, the definition (2.14) of " and the property A = A1 of Proposition 2.1. The
case of @™ is similar, and the o -finiteness follows from the o -finiteness of A. [J

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 A, w” and o™ are finite if and only if w has
finite variation. In this case, w”" and o™ are respectively the positive and negative
parts of the Lebesgue—Stieltjes measure of w. Moreover,

1
(2.15) /0 dew| = 2).(T) — 80, 1).

PROOF. We first work out the proof under the condition (2.2), so that §(0, 1) =
0. Suppose also that T is finite, so that X is finite and w is piecewise monotone [as

explained in (2.4)]. If, for instance, w is nondecreasing on [f1, #;], then it is easily
checked from the definitions (2.14) that

o’ ([t b)) =0) —w@), o (4, n])=0.

A similar result holds for intervals on which @ 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 A(T%) 4+ 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) /lda)l:lim/ ldo®| = 21im A(T¢) = 24(T)
0 0

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

(do™)([s,1]) =lim(dw) ™t ([s, 1]) = lim o’ ([s, 1] N7 ~H(T%)) = " ([s, 1])

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 T of [A, B] are such
that 777 < 0 or ™ < 1 and should not be counted twice in the total variation
of w in (2.16). The correction which has to be made is A([A, B]) =6(0, 1), so we
obtain (2.15). O
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2.3. Paths with jumps. Let us explain how our construction of T can be ex-
tended 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 (¢, x) such that 0 <7 < 1 and x is between w(t—)
and w(t). This is the graph of w augmented by the segments joining (¢, w(t—))
and (¢, w(¢)). Then define

8((t,x), (t,x") :=|x — x|

and

85((s,x), t,x)) =x+x"— 2<(in£w AX A x/>
5
if s < . 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 (7, x) < (¢, x’) if either t < ¢/, or t =1’
and x is between w(r—) and x’. 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 R.

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

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

Altx) = - (z Y S + s (z))
,X) =< u —1y .
2 = w(t) —w(t—)

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 or-
der to prove the proposition, it is sufficient to find a map «’ defined on G. Put
@' (t, x) := x. It induces the semi-distance

o (s,x)+ o' (t,x')—2 inf o =8((s,x), (t,x)),

[(s,x),(,x")]

so its tree is T. Moreover, w = @’ o Q for the increasing time change Q(¢) :=
(t,w()). O
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In this setting, let = be the projection of G on T. We extend the notation (2.13)
by

0:=7n(U,0U)Ao(U-)), A =70, w(0)), B:=n(1,w(1)),

where U is a time at which w(U) A @ (U—) = infw. Let E/" be the set of (¢, x)
in G such that w(s) > x forany r < s <t +¢ and some ¢ > 0, define EN similarly,
and let

o’ = Z Ssdx, o = Z Ssdx.
s:(s,x)€eE” s:(s,x)€EN

Notice also that all the points of 7~ 1(7) are at the same level; we let 7/ and T\
be the infimum and supremum of the time component of this set.

PROPOSITION 2.5.  The measures w”" and ™ are the images of . by t — 1/
and T+ t™ [after restricting A 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.

PROOF. Let us use the notation of the proof of Proposition 2.4. The set E/ is
the set of beginnings of excursions of @', so w”” is the projection on the time com-
ponent of («')”"; we deduce the first statement. Moreover, o’ is monotone on the
intervals corresponding to the jumps of Q, so the total variations of w and ' co-
incide (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 @’ 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

(3.1 Vp(w) := S(u%) Vi, (#)) = S(u%)Z lw(ti41) — w(t)|P < 00,
1 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 g > p, and we are interested in the
variation index

(3.2) V(w) :=inf{p > 1; V,(w) < oo}.
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3.1. The variation index. Let us recall that we have defined in (2.6) approxi-
mations 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

o0
(3.3) L4 — / Nb db.

If 7(0) = (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),

Na
L= o (T + Y (o(Tf) — (U ))
i=2
Na
=o(T() + ) _(o(T{") — (S{_)) +a)
i=2
=Y (0(T") — (S )) + (N — Da.
=1

=z

]

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

NI—1
(3.4) LY~ Y (o(Tf) — o(S{_)) +aN*® asa | 0.

i=1
Thus L is easily estimated from the path w, the times Sj' and 7}, and the num-
ber 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

. log &
Gim T = lim sup £V (@)
alo  log(l/a)

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

H(T) :=inf{p > 1; /T(h(r))l’—lx(dr) < oo}

where /(1) 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).
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THEOREM 3.1. Let w be a (nonconstant) continuous function. Then

V(w) = H(T)
log L¢
=limsup ———
a—0 log(l/a)
log N¢
=limsup ———
a—0 log(l/ a)
=dimT.
PROOF. Denoting by Iy, ..., I5 the successive terms of the theorem, we prove

that
h=<hz<hz<lL=zIls<I.

These five inequalities are proved in the five following steps.
PROOFOF I} < I,. Lets < t be two times, and let 7y be the most recent common
ancestor of 7 (s) and 7 (¢). Then

((zo) =minw
SO
lw(t) — w(s)| < max(w(s) — £(0), @(t) — £(T0))
and
(1) — o (s)|” < (0(s) — £(20))” + (w(t) — £(10))" .
On the other hand,

((t) — €(0))" = p (w(t) — £(0))" " (dr)

[T0,7(1)]

_ p—1
= p/[m,n(t)] (h(t) h(ﬂ(t))) A(dT)

<p f (h(x)P~\a(d)
[T0,7(1)]

where we have used in the second line the property

h(t) —h(r(t)) = max £ —{€(t) — max £+ w(t)
LG AN [ () (O]

> () — (1)

valid for 7 (¢) above t. The same property holds at time s, so by addition,

(1) — o (s)|? < p (h(z))?~ ().
[7(s),m(2)]
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If (#;) is a subdivision of [0, 1], we can sum up these estimates for s = ¢#; and
t =t;41. Since almost any t appears at most twice in the right-hand sides (at times
/7 and ), we deduce

(3.5) V(o) gzp/T(h(r))P—lx(dr).

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

/(h(r))p_lk(dr):/ooap_lN”daz(p— 1)/ooap_2L“da.
T 0 0

We deduce that if L* < Ca'™* for some «x < p, then the integral is finite, so
L <I.

PROOF OF I3 < I4. This inequality follows from (3.3).

PROOF OF I4 < I5. Above each T € 9T there is a t’ such that §(t, ') = 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 I4 < Is.

PROOF OF Is < Iy. Fora > 0, let o = 0 and

tiy1 =inf{t > ;; lo(t) — 0 (t;)| > a}.

Let 7; be the most recent common ancestor of 7 (#;) and 7 (#;4+1), so that £(t;) =
inf;; 1., . Consider the closed ball B; of T with center 7; and with radius 2a,
so that 7 ([t;,t;+1]) is included in this ball. Then the union of B; is a covering
of T. Moreover, the number of these balls is dominated by V, (w)/a?, so the upper
box dimension of T is dominated by p as soon as p > V(w). We deduce that
Is<nL. O

REMARK 3.2. If n(0) = (1), we have
p p
Vp(w) > Z (( sup a)—a)(t/')) —|—< sup a)—w(t\)> ):2apN“.
reaTe ~ Mt/ TN [e/,TN]

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

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

REMARK 3.3.  Other related estimates of V), (w) using numbers of upcrossings
were previously known; see [4, 34].
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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 R2. 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 dimg T, and we always have
(3.7) dimy T < dimp T < dimT.

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

o(1/(2k+ 1)) =0, w(1/(2k)) = 1/k“.
Then
Vp(w)=2> k=P

for p>1,s0dimT = 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, ¢]
with s < ¢, then any open subset of T has the same upper box dimension, so in this
case ([12])

dimp T=dimT = V(w).
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
(o2
cov(Wy, W;) = 7<|s|2” + 127 — 1 — 52

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

(3.8) (Wit €R) Y (cHW,: 1 e R)

for ¢ > 0. In this subsection, we let w be a path of W restricted to [0, 1] and ex-
tended 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.
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The property V, (W) < oo for p > 1/H is well known; it is classically obtained
from the (1/p)-Holder continuity of the paths, which itself is obtained by means
of the Kolmogorov criterion and the estimation

W, — Wslly = Cyo(t — )

on the L9 norm of the increments for any g > 1. It actually follows from this
estimation that the moments of V, (W) are finite.

PROPOSITION 3.6. For almost any path o of W, one has

dimy T = V(w) = 1/H.

PROOF. The property V(W) < 1/H follows from the discussion preceding
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

3. P| inf —ul= Y
o =] -ow

asu | 0, forany y < 1/H — 1. Moreover, if (¥;; 0 <t < 1) is the filtration of W,
the conditional law of Wi — Wy, given ¥7,; is a Gaussian law with deterministic
positive variance, so

(3.10) PIWil <u | Fi2] < Cu.

The event {§(0, 1) < u} is included in the intersection of the two events of (3.9)
and (3.10), so

P[50, 1) <ul= O’ *h.

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

ES(s, 1) P =C(t —s) PH,

)
1,1
(3.11) IE//TXTS(Q,rz)_”v(drl)v(drz):IE/O /0 85(s,t) Pdsdt < 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, §).
Its almost sure finiteness implies that dimy T > p for any p < 1/H (see, for in-
stance, [12]),sodimyg 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
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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).

PROPOSITION 3.7. For almost any path w of W, we have
NaNC(H)UI/Ha_l/H La'\"C(H) H Ul/Hal_l/H
’ 1-H
as a0, 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%/° for the process
with parameter 1; thus it is sufficient to consider the case o = 1. If p > 1/H, it
follows from the finiteness of the moments of V,(W) and from (3.6) that

(3.12) IN“ly < Ca™?

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

STUDY OF E[N¢]. Consider in this proof the whole path (w(¢);t € R) of W,
and its associated (noncompact) tree T_oo +o0. For s <17, let N, respectively

N? . be the numbers of leaves of the trimmed tree T such that s < 7/ <

s, 0 —00,+00
™\ < t, respectively s < 7/ < t. Then

(3.13) N¢, — N, €{0,1}, N®—N§,€1{0,1,2}

(actually one may have IVS“’ ; — N&, =2 if s is some 7/, but this happens with
zero probability for any fixed s). On the other hand, it follows from the scaling
property (3.8) of W that

E[ﬁ(?l] = E[ﬁ(;,a—l/H]-

The law of W is shift invariant and [s, ) ﬁsl’t is additive, so E[ﬁsl’,] is propor-
tional to t — s, and

E[N§ 1=a"""E[Ny 1.

Thus the result of the proposition holds in expectation for C(H) = E[]V& 1

STUDY OF var(N¢). It follows from (3.13) and the additivity of [s, ) > ]\~/f‘t
that

ING, + N, —N&, | <2
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for s <u <t. Thus, by considering a regular subdivision of [0, 1] with mesh A¢,
we have

(3.14) Ve =3 N =2ar 42
Moreover,
Var(Nl‘;Jl,H) = var(Ngj 5,) = Var(Ng’?fH)
<E[(NG4 Y < BI(N*A "2 < ca™?r (anH

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 increments of @
on [¢, tj+1], we deduce from the result (A.1) of Appendix A.1 that

1

var(YONE L, ) < Ca7PPan? Y [T

k,j<At=1
(3.15)
S C'a_ZP(At)ZpH_H_I,

S0, by joining (3.14) and (3.15),
var(N%) < C(a=2P(AnD*PH=H=1 L (An)72).
We choose At ~a® forO <a < 1/H, so
var(N%) < C(a‘z"‘ _|_a—2p+a(2pH—H—1))_
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 '/ N¢ con-
verges 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~P for B large enough. Since a — N is monotone, we deduce from

1/H
an{HN”” <aH N < a,i/HN“"Jrl

for a,4+1 < a < ay,, that the convergence is actually almost sure as a |, 0. U

PROPOSITION 3.8. For almost any path w of W, the measures

v = L 8: and V= LM a
1 Na 9T ' 2= "Mt
-[e‘ a

converge weakly to the projection v on T of the Lebesgue measure of [0, 1].
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PROOF. Let 4 and p4 be the images of v§ and v§ by T > 7/7. One has
n(r”") = 7,50 v{ and v§ are the images of 114 and 4 by 7. Since 7 is continuous,
itis sufficient to prove that ;1{ and 1§ converge weakly to the Lebesgue measure of
[0, 1], and therefore that u{ ([s, ¢]) and pf ([s, t]) converge to t — s. But u{([s, 1])
counts the proportion of leaves of T¢ which satisfy s < 7/ < t; the number of
such leaves is close to the number N s 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 uf is similar. []

We can deduce estimators for H from Proposition 3.7. Our result is an alter-
native 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

a
im oLy
al0 L4 H

Roughly speaking, the estimator aN“%/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.

PROPOSITION 3.9. The Hurst parameter H of the fractional Brownian mo-
tion (W;; 0 <t < 1) can be estimated from the relation

2H —1
1-H

1
lim
al0 aN¢?

Ne—1

> (Wro =W ) =
i=1
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 @ = @’ o Q for
a continuous ®’ defined on G, and the trees of w and o’ 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 V,(w) =V, (') for any p > 1. In particular, V(') = V(w) and
Theorem 3.1 again holds.

PROOF. The relation w = o’ o Q immediately implies V,(w) < V,('). In
order to verify the reverse inequality, we notice that when computing V), ("), it is
sufficient to consider subdivisions (7;) consisting of local extrema of '; thus these
times are in the closure of the image of Q; consequently, from the continuity of @/,
it is sufficient to consider times in the image of Q, so that we can conclude. [
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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.

PROPOSITION 3.11. Consider a purely discontinuous martingale X = (Xy;
0 <t <1)forafiltration (¥;;0 <t <1).Let 1 < p <?2; then
(3.16) E[V,(X)] < C,EY |AX,|P.

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; kK > 1) be the times of jumps of an independent
standard Poisson process, and consider

X[ =) Xes lesi<i<eSinn)

(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

Vp(X%) < CoE Y [Xesy, — Xes,|?
k

/2
(3.17) <CLES (Y IAX P lesizrcesin)
k

<C,EY |AX,|

where we have used in the second line the classical Burkholder—-Davis—Gundy
inequalities; it is then sufficient to let e 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 Si. Thus the positive part dX+ = X/ of the
Lebesgue—Stieltjes measure of X is purely atomic; it is carried by the times of
jumps of X. Let t be in T; it is the projection of some (7, x) of G, and

h(t) =sup{Xs; —x; 77 <s <T(t”, x)}
with

T(t,x):=inf{s >1; X, < x}.
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Then (3.5) implies that

Xo
Vp(X) < 2p/ sup{Xy; —x;5 < T(0,x)}P "' dx
inf X

X;
+2pZ/X sup{Xs —x;t <s < T(t, )" Ldx
—

teJ

where J = {Sk; 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 | X| —
Xo|? (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 /" € J. In order to estimate it, consider some
jump S = S; and notice that since X is a martingale with no negative jump,

XS — X
Plsup{X; —x; S <s <T(S,x)} >a| Fs] <

for Xs_ <x < Xgand a > Xg — x. We deduce that

M
Efsup{X, —x: S <s <T(S, )}’ ' | Fs] < (Xs—x) | aP7da,

Xs—x

SO

X
B [ suplx, —xis =5 <7001 dx | 55| = (aX9)/(p2 - p)
Xs—

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

PROPOSITION 3.12. Let X be an a-stable Lévy process. Then, for almost any
path o of X,
dimg T=dimT =V(w) =a Vv 1.
PROOF. For « < 1, the process has finite variation, so V(X) = 1 and the di-

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

1 <dimy T <dimT = V(X) <a.

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

8(s, 1) =68((s, Xs), (1, X1)) = X5 + X; —2[in X.

s,t]
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It is known (Proposition VIII.2 of [3]) that

]P’[ inf X > —u] <Cu*® =0w*"
[0,1/2]

asu | 0, for 8 =P[X; <0] > (¢ — 1)/a. We also have
PlX1| <u|Frp2]l <supPlx —u < X1 — X172 <x +u]
X

=supPlx —u < X1 <x+ul=0(u)
X

because X1,> has a bounded density, so by taking the intersection of these two
events,

P[50, 1) < u]l = O u*).

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

Es(s,t)"? =C(t —s)"P/°.

This can be used to prove (3.11) for any p < «, so we deduce as in Proposition 3.6
that the Hausdorff dimension is bounded below by «. [

REMARK 3.13. Another real tree, called the Lévy tree, has been associated
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
£(a) =E[S* +T]
for

T¢ :=inf{t; Xt<supX—a}, S :=inf{t; X; > ian—i—a}.

[0,7] [0,¢]
Then limg & = 0, and E(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 o > 0, then the
convergence is almost sure.
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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 7 = T(X) and S}’ =
S#(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, — S and Si' — T are independent, and have the same law as T and S“.

Thus
sup <X, — inf X) > sup < sup (X, — inf X))
0=t <kp (0.7] 1<j<k\(j—Dpsi=jn (G =Dp.t]
and the right-hand side is the supremum of k independent identically distributed
variables, so

P[S“ > kp] = IP[ sup (Xt — inf X) < a} < (P[S* > uD*
0<t<ku [0.1]

for p > 0. This probability is smaller than 1 from our assumption on X. We deduce

that the moments of S (and 7'%) are finite, so limg & = 0 and

P[S* > 2kE[S%]] < 1/2F.

Thus $¢/2E[S?]), and similarly 7¢/(2E[T“]), are dominated by a geometric
variable, so the variances of S and 7% are dominated by (E[S%])? and (E[T“])>.
Thus

(3.18) E[Si]1=né&(a), var(Sy) = n(var(S*) 4 var(T%)) < Cné(a)>.

If n =n(a) t oo as a | 0, then n(a)*l";'(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 & e)&(a)~!, 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)_lé (ak)_lSn(uk)
converges almost surely to 1 as soon as ) 1/n(ag) < co. We can apply this result
to the above n = n(ax, £) foray =1/ kP and B large enough, and we deduce that
&(ax) 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 «-stable processes such
that | X| is not a subordinator. In this case indeed, £ (a) is proportional to ¢* from
the scaling property. For the standard Brownian motion, S' and 7' are the first
hitting time of 1 by a reflected Brownian motion, and have expectation 1. Thus
E(a) = 24% and N ~ 1/(2a2). 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 T can be jump times.
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4. Integrals and trees.

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

1 1
/ (e’ (1) = / p(e”)r(d), f p(D™(dr) = / (A (D),
0 T 0 T

SO

1
@.1) | pdo=[ (0@ = o awo.

If w(0) #£ (1), we extend w to [—1, 2] as in (2.12), put p(¢) =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)~ )i
“2) 0 T\[A, B]
—f p(r\)k(d1)+/ o7 A(dT).
[A,O] [O,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) /T (7 = p(x)AdT) < oo.

Notice that the right-hand side of (4.1) is the limit as a | O of the integral on the
trimmed tree T which is the tree of w* defined by (2.9), so [ p dw 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
(4.4) /T 1p(x”) = p(T™)IMAT) < CVp(@) /P (Vg ()7 + sup |pl)

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

1
“5) [ pda| = @7 (V)1 + suplol)




2260 J. PICARD

for 1/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
/0 pdw = limZp(si)(w(tiH) — (1))

1

for ti <s; <tiy1, as the mesh of the subdivision (t;) of [0, 1] tends to 0. The
integral | St pdw can be defined similarly by replacing p by pl r); it satisfies the
Chasles relation, and

. 1/p
(4.6) vp(/o ,odw) < CV,(@)?(V,(p)!/7 + sup | p)).

PROOF. Let us first assume 7 (0) = 7 (1). It follows from the disintegration
formula A = A; of Proposition 2.1 that

0
lo=——— [ o) = p@MaEdn) = 3 lp”) = pE™)l.
aJre tedT?

Define0<r <1by1l/q+r/p=1.Then

1/q
I, < ( > ) —p(r\)l") (NP
(4‘7) tedTe

=

V() 1V, ()P

2r/pgr
from Holder’s inequality and (3.6). Consequently, I, is of order 1/a” and is inte-
grable with respect to a near 0; more precisely, with ||w|| = supw — inf w,

ol

/ () — p(T)IAdr) =/ loda
T 0

(4.8) ol V,(0) 1V, ()P

o
= 2/p(1—r)

1 1
/q 1/p
= L) Ve () "1 Vp(w)

where we have used V), (w) > 2|lw||” in the last line. If A =7 (0) #7 (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,

/ |p(rf>—p(r\>|x<dr)=f |p<r\>|x<dr>+f oz 3(d7)
[A,B] [A,0] [0,B]

<8(0, Dsup|p| <2V, (@)"/?sup|pl.
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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
[ o] < CVy@is 01V ()14 +sup o)
N
where the p-variation of w is limited to [s, #]. One easily deduces (4.6) by applying

(4.9) > Vp(witi tiv1) < Vp(w).

More precisely, by considering the variations of p and w on [s, 7],

t
[ pdo=p6) o - o)

t
/ (p<->—p<s>)dw\
< CVy(w; s, )P (Vy(pss, )4 4 sup|p(-) — p(s)])
< C'Vp(w; 5,07 Vy(p;s,0)'/4.
Thus

Lit1
| pdo=pGs (@i —w(t,-))‘

(4.10) < CVu(p; ti, tia D VIV (@3 1y, ti11) VP
< C'(Vy(pitistix1) + Vp(; i, tiy1)) Vp (@3 17, ti)=0/P,

By applying (4.9) and the similar estimate for p, we get
‘/01 pdo—3 p(si(@(ti+1) = w(n))‘
4
< C(Vg(p) + Vp(w)) sup Vp(w; t;, fia)I=0/P
l
which converges to O since w is continuous. [

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

7 N _
@.11) /[A,B](p(’ )= P = [ pde
with

4.12 t)=infwV inf w.
@12 o) = e ofe
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REMARK 4.3. In the framework of Theorem 4.1, the fact that our integral 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]).

THEOREM 4.5. Theorem 4.1 holds for cadlag paths w, provided p is contin-
uous at times of discontinuity of w.

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

lit+
/t- l pdw — p(si)(wtiy1) — w(fi))‘

< C(Vg(p: tis ti1) + Vp(@; ti, ti11))
X Vp(@; ti, tiy ) PV (3 i, 1),

so that

1
/0 pdw =Y p(si)(wiv1) — a)(ti))’

< C(Vg(p) + V(@) sup(Vpp(@: ti. i) /P Vg (3 i i) /)
1

We have to prove that the supremum tends to O as the mesh of the subdivision
tends to 0. For any ¢ > 0, let us consider

Jo :=1{i;|Aw(t)| > e for some t; <t <tj41}.
Then

limsup sup V(o #;, ti41) /7 <,
i¢J,
and the number of jumps greater than ¢ is finite, so from the continuity of p at
these points,
lim sup V, (p; i, ti+1)'/4 = 0.
ieJe

We deduce the convergence from these two properties. [J
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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
|x|? A 11is integrable with respect to the Lévy measure for some p < 2.

4.2. Beyond the Young integral. A limitation of the Young integral concerns
its iteration. If w and p have respectively p- and g-finite variation for 1/p+1/g >
1 and w is continuous, then we can consider the function

t
x(t) = xo+/ pdo,
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 [ x dw. Nevertheless,
we now check that this is possible with our framework (for a continuous one-
dimensional path ). The idea is to look for a weaker condition than V,(p) < 0o
for (4.3).

For instance, if p(¢) = f(w(t)), (4.3) holds for any bounded f and any contin-
uous w, and

1
/0 flo@®)do(t) =F(o(1)) = F(0(0))

for a primitive function F of f; this is because the integral on T \ [A, B] in (4.2)

is 0 (f(w () = f(a)(t\))), 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(x) = x. We want to generalize this example.
Define

Vy(plw) :=sup Y | p(taxs2) — pltars1)]?
k

where the supremum is with respect to subdivisions (#;) of [0, 1] such that
(t2r+1) = w(t2r+2), and put

V(plw) :=inf{g = 1; V4 (p|w) < oo} = V(p).

THEOREM 4.7. Let w be continuous. The integrability condition (4.3) holds
as soon as

1/V(@) + 1/V(p|o) > 1.

Moreover, if 1/p +1/q > 1 and o fixed with V,(w) < 00, the space of bounded
functions p such that V4(p|w) < o0 is a Banach space By ., for the norm

Iollg.0:= Vyg(pl)/ 4 sup|pl,
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and we have

. 1/q 1 1
(4.13) Vq</0 ,oda)|a)> < CVy(w)'"PVy(plw)1,

(4.14) Hfo pdw

. 1/p 1
4 v,,(/ pdw) < CVp(@) 7 plg.
q.0 0
for some C =C(p, q).

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

we consider the subdivisions defined by t2x4+1 = 7/ and k42 = ™ for r € 9T?.
Thus (4.4) is replaced by

(4.15) /T (27 = p(EIAAT) < CVp(@) P 1pllg 0

This proves the first statement. The Banach property is easily verified from
the lower semicontinuity of p — V,(p|w) with respect to uniform convergence.
By applying (4.15) on [s, t], we estimate /! pdw, and deduce that ;o dw and
Vo ([ pdw) 1/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) I/O ,oda)‘ < CVy(@)'?V,(plw)'/e

as soon as w(0) = w(1); then (4.13) follows by applying (4.16) on the intervals
[t2k+1, 22k+2] in order to estimate V,(-|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

(0)

/ (o(z”) = p(x™))A(d7) =f (P(B2(x)) — p(B1(x))) dx
[A,B]

mlw
with
B1(x) = 1inf{r; o (1) = x}, B2(x) = sup{r; () = x}.
This expression is also easily estimated by the right-hand side of (4.16). [J

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

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

1ol p.g.o = Vp(P)/P + V,(plw) /9 4 sup|p|
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is finite. Consider also a continuous function 1 with values in R*=" and with finite
g-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£(R?, R"). Consider,
for xo in R", the equation

t
xm=m+ﬁf@®MHﬂ

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 B’ g0

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

F:(x():;0<t<1) (f(x();0<r<1)

maps (B, 4.»)" into (Bp,q,w)”d and has at most linear growth:

(4.17) IF N p.g,0 < CUlxNpg,0+ 1.
Let us prove that F is locally Lipschitz. It is easy to verify
4.18) sup | F(x2) — F(xp)| < Csup o — xi,

and let us estimate V,(F(x2) — F(x1)|w). Let (z;) be a subdivision satisfying
o (tr+1) = w(trx+2), and use the notation A;v = v(ti4+1) — v(¢;). It follows from
the boundedness of the derivatives of f that

|f Ge2(tir1)) — fxa(tig) — fe2() + f (e (@)
< C(Ix2(tit1) — x1(tip )| + |x2(t;) — x1 (1))
X (JAixa| + [Aix1]) + ClAjx2 — Ajxi]
<2Csup |xz — x1|(|Ajx2] + [Aixi]) + ClAjxz — Ajxy].
By taking the gth power and summing over indices i = 2k + 1, we deduce

Vo(F(x2) = F(xp) | @)

4.19) < Csup|xy — x| |q(Vq(x1 lw) + V, (lea))) + CV;(x2 — x1|w)
< Clixa = x1ll%, ; (Vg (x1lw) + Vy (x2]@) + 1).

We prove similarly that

(4.20)  Vp(F(x2) = F(x1) < Cllxz = x1ll5 , o(Vp(x1) + Vp(x2) +1).

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

4.21)  [[F(x2) — F(Xl)”p,q,w < C(|[x ”p,q,a) + ”x2”p,q,w + Dlx2 — x; ||p,q,a)-
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On the other hand, the property ¢ < p and Theorem 4.1 (applied with an exchange
of p and ¢) show that

f pdn
0

if p takes its values in L(R?~!, R"). If now p takes its values in £ (R?, R"), we
deduce by using also (4.14) that

< Csup

. . 1/q
. /(;pdn’-i—CVq(/o pdn> < CNpllp.g.wVem'
,q,w

(4.22) H /0 pde

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

< Clplp.g.0(Vp@)P +v,a'9).
pP.q,w

t
Q:(p(t);0<r<1) (xo+f pd$;0§t§1>
0
satisfies

(@ o F)X)lp.g.w < C+ C(Vp(@)'? + V()" ) (1 + Xl p.g.00)

and
[(®o F)(x2) — (Po F)(xDp.g.e

< C(Vy(@)"? + V() (I1x1 1l pogoo + 1201 pgoo + DlIx2 = X1l p.g.0-

It is then classical to deduce that ® o F' has a unique fixed point if V), (w) and V(1)
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 Brown-
ian 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 | p dw can be defined as an integral
on the tree. However, by means of the disintegration A = A; of the length measure
(Proposition 2.1), the strong integrability condition (4.3) can be replaced by the
weaker condition

(4.23) f

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

1
(4.24) /0 pdw ::/ Y ()= p(rN))da

tedTe

da < o0

Y (b= p(™)

tedTe




A TREE APPROACH TO p-VARIATION AND TO INTEGRATION 2267

[with a form similar to (4.2) if 7 (0) # 7 (1)]. This is a generalization of the pre-
vious framework, and the integral, when it exists, is again the limit of [ pdw?.
If (4.23) is satisfied for p replaced by O out of [s, ], we can define similarly
fS’ pdw satisfying the Chasles relation. Our aim is now to check that this inte-
gral 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, 20-23]. 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 Itd integrals. We are going to consider the two-
dimensional case (higher dimension is similar).

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

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

t
(4.25) y(s.1) = f ndew —n(s) (@) — o(s))
satisfies
ly (s, 1) < K(t — )™,

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  be bounded paths
such that

4.26)  |p(1) = p(s) — P(s)(@(t) — () — Y () () — n(s))| < K1 (t — )

and

() — ()| < Kot — )

forany s <t [where K| and Ko may depend on (w, n)]. Then the integral fs’ pdw
can be defined in the sense of (4.24), and

t
/ pdw—p(s)(w(t) —w(s)) - ) (@) — 0()* = Y s)y(s.1)

s 2

< K3(t — ).

4.27)

PROOF. Let E® denote the integration with respect to the law of n, 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 11, T3,... of

aT such that [t; / y\] C [0, 1] and let U? be 0 before ‘L'l , be constant on each
N
[t

i
increment on this interval as 1. We will use the notation At; = ri\ - ri/ . Since the
increments of 7 are negatively correlated, we have for j < k and ¢ small enough

1] and after the last ‘E , be affine on each [T , T ], and have the same

E°(U%(re) — U (r)))’ <CZ(A‘E, )2H
i=j

—2H+2s k

< C(ianr,-) > (ATt
l . .
i=j

—2H+2e [ k 4H—2¢
< C(ianr,-> <§ :Ari>
l . .
i=j

< Ka—2+2e(rk\ _ Tj/')4H—2£’

with K = K (w) bounded in the spaces L7; in the last line, we have used the modu-
lus of continuity of w. Thus U¢ is Hélder continuous in L2(P?) on the set of times

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

Ea)(U(l (t) _ Ua (S))2 S Ka—2+28 (t _ S)4H_28.

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

U@) = U ®)llze < Cga™"Fe (1 — 5)*°.
By applying the Kolmogorov lemma,
(4.28) U (t) — U%(s)| < K% '8t — )%
with K¢ bounded in L7, uniformly in a, and for 1/4 <r < H — ¢/2. Moreover,

I = ) (n(@™) =)

redTa: [¢/,tN]C]s,t]
is an increment of U on a subinterval of [s, ¢], so
19, < Ka —1He — )2

Since K¢ is bounded in L', fgo K% ~'*% da is finite for any ao and almost any

(w, n); moreover, [ s” , 18 0 if a is greater than the oscillation of w. Thus

o0
(4.29) f 1%, |da < K(t — )%
, s,
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for some finite variable K. This implies that the integral | f ndw is well defined as
claimed in the theorem, and

t 00 t
/ nda):f Isatda-l-/ ndw
s 0 ’ s

where [0, 1] is replaced by [s, ¢] in the notation (4.12). The estimation of y (s, t)
follows from (4.29) and the moduli of continuity of @ 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, 1) such that f(fo K% e da is
finite. Consider as in the previous step the times 7; of 9T“, and define ¥ to be

v, j/ on each [r-/ , Tj/+1)’ and O before rI/ ; then, by limiting the sums to indices j

such that [r./, rjv-\] C s, 1],

JE =3 (p() — p(r))

(4.30)

4

t
= [ ¥ ave+ o) = o) = v = ()
N _/

where s’ and ¢’ are the first ‘L’j/ and the last rjy-\ in [s,¢]. Since 1/r +1/2r) > 1,
the first term is estimated as a Young integral by means of (4.5), so

l/
[ vt aue| = Ve @ (Vi +supl

(4.31)
S KKaaflﬁ’é‘(t _ S)Qr

for a finite K, and for K¢ obtained in the previous step. The second term of (4.30)
is dominated from (4.26) by
@32) Y (-t <Ka Y () — )Y <Ka (@ —s)Y

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

toa, and ! pdw is defined. Moreover,

t t
/ pdw:/ pd@—i—/]s‘f,da.
S S

If p(s) = @ (s) = ¥ (s) =0, then p is at most of order (¢ — )%, so the first term is at
most of order (¢ — 5)*"; on the other hand, in this case, one can put the exponent 3r
instead of 2r in (4.31), so the integral of Js‘ft is also of order (f — )" ; thus ff pdw

is of order ( — s)* . This can be applied to the integral of

p() = p(s) =) (@) —w(s)) — () (n() —n(s)),
and we deduce (4.27). O
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REMARK 4.10. The estimate (4.27) shows that the integral can be constructed
by time discretization as limits of generalized Riemann sums

1
/0 pdw = limZ(p(ti)(w(tiH) — (1))
(4.33) ’

¢ (1) 2
+ 200 0t = 0(0) 4 Y 0y () ).

In the framework of Theorem 4.9, we can construct similarly integrals with
respect to n by means of the tree of n. Let (e, e2) be the canonical basis of R2.
Put ¢ = (w, n) and

t
Is. 1) :=/ (Ew) — £(5)) ® dE(u)

_ 2 _ 2
_ (@) —w©)) el el + (1) —n(s)) e

2 2 ®e

(4.34) ,
4 ( [t - n(S))dw(M))ez ®el

+ (_/:(w(u) - a)(s))dn(u)>e1 ® er.

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 mo-
tionfor1/3 < H <1/2,and let T be defined by (4.34). Then the rough path (£, 1")
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) coincides
with the other approach, and actually, we only consider y (0, 1) = fol ndw. For w
fixed, the integral [ 7 dw is in the Gaussian space generated by 7, so it is character-
ized by its covariance with the variables 7(¢). But, for w fixed, [ ndw® converges
in L2 to [ndw, so

1 1
2 n) [ ndo|=tim [ Emone)de )
:lim/I(wa(l) —a)a(s))iIE[n(t)n(s)]ds
a Jo as

1 d
= [ (@) - 0©);-Eln©ne)]ds.
0 as
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Thus the integral is in the closed subspace of L> generated by the variables
w(u)n(t), and is characterized by

1 I 5
E[w(u)n(z) [ ndw] = [ Elow(@m) - o6)]-En@nds
(4.35)

1 0
= [ Emone)]; Elowoe)ds.
0 as

On the other hand, the Coutin—Qian integral [ ndcgw is also in this closed sub-
space, and is characterized by

1 ) 1 " ] "
(4.36) E[w(u)n(t) | ndcgw}=h,gn | B )5 Blowa" ¢)]ds.

where (0", n") are dyadic approximations of (w, ). We have to prove that the two
expressions in (4.35) and (4.36) match. It is clear that the expectations in (4.36)
converge, and we can conclude by standard techniques as soon as we prove that

9 I+
—E[w@)w" (s)] ds < o0
as

1
4.37) sup/
n JO

for some ¢ > 0. But s — E[w(u)w"(s)] is the dyadic approximation of s
E[w (1)w(s)] which contains two terms (s2 and |u — s|*7) depending on s (the
term w2 disappears in the differentiation). If {s27y" and {|u — 5|2 }" denote their
dyadic approximations, then

0

as
so (4.37) holds provided (1 +¢&)(1 —2H) < 1. O

Y ]
Ay <210 P < P

REMARK 4.12. It is known from the construction of [5] that the rough path
(&, 1) 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 dependence
of increments of a fractional Brownian motion. This result was used in Proposi-
tion 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.

THEOREM A.l1. Consider a fractional Brownian motion (Wy; t € R) with pa-
rameter 0 < H < 1; for —oo < s <t < 400, denote by ¥, the o-algebra gener-
ated by the increments W, — W,, s <u <v <t.Lettg <t| <tp, let F and G be
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real variables which are respectively measurable with respect to ¥, *° and .’F,;‘ ,
and let g > 1. We suppose that F and G are in L1. Let

f _[l>1_H
n—=un '

R(t, 11, 12) 1=(

Then if R(ty, t1, t2) is small enough, the product F G is integrable and
[E[FG] —E[FIE[G]| < C||Fli¢lIGllqR(to, t1, 12)
for some C =C(q, H).

In particular, for ¢ = 2, we get an upper bound for the correlation coefficient
|cov(F, G)| F
Vvar(F) var(G)’

This bound is valid if R(#g, 1, t2) is small enough, but the coefficient is of course
bounded by 1 everywhere. We deduce that the mixing property

Cu
PO —
Tt
holds for any § > 0 and any integers j < k in Z.

€F ®.Ge 3?,;1}.

T — 13y .
p(F, < F,)) = sup{ .

—oo ks
(A.1) P(F 5% Fiys)

REMARK A.2. The order of magnitude claimed in the theorem is optimal,
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 }‘jgoo, but only ¥ j(sj - 8; 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 gen-
erated by Wy, s <u <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 concern-
ing fractional calculus. The fractional integral operator (or left-sided Riemann—
Liouville operator) of order o > 0 is defined by

o 1 ! a—1
I%g(t) := m/o (t—s5)"""g(s)ds.

It satisfies 7%+# = %I and it coincides with the iterated integral of g if o is an
integer. Moreover /¢ maps the space L9 ([0, T]) into itself, and

(A2) 1“g = ¢urp  forgp()=1F/T(B+1), > —1.

Consider the fractional Brownian motion W of the theorem. The result is triv-
ial if H =1/2, so we suppose H # 1/2. From the shift invariance, we can also
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suppose fo = 0. The Mandelbrot—Van Ness definition states that if (B;; ¢t € R) is a
double standard Brownian motion, then

(A3) W, ::c/R((t—s)f“/z—(—s)i’“/Q)st

is a fractional Brownian motion for C > 0; we will choose the normalization
C=Cy:=TH+1/2)~".

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

LEMMA A.4. Let (f(t);0<t <t, —t1) be a random function which is mea-
surable with respect to ¥, and such that f(0) = 0. We suppose that f =1 H+1/24
for a function g in L*([0, ty — t1]). Consider the perturbed process

(A.4) W =W, 4 £ — )1z, t<t.

Then, if G(W) is a functional depending (as in Theorem A.1) on the increments of
W between times t; and to,

IE[G (W) | Fol — E[G(W) | Foll
< CE[|G(W)|? | Fol IEL(L2eCE)P | Fo1'/P
for1/p+1/q =1 and some C = C(q), and with

h—1 2
L :=/ g(s)“ds.
0

PROOF. By definition, we have

VI

£t — )1 sr) = CH/ (t — )T 12g(s — 1) ds,

131
SO

W,=chR((t—s)_’f‘1/2—(—s)f‘l/z)dés

with
" vt
B, = B; + gls —n)ds.
3l
The process B is perturbed after time #; by an absolutely continuous process
which is F-measurable, so by writing the Cameron-Martin theorem condition-
ally on 7,

E[G(W) | %]

= E[G(W)exp(— fttz g(s —11)dBs — %/ttzg(s — t1)2ds) ‘ 350/].
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By conditioning on £y C F,
EIG(W) | o] — EIG(W) | Fo] = E[G(W)(exp(--) — 1) | o]

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

PROOF OF THEOREM A.l. We use previous notation, and in particular sup-
pose H # 1/2 and g = 0. Define

0 —
A5 fO=Cu [ (1=~ = 9)"2)dB, ~dBy)

—0
for 0 <7 <1 — 1. 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 (—00, 0] in (A.3), so that

o tA0 o t
W, :cH/ (t =)=V — (=) aBs - Cy | (1 — )12 dB,.
tAO

—0Q
Then W has the same law as W, is independent from %y, and
Wt—l—tl - th =Wy =Wy + f) = WI-H] — Wn,

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

E[G(W)| %] =E[G],  E[IGW)|?| %14 =Gll,
in Lemma A .4, so that
IE[G | Fol — E[G]| < CIIGl4El(L"?e“")P | #1'/P.
Thus
|cov(F, G)| < C||G||4E[|FE[(L"?e“")P | #]'/7]
< ClGligI FllgIL"?eCE] .
In order to conclude, we have to estimate this L” norm. The formula (A.5) for f

can be differentiated, so f is smooth and

fO@ = (t +11 —s)?*V2(dB; — dBy)

1 0
I'H—-—k+1/2) /—oo
for k > 1. In particular,
LFOOI=C+mH*

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

f=1 1+ 12(f") = 111412
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for

g=f Op1—m + > H .

In particular, f satisfies the assumption of Lemma A.4. Moreover,

1 Ol b1z () = Cell N1 2H,

and

t
2= Ml < € /0 (t =)' 2T £ ()1 ds

t
<c' / (t — )V H (1 + 5 12 ds
0
< C//tlH—ltl/Z—H

where the last estimate is easily obtained by considering separately the integrals
on [0,7/2] and [¢/2, t]. Thus we have obtained an estimate for ||g(¢)]|,, and we
deduce that

1LY, < C(( —m)/n)' ™" = CRO, 1, 1)

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 th—t] g(S)2 ) 5
L)< — ——FEL |E ds,
exprL) < o | exp(rEg (2L JElE)1ds
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. [J

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 (Theorem 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 £(¢)
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. More precisely, let £(¢) and I'(s, ¢) take their
values respectively in R? and R? @ R. We suppose that

(A.6) E@) — &) =@ —s)", IT(s, )] < it — )

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) D(s,t) =T (s,u) +T(u, 1) + (Em) —&(5)) ® (E(r) — E(w))

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

t
F(s,r>=/s (Ew) — £(s)) ® dE ),
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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 [ pdé&, 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 val-
ues in LRY,R") (the space of linear maps), and ® with values in the space
LR, LRY, RY)) = L(R? @ R, R™). We suppose that

p(1) = p(s) — D()(EW) — &) <1/t — )
and
|D () — D(s)| < p'(z =)
For any s <t and any subdivision ¥ = (t) of [s, t], put

(A.8) g(E) =Y (p)(Etrrn) — E@)) + PEIT (tx, iy 1))

k

Then g(X) converges as max(ty4+1 — ty) tends to 0, and the limit |, St p d& satisfies

(A9)

t
/ pds — p()(E@W) — () — DT (s, 1) < Cupd(t — 5)
for some C = C(r).

REMARK A.6. The identification £(R?, £(R?, R")) = L(R? @ RY, R") is
made through [G(x)](¥) =G (x ® y).

REMARK A.7. We use the simple notation [ p d¢ though the integral actually
depends on (p, ®) and (&, I'). Notice, however, that if

limsup [£ (1) — £(s)|/(t — $)* = +00
tls

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.

PROOF 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 subdivisions X =
(tx) of [s, t] and let Xy be the subdivision with #; removed. We suppose that

(A.10) 18(2) — g(Zp)| < Coltks1 — ti—1)"
for some « > 1. Then g(X) converges as the mesh of X tends to 0, and

[limg — g(0)| < C(k)Cgq(t —5)"
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where the trivial subdivision o = (s, t). Let g be the functional of (A.8). Then

g(X) —g(Zp) = pt—1) (W) —Etr—1) + @ tx—DT k-1, 1r)
+ o (t1) (6 tk+1) — E(t)) + @@L (tks trev1)
— Pt (1) —EMr—1)) — @tr—DT (k1. trt1)
= (p(tx) — p(t—1)) (E(tk+1) — (1))
— O (1) (EM) — EM—1)) ® (Etkr1) — E(W))
+ (@) — @)Lt ey1)

where we have used the multiplicative property of I". The condition (A.10) is sat-
isfied with ¥ =3r and C; = 2, so the result is proved. [

In particular, we can compute the integral [ f(£)d& of a one-form by consid-
ering 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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