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PATHWISE INTEGRATION AND CHANGE OF VARIABLE
FORMULAS FOR CONTINUOUS PATHS
WITH ARBITRARY REGULARITY

RAMA CONT AND NICOLAS PERKOWSKI

ABSTRACT. We construct a pathwise integration theory, associated with a
change of variable formula, for smooth functionals of continuous paths with
arbitrary regularity defined in terms of the notion of pth variation along a se-
quence of time partitions. For paths with finite pth variation along a sequence
of time partitions, we derive a change of variable formula for p times continu-
ously differentiable functions and show pointwise convergence of appropriately
defined compensated Riemann sums.

Results for functions are extended to regular path-dependent functionals
using the concept of vertical derivative of a functional. We show that the
pathwise integral satisfies an “isometry” formula in terms of pth order variation
and obtain a “signal plus noise” decomposition for regular functionals of paths
with strictly increasing pth variation. For less regular (CP~1) functions we
obtain a Tanaka-type change of variable formula using an appropriately defined
notion of local time.

These results extend to multidimensional paths and yield a natural higher-
order extension of the concept of “reduced rough path”. We show that, while
our integral coincides with a rough path integral for a certain rough path, its
construction is canonical and does not involve the specification of any rough-
path superstructure.

INTRODUCTION

In his seminal paper Calcul d’Ité sans probabilités [14], Hans Follmer provided
a pathwise proof of the It6 formula, using the concept of quadratic variation along
a sequence of partitions, defined as follows. A path S € C([0,T],R) is said to have
finite quadratic variation along the sequence of partitions 7, = (0 = t§ < t} <
e < t;ﬁ,(ﬂn) =T) if for any ¢ € [0, T], the sequence of measures

u" = Z o(-— tj)|S(t§L+1) - S(t?”z

(7,7 ]€mn

converges weakly to a measure p without atoms. The continuous increasing function
[S]: [0, T] — R4 defined by [S](¢) = u([0,¢]) is then called the quadratic variation
of S along 7. Extending this definition to vector-valued paths Follmer [14] showed
that, for integrands of the form Vf(S(t)) with f € C?(R?), one may define a

Received by the editors April 18, 2018, and, in revised form, September 28, 2018.

2010 Mathematics Subject Classification. Primary 60HO05.

N. Perkowski is grateful for the kind hospitality at University of Technology Sydney where
this work was completed, and for financial support through the Bruti-Liberati Scholarship.
N. Perkowski also gratefully acknowledges financial support by the DFG via the Heisenberg Pro-
gram and Research Unit FOR 2402.

(©2019 by the authors under (Creative Commons Attribution 3.0 Licensel (CC BY 3.0)

161


https://www.ams.org/btran/
https://www.ams.org/btran/
https://doi.org/10.1090/btran/34
https://creativecommons.org/licenses/by/3.0/

162 RAMA CONT AND NICOLAS PERKOWSKI

pathwise integral [V f(S(t))dS as a pointwise limit of Riemann sums along the
sequence of partitions (7,) and he obtained an Itd (change of variable) formula for
f(S(t)) in terms of this pathwise integral: for f € C?*(R%),t € [0, T],

F50) = [ (VS8 + 5 [ (FEH(S ().l

where

/0 (VA(S()),dS(s)) = T S (VA(S(0), (S(Eey A) = S AL)))-

[t} t7 1 ]€mn

This result has many interesting ramifications and applications in the pathwise
approach to stochastic analysis, and has been extended in different ways, to less
regular functions using the notion of pathwise local time [2,[I0,24], as well as to
path-dependent functionals and integrands [IL[7,[825].

The central role played by the concept of quadratic variation has led to the
presumption that they do not extend to less regular paths with infinite quadratic
variation. Integration theory and change of variables formulas for processes with
infinite quadratic variation, such as fractional Brownian motion and other fractional
processes, have relied on probabilistic, rather than pathwise constructions [BLOLILE].
Furthermore, the change of variable formulae obtained using these methods are
valid for a restricted range of Hurst exponents (see [23] for an overview).

In this work, we show that Follmer’s pathwise It6 calculus may be extended to
paths with arbitrary regularity, in a strictly pathwise setting, using the concept of
pth variation along a sequence of time partitions. For paths with finite pth vari-
ation along a sequence of time partitions, we derive a change of variable formula
for p times continuously differentiable functions and show pointwise convergence
of appropriately defined compensated Riemann sums. This result may be seen as
the natural extension of the results of Follmer [14] to paths of lower regularity.
Our results apply in particular to paths of fractional Brownian motions with arbi-
trary Hurst exponent, and yield pathwise proofs for results previously derived using
probabilistic methods, without any restrictions on the Hurst exponent.

Using the concept of the vertical derivative of a functional [§], we extend these
results to regular path-dependent functionals of such paths. We obtain an “isome-
try” formula in terms of pth order variations for the pathwise integral and a “signal
plus noise” decomposition for regular functionals of paths with strictly increasing
pth variation, extending the results of [I] obtained for the case p = 2 to arbitrary
even integers p > 2.

The extension to less regular (i.e., not p times differentiable) functions is more
delicate and requires defining an appropriate higher-order analogue of semimartin-
gale local time, which we introduce through an appropriate spatial localization of
the pth order variation. Using this higher-order concept of local time, we obtain a
Tanaka-type change of variable formula for less regular (i.e., p — 1 times differen-
tiable) functions. We conjecture that these results apply in particular to paths of
fractional Brownian motion and other fractional processes.

Finally, we consider extensions of these results to multidimensional paths and
link them with rough path theory; the corresponding concepts yield a natural
higher-order extension to the concept of “reduced rough path” introduced by Friz
and Hairer [T, Chapter 5].
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Outline. Section[Ilintroduces the notion of pth variation along a sequence of parti-
tions and derives a change of variable formula for p times continuously differentiable
functions of paths with finite pth variation (Theorem [[H). An extension of these
results to path-dependent functionals is discussed in Section [[.3t Theorem [L.I0]
gives a functional change of variable formula for regular functionals of paths with
finite pth variation.

Section [2] studies the corresponding pathwise integral in more detail. We first
show (Theorem [Z1]) that the integral exhibits an “isometry” property in terms of
the pth order variation and use this property to obtain a unique “signal plus noise”
decomposition where the components are discriminated in terms of their pth order
variation (Theorem [2Z3]).

The extension of these concepts to multidimensional paths and the relation to
the concept of “reduced rough paths” are discussed in Section @l

1. PATHWISE CALCULUS FOR PATHS WITH FINITE pTH VARIATION

1.1. pth variation along a sequence of partitions. We introduce, in the spirit
of Follmer [I4], the concept of pth variation along a sequence of partitions 7, =
{65, tR ey d With £ =0 < ... <} < ... <1}, ) =T. Define the oscillation
of S € C([0,T],R) along m, as
osc(S,my) ;=  max max _|S(s) — S(r)|.
[tj:tj+1]€mn 1,8€[L;,t541]

Here and in the following we write [t;,t;41] € m, to indicate that ¢; and ¢;4, are
both in 7, and are immediate successors (i.e., t; < tj41 and 7, N (¢j,t41) = 0).

Definition 1.1 (pth variation along a sequence of partitions). Let p > 0. A
continuous path S € C([0,T],R) is said to have a pth variation along a sequence of
partitions ™ = (7, )n>1 if 0sc(S, 7,) — 0 and the sequence of measures

prti= > A= )IS(tin) = S(t)IP
[ti tj+1]€mn
converges weakly to a measure p without atoms. In that case we write S € V()

and [S]P(t) := p([0,1]) for ¢t € [0,T], and we call [S]? the pth variation of S.

Remark 1.2. (1) Functions in V,(7) do not necessarily have finite p-variation
in the usual sense. Recall that the p-variation of a function f € C([0,T],R)
is defined as [I1]

1/p
W llvar = sup 37 () = F)I)
€N(0.T]) [y S en

where the supremum is taken over the set II([0,T]) of all partitions 7 of
[0,T]. A typical example is the Brownian motion B, which has quadratic
variation [B]%(t) = t along any refining sequence of partitions almost surely
while at the same time having infinite 2-variation almost surely [11129]:

P (|| Bll2-var = 00) = 1.
(2) If S € V,(w) and g > p, then S € V,(7) with [S]? = 0.

The following lemma gives a simple characterization of this property.
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Lemma 1.3. Let S € C([0,T],R). S € Vp(m) if and only if there exists a continu-
ous function [S|P such that

(1) vt € [0, 7], > 1S(t) = SE)IP =SSP ().
[tjsti+1]€mn:
t; <t

If this property holds, then the convergence in () is uniform.

Indeed, the weak convergence of measures on [0, T] is equivalent to the pointwise
convergence of their cumulative distribution functions at all continuity points of the
limiting cumulative distribution function, and if the limiting cumulative distribution
function is continuous, the convergence is uniform.

Example 1.4. If B is a fractional Brownian motion with Hurst index H € (0,1)
and m, = {kT/n : k € Ng} N[0, 7], then B € V}y(r) and [B]Y/H (t) = tE[| B |Y/H];
see [20,127].

1.2. Pathwise integral and change of variable formula. A key observation
of Follmer [14] was that, for p = 2, Definition [l is sufficient to obtain a pathwise
It6 formula for (C?) functions of S € Va(r). We will show that in fact Féllmer’s
argument may be applied for any even integer p.

Theorem 1.5 (Change of variable formula for paths with finite pth variation). Let
p € N be even, let (m,) be a given sequence of partitions, and let S € V(7). Then
for every f € CP(R,R) the pathwise change of variable formula

F(5(8) - £(5(0)) = / f’<s<s>>d3<s>+]§ / SO (S(s)d[S](s)

holds, where the integral

t (k)
| rsease) = im 3 Zf (S(tys1 A ) = St A 6))*

n—oo
[t):tj+1]€mn k=1

is defined as a (pointwise) limit of compensated Riemann sums.

Proof. Applying a Taylor expansion at order p to the increments of f(.5) along the
partition, we obtain

(2)
f(5(t) = £(S(0))
= > (f(S(tjpnt) = F(S(t; A)))

[tj,tjtr1]€mn
P (k)
= Z (S(tjra At) = S(t; At))*
[tj:tj+1]€m
+ ) / d>\1 (S(tj+1/\t)—S(tjAt))p
[tj:tj+1]€mn

% (f(P) (S(t;) + A(S(tje1 At) = S(t; AT))) — f(p) (S(tj)>)-

Since the image of (S(t))¢c[o,7] is compact, we may assume without loss of generality
that f is compactly supported; then the remainder on the right hand side is bounded
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by

/ = 1 (St e1 A ) = S(t A
7+1]€7'r
x (f(” (S(t) +A(S(ti1 A1) = S(t; A1) = FP(S(1,))|
< C(f, S, 70, p)un([0,1])

with a constant C(f, S, m,,p) > 0 that converges to zero for n — oo, and therefore
the remainder vanishes for n — oco. Since S € V,,(7m) we know that

im w . _ . pfi ' P (S(s P(g
N Tl | o seusre),

and therefore we obtain from (2))

lim Z Z f(k (S(tje1 ANE) = S(t; A t))k

n—oo
[t t:,+1]€7l'n k=1

. _ R »
= f(5(#) = £(500) = /0 FP(5(s))d[S1P(s),
and we simply define fot 1/(S(s))dS(s) as the limit on the left hand side. O

Remark 1.6 (Relation with Young integration and rough path integration). The
expression

> Zf (S(t; At) — S(t; At))*

[t tJ+1]E7T,L k=1

is a “compensated Riemann sum”. Note however that, given the assumptions on
S, the pathwise integral appearing in the formula cannot be defined as a Young
integral, even after substracting the compensating terms. This relates to the ob-
servation in Remark that p-variation can be infinite for S € V, ().

When p = 2 it reduces to an ordinary (left) Riemann sum. For p > 2 such com-
pensated Riemann sums appear in the construction of “rough path integrals” [I7
19]. Let X € C%([0,T],R) be a-Holder continuous for some o € (0,1), and
write ¢ = [@~!]. We can enhance X uniquely into a (weakly) geometric rough
path (X}, X2,,...,X? ) )o<s<t<r, where X, := (X(t) — X (s))*/k!. Moreover, for

g€ C’q“(R R) the function ¢'(X) is controlled by X with Gubinelli derivatives

a-! (k1) (X
I 1y — x(s))* + Ot — s[)

g(X(®) -

I
= ,_.

»Qk‘

gD (X ()X, + Ot — /),
1

E
Il

and therefore the controlled rough-path integral fot g (X (s))dX(s) is given by

q — X(s))*
[ DD SYCISCEI- N D SR SPLIS UL

|7|—0 |7|—0
[t t1+1]€7l'k 1 [t',tj+1]€7rk=1
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where || denotes the mesh size of the partition =, and which is exactly the type of
compensated Riemann sum that we used to define our integral. The link between
our approach and rough-path integration is explained in more detail in Section
below.

Remark 1.7. In principle we could apply similar arguments for odd integers p if
instead of S € V,(m) we assumed that Z[tjﬁtjﬂ}eméﬂ — t;)(S(tj+1) — S(¢5))?
converges to a signed measure. However, for odd p we typically expect the limit
to be zero; see the appendix for a prototypical example. So to slightly simplify the

presentation, we restrict our attention to even p.

Remark 1.8. A notion similar to our definition of pth variation was introduced by
Errami and Russo [13], in the (probabilistic and not pathwise) context of stochastic
calculus via regularization [28]. For p = 3, Errami and Russo prove an It6-type for-
mula that is similar to the one in Theorem[[L5l However, since they use a definition
of the integral fg f'(S(s))dS(s) that does not take the higher-order compensation
terms into account, their approach is limited to p = 3. Gradinaru, Russo, and
Vallois [18] extended this approach to p = 4 for functions of a fractional Brownian
motion with Hurst index H > 1/4, a result which relies heavily on the Gaussian
properties of fractional Brownian motion.

The key ingredient of our approach is to define the integral using compen-
sated Riemann sums which, compared with previous work, drastically simplifies
the derivation of the change of variable formula for arbitrary (even) p in a strictly
pathwise setting without any use of probabilistic notions of convergence.

1.3. Extension to path-dependent functionals. An important generalization
of Follmer’s pathwise It6 formula is to the case of path-dependent functionals [8] of
paths S € V() using Dupire’s functional derivative [12]; see [7] for an overview.
We extend here the functional change of variable formula of Cont and Fournié [§]
to functionals of paths S € V, (), where p is any even integer.

Let D([0,T],R) be the space of cadlag paths from [0,7] to R and write

wi(s) =w(sAt)
for the path w stopped at time ¢. Let
Ar ={(t,w) : (t,w) € [0, T] x D([0,T],R)}
be the space of stopped paths. This is a complete metric space equipped with

doo((t,w), (t' ")) := sup |w(sAt) —w'(sA)|+ |t —t| = ||we — wi]loo + [t — ]
s€[0,T]

We will also need to stop paths “right before” a given time, and set for ¢ > 0
w(s), s < t,
wi—(8) == ( )
lim,4¢ w(r), s>t

while wg_ := wp. We first recall some concepts from the non-anticipative functional
calculus [7[8].

Definition 1.9. A non-anticipative functional is a map F': A7 — R. Let F be a
non-anticipative functional.
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i. We write F' € C?’O(AT) if for all t € [0,T] the map F(¢,-): D([0,T],R) - R
is continuous and if for all ({,w) € Ap and all € > 0 there exists 6 > 0 such
that for all (¢,w') € Ap with ¢/ < t and doo((¢,w), (t',w')) < & we have
|F(t,w) — F(t', )| <e.

ii. We write F' € B(Ar) if for every to € [0,7) and every K > 0 there ex-
ists Ckt, > 0 such that for all ¢ € [0,%p] and all w € D([0,T],R) with
SuP,eo,g |w(s)| < K we have |F(t,w)| < Ck -

ili. F is horizontally differentiable at (t,w) € Ap if its horizontal derivative

F _F
DF(t,w) i lim LMo = Pt )
hl0 h

exists. If it exists for all (¢t,w) € Ap, then DF is a non-anticipative func-
tional.
iv. F is vertically differentiable at (t,w) € Ag if its vertical derivative

Vo F(t,w) := lim Pt + M) = F(tw)
h10 h

exists. If it exists for all (¢,w) € Ap, then V,F is a non-anticipative func-
tional. In particular, we define recursively VA1 F := V VX I whenever
this is well defined.

v. For p € Ny we say that I’ € (Cll,’p(AT) if F' is horizontally differentiable and
p times vertically differentiable in every (t,w) € Ar, and if F,DF,VEF €
CY(Ar) NB(Ar) for k=1,...,p.

Define the piecewise-constant approximation S™ to S along the partition 7,:
(3) SMt) = D> Sttt + STy ().
[tj,t_7'+1]€71'n
Then lim,,_, o [|S™ — S|l = 0 whenever osc(S, 7,) — 0.

Theorem 1.10 (Functional change of variable formula for paths with finite pth
variation). Let p be an even integer, let F € C;’p(AT), and let S € V,(m) for a
sequence of partitions (m,) with vanishing mesh size |m,| — 0. Then the functional
change of variable formula

t t
F(¢,S:) = F(0,S50) + / DF(s,Ss)ds + /
0 0

e P p
< VF(s,85),dS(s) > +H/0 VP F(s,S5)d[S]P(s)

holds, where
t
/ < VF(s,8;s),dS(s) >
0

p—1

. 1 .

=lm Y S VEF(, 8] ) (St At) = S(t; D)
[tjtjp1]€mn k=1

with the piecewise constant approzimation S™ as defined in ([3)).
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Proof. Since the right hand side is a telescoping sum, we have

F(t,S’t") - F(O,S’S) = Z (F(tj+1 A tvsajﬂ/\t)f) - F(tj A t7Sthj/\t)7))
[tj,tj+1]€ﬂ'n
+ F(tvstn) - F(taStn—)
= Y (Pl ALSE, an )= F(t AL ST ) +o(1),
[titit1]€Emn

Consider j with ;41 <t and split up the difference as follows:
Flty, 85, 2)~F (15,57, ) = (Flt5 1, 8%, )= F(t, ST+ (F (8, S5 )-F (15, 57 ).

Now Sfﬂ_( s) =S (s) for all s € [0,;+1], and therefore the first term on the right

hand side is simply

tj+1
Flty 1,87 ,,_) — F(t;,S7) = / DF(r, S2)dr
t

from where we easily get (using that the mesh size of (7,,) converges to zero)
¢
lim Y (Ftjpa AL SG ) — Pt AL ST ) = /0 DF(r, S,)dr

n— o0
[tj:tj+1]€mn

It remains to consider the term

n n St; tit1 n
F(tjastj) _F(tjastj ) (t]7St — * )_F(tjastj—)v

where Sy 1., == S(tj+1) — S(t;) and S % (s) := Sf(s) + 1y, 71(s)z. By Taylor’s
formula and the definition of the vertical derivative, we have

n,St. t

(t],St 7 ”1)_ (tj,S?,,)

- Z VEF( ltJ,S,;’t)(S(tj+1 At) = S(t; At))E

! 1 p—l , — S(t. P
+ m /O d/\(l - /\) (S(t].H A t) S(t] A t))
n,ASt ¢

x (ng(tj,st,_ Pty ng(tj,sg;_)).

Now we sum over [t;,t;41] € m, and see as in Theorem [[.5] that the correction term
vanishes for n — co. Moreover, since S € V() we have

. vf:F(tj’ng)
Jm Y SR Sl - () / VP F(s, S4)d[S]7(s);

[tjtj+1]€mn
see [T, Lemma 5.3.7]. Since F € C}"°(Ar), we have
lim (F(t,5¢') = F(0,5¢)) = F(t,St) = F(0, 5),

n—oo

which completes the proof. (Il
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2. ISOMETRY RELATION AND ROUGH-SMOOTH DECOMPOSITION

Given a path (or process) S € V,(m) with finite pth variation along the sequence
of partitions (m,), the results above may be used to derive a decomposition of
regular functionals of S into a rough component with non-zero pth variation along
() and a smooth component with zero pth variation along (7). For p = 2 such
a decomposition was obtained in [I] and is a pathwise analog of the decomposition
of a Dirichlet process into a local martingale and a “zero energy” part [I5].

For a € (0,1) we write C*([0,T],R) for the a-Hélder continuous paths from
[0,T] to R, and || - ||« denotes the a-Holder semi-norm.

1. An “isometry” property of the pathwise integral.

Theorem 2.1 (“Isometry” formula). Let p € N be an even integer, let o > ((1 +
%)1/2—1)/2, let (m,) be a sequence of partitions with mesh size going to zero, and let

S € Vy(m) N C([0,T),R). Let F € Cy*(Ar) such that V,F € Cp'(Ar). Assume
furthermore that F is Lipschitz-continuous with respect to doo. Then F(-,S) €
Vp(m) and

F(9)P(t) = / Vo F (s, S,)PAISP(s).

Proof. The proof is similar to the case p = 2 considered in [I]. Indeed, our assump-
tions allow us to apply [I, Lemma 2.2], which shows that there exists C' > 0, only
depending on T, F', and ||S||a, such that for all 0 < s <t < T

(4) |Rp(s,t)| :==|F(t,St) — F(s,5s) — Vo F(s,55)(S(t) — S(s)| < Clt — s|a+a2.

Writing also vp(s,t) := V,F(s,S5)(S(t) — S(s)), we obtain
(5)

> P41, S,,) - Ft,S)P = Y |Re(ty tip) + vt tie)]
[tistjt1]€mn: [tistjt1]€mn:
tj4+1<t tj4+1<t
P
= > et Z( ) > Re(tti) ety tip)P "
[tjstj+1]€mn: k=1 [tj,tj+1]€mn:
tj+1§t tj.*_lgt

Since S € V,(7) we have

n— o0
[tj,tj+1]€mn:
tj+1<t

(6) im S et / VW F (s, 5())PA[S]P(s).

Our result follows once we show that the double sum on the right hand side of (&)
vanishes. For that purpose let k € {1,...,p} and write g, := p/(p — k) € [1, 0]
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and let ¢;, = p/k be its conjugate exponent. Hélder’s inequality yields

[t;

<

> RF(%tj+1)k7F(tj>tj+1)”_k’

,tj+1]€ﬂ',,,:
tjy1<t

’ 1/‘1;‘: _ 1/Qk
(X Bet)lfe) (X et )70
[tj,tj+1]€Emn: [tj,tj+1]€mn:
tj41<t tj+1<t

k/p (p—k)/p
(Y Betl) (X betr)
[tistj+1]€mn: [tj5tj41]€mn:
tjp1<t tip1<t

By (@) the first sum on the right hand side is bounded by

» k/p
> IRe(tti)l)
[tj tj4+1]E€mn:
tjp1<t
k/p
< ( Yo It - tj|p(a+a2)>
[ty tj+1]€mn:
tjp1<t

< (t x max{[tjer — t5[POF TN [ 4] € mau i < E)MP

which converges to zero for n — oo because p(a + a?) > 1 (which is equivalent to

our assumption o > (/1 + % —1)/2) and because k > 0. Moreover, by (@) the sum

over |yr(tj,tj41)[P is bounded and this concludes the proof. O

Remark 2.2.

(1)

Keeping the example of the (fractional) Brownian motion in mind, we would
typically expect paths in V,(m) to be (1/p — x)-Holder continuous for any
> 0. Since for f(x) = (14 2)*/? we have
(x) = —i(l +2)7%% <0,
we have f(z) < f(0) 4+ f'(0)z for all z > 0, and therefore
1+ =1 <ﬁ:£’
2 2 P
which means that in Theorem 2] we can take o < 1/p and our constraint
on the Holder regularity is not unreasonable.
In fact the constraint on a comes from inequality (), which only gives
us a control of order |t — s|*+" for Rp(s,t), while |t — s|2* might scem
more natural (after all Rp(s,t) is something like the remainder in a first-
order Taylor expansion). The difficulty is that horizontal differentiability
is a very weak notion and gives us no control on Rp(s,t). To obtain any
bounds at all we first need to approximate our path by piecewise linear
or piecewise constant paths, and through this approximation procedure we
lose a little bit of regularity; see [Il, Lemma 2.2] for details. One can improve

the estimate on Rp(s,t) by taking a higher-order Taylor expansion (which
would require more regularity from F'), but we do not need this here.
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2.2. Pathwise rough-smooth decomposition. Using the above result we may
derive, as in [I], a pathwise “signal plus noise” decomposition for regular functionals
of paths with strictly increasing pth variation. Let

CyP(S) ={F(-,8),F € Cy’(Ar)} C Vp(n).

The following result extends the pathwise rough-smooth decomposition of paths in
(C;’p(S), obtained in [I] for p = 2, to higher values of p.

Theorem 2.3 (Rough-smooth decomposition). Let p € N be an even integer, let
a>((1+ %)1/2 —1)/2, let (m,) be a sequence of partitions with vanishing mesh
size |mp| = 0 and let S € V,,(m)NC*([0,T],R) be a path with strictly increasing pth
variation [S)P along (m,). Then any X € CyP(S) admits a unique decomposition

X=X0)+A+M where [AP=0 and M(t) = /Ot #(s)dS(s)

s a pathwise integral defined as in Theorem [LI10L

Proof. Existence of the decomposition is a consequence of Theorem [[T0 Consider
two such decompositions X — Xo= A+ M = A+ M. Since [A]? = [A]? =0 and

(A =A)(1) — (A=A ()P SIA®R) = A(s)” + A1) — A(s)]P,

we get A — A € V,(r) and [A — AJ? = 0. But then also [M — M]? = [A — A]? = 0.
Now

M(t) = /O Vo F(s, S)dS(s),  BI(t) = /O V. F(s, S4)dS(s)

for some F, F € Cé’p(AT), and by Theorem 2.1l we have

~ T ~
0= [M — NJP(T) = / Vu(F — F)(s, 8) PAISP(s).

Since (F — F)(s,S,) is continuous in s and [S]P is strictly increasing we have
Vw(F — F)(-,8) = 0. This means that M — M =0, and then also A— A=0. O

Remark 2.4. If t — [S]P(¢) is not strictly increasing, uniqueness of the decomposi-
tion still holds d[S]P—almost everywhere.

3. LOCAL TIMES AND HIGHER-ORDER WUERMLI FORMULA

An extension of Follmer’s pathwise It6 formula to less regular functions was given
by Wuermli [30] in her (unpublished) thesis. Wuermli considered paths with finite
quadratic variation which further admit a local time along a sequence of partitions,
and derive a pathwise change of variable formula for more general functions that
need not be C2. Depending on the notion of convergence used to define the local
time, one then obtains a Tanaka-type change of variable formulas for various classes
of functions; convergence in stronger topologies leads to a formula valid for a larger
class of functions. Wuermli [30] assumed weak convergence in L? in the space
variable (see also [2]) and some recent works have extended the approach to other
topologies, for example uniform convergence or weak convergence in L? [10,24]. To
a certain extent Wuermli’s approach can be generalized to our higher-order setting,
but as we will discuss below in the higher-order case we do not expect to have
convergence of the pathwise local times in strong topologies.
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To derive the generalization of Wuermli’s formula, we consider f € CP~2 with
absolutely continuous f®~2) and apply the Taylor expansion of order p — 2 with
integral remainder to obtain

p—2 _
f(k)(a) k ’ f(p 1)(33) p—2
F(b) = f(a) = ; o (b—a) +/a G2 0

Assume now that f®=1) is of bounded variation. Since every bounded variation
function fP~1 is regulated (ladlag) and therefore has only countably many jumps,
its cadlag version is also a weak derivative of =2 and from now on we only work
with this version. Since (b — -)P~2 is continuous, the integration by parts rule for
the Lebesgue-Stieltjes integral applies in the case b > a and we obtain

/b f(pil) (l‘) (b _ I)pizdl‘ _ f(pfl)(b) _(b — b)pil _ f(pfl)(a) _(b — a)p*l

(p—2)! (p—1)! (p—1)!
_(b — m)p—l p—1
- /(a,b] (p—1)! arr D)
PR O (ks b= -1y
e AR P v A

Similarly we get for b < a

bf(pfl)(@ 2y — @ f=1)(g) 2y
/a (b= 2)de = /b (p—2)!(b o

(p—2)!
(b byl
:f()W)@—n!‘%;f@—n!”()“*

and therefore

Pl rR) (g _ )1
f(b) = fla) = /; ! k!( )(b — a)* +sign(b — a) /(]a,b]] %df@—l)(x)
= S f(k)(a) —a)k ign(b — a)? L_ﬂpil (=D,
=3 - o) i) /qa’b]] @)
-1
N M)y ysignb—a)b -zt
_’; k-l (b ) +/Rl(]aab]]( ) (p—].)' df ( )a

with the notation

_ (aab]v bzav
fa.0] = {(b, al, a<b.

For any partition o of [0, 7], we define

L7 @) i= > sign(Sy,,ne — St A OV Lis(t;n0),50, 1 2e) (@) S (Hj1 A L) — 2P~

tj€o
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To extend Theorem [[5lto S € V), (), we first note that the following identity holds
for any partition m,:

i St
FS)—fSo) = Y Z tign At) = S(t; At)F
[tj,tjp1]€my k=1
1 -1
7 + 7/L7T"’p z)dfP=D ().
To obtain a change of variable formula for less regular functions, we need the last
term to converge as the partition is refined. This motivates the following definition.

Definition 3.1 (Local time of order p). Let p € N be an even integer and let
€ [1,00]. A continuous path S € C([0,T],R) has an L2-local time of order p — 1
along a sequence of partitions m = (m,,),>1 if osc(S,m,) — 0 and

LE PN = 37 Lswnn e, ad (OIS (e A) =27

tjem

converges weakly in L?(R) to a weakly continuous map L: [0,7] — L4(R) which
we call the order p local time of S. We denote L1(7) the set of continuous paths S
with this property.

Intuitively, the limit L;(x) then measures the rate at which the path S accumu-
lates pth order variation near x. This definition is further justified by the following
result, which is a ‘pathwise Tanaka formula’ [30] for paths of arbitrary regularity.

Theorem 3.2 (Pathwise “Tanaka” formula for paths with finite pth order vari-
ation). Let p € 2N be an even integer, q¢ € [1,00] with conjugate exponent ¢’ =
q/(q—1). Let f € CP~Y(R,R) and assume that fP~Y) is weakly differentiable with
derivative in LY (R). Then for any S € Li(r) the pointwise limit of compensated
Riemann sums

t Pl (k) ,
| rsonse = lin ¥ S LD (51,0 n ) — 500, 1))

[tj7tj+1]€ﬂ'n k=1

exists and the following change of variable formula holds:

F(5(8) — F(S(0)) = / f’<s<s>>ds<s>+ﬁ / ) (@) Lo(a)de

Proof. The formula (@) is exact and does not involve any error terms. Noting that
LY (R) C (L9)*(R) also for ¢ = oo, our assumptions imply that the second term on
the right hand side of ([]) converges, so the result follows. |

To justify the name “local time” for L, we illustrate how L is related to classical
definitions of local times by restricting our attention to a particular sequence of
partitions [6L20].

Definition 3.3. Let S € C([0,T],R). The dyadic Lebesgue partition generated by
S is defined via 73 := 0 and

Ty = inf{t = 77" 5 € 2772\ {Sin } )
and then m, = ({77 : j € No} N[0, 7]) U{T}.
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Lemma 3.4. Let p € N be even, let S € C([0,T],R), and let (m,) be the dyadic
Lebesgue partition generated by S. Given an interval [a,b] we write Uy([a,b]) for
the number of upcrossings of [a,b] that S performs until time t. Let x € R and let
I = (k27" (k+1)27"] be the unique dyadic interval of generation n with x € I}
Then

L7 (x) = (J(k+1)27" =27t 4 |z — k27 P HU(IF) + 027" P7Y),
Proof. We have 1(s_, s, () # 0 if either Sqn = k27" and Srn = (b +1)27"
37T I 3
(i.e., S performs an upcrossing of I), or Srn = (k+1)27" and S7n | = k27" (ie., S
performs a downcrossing of I3). In the first case we have to add |(k+1)27" —z[P~!
to L7 (), and in the second case we add (—1)P|x — k27"|P~1 = |z — k27 "|P~L.
Therefore, we obtain
Ly (@) = |(k+1)27" =[P U(IR) + o — k27" [P Dy (1) + 02707 Y),

and since up- and downcrossings of I}’ differ by at most one, our claim follows. [

Note that the expression for L™ strongly fluctuates on I}’. For z ~ k2~" and = ~
(k+1)27" the factor in front of U (I}) is ~ 27"~V while for x = (2k + 1)27 !
we get the factor 2-"(P=1)2P=2 Therefore, we do not expect LT"(x) to converge
uniformly or even pointwise in & as n — oo (unless if p = 2).

Lemma 3.5. In the setting of Lemma B4 set

Ly (x) =Y 27" DU (1)1 (2).
kEZ
Let g € (1,00). If LT" converges weakly in L4(R) to a limit Ly, then LT" converges
weakly in LY(R) to (2/p)L;.

Proof. Let us introduce an averaging operator,

22"/ f(y)dy 1rr ().

kEZ
Since

-
2

/ ((k+1)2" — 2P~ + |z — k2P )da = 2/ ol = 227,

e 0

k

we have LT = BA, LT + O(2~™?=1) with a compactly supported remainder
0(2_”@_1)). We claim that if (f,,) is a sequence of functions for which A, f,
converges weakly in LY(R) and for which |f,| < C|A, fy|, then also (f,) converges
weakly in L9(R) to the same limit, which will imply our claim. To show this, let f
be the limit of A, and let g € L% (R). We have (A0, ¥) = (Ao, Anth) = (0, Apt))
for all ¢, 4, and therefore

|<fn - f,g>| S |<fn _Anfnag>| + |<~Anfn _fag>‘
= |<fnyg_-/4ng>| + |<~Anfn - fag>|
< fullzallg = Angll e + [(Anfn = £, 9)I-

The second term on the right hand side converges to zero by assumption. For the
first term we note that by assumption ||f,|lre < || AnfnllLe, which is uniformly
bounded in n because (A, f,) converges weakly in L9. The proof is therefore
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complete once we show that lim, . [|g — Angll;o = 0 for all g € L?. But this
easily follows from the fact that the continuous and compactly supported functions
are dense in LY | O

In fact, we conjecture that, for fractional Brownian motion, this notion of local
time defined along the dyadic Lebesge partition coincides, up to a constant, with
the usual concept of local time defined as the density of the occupation measure.

Conjecture. Let B be the fractional Brownian motion with Hurst parameter H €
(0,1), and let (m,,) be the dyadic Lebesgque partition generated by B. Let I}' and U,
be as in Lemma B4l (where now we count the upcrossings of B instead of S). We
conjecture that
LT (x Zz " HEDG (L ()
keZ

almost-surely converges uniformly in (t,x) € [0,T] x R to £;(x)E[|B1|'/H]/2, where
0 is the local time of B, i.e., the Radon-Nikodym derivative of the occupation mea-
sure A — fot 14(B(s))ds with respect to the Lebesgue measure; see, e.g., [3]. In
particular, for any even integer p € 2N, B € Eigfl(ﬂ'n) for any q € (1,00).

This result is well known for H = 1/2; see, e.g., [6l24]. In the general case
H € (0,1), it is natural to expect that

o
—n n—00 1/H
) =32 < 22 (BT = E[BYH,

which would be an extension of the convergence result of [27] from deterministic
partitions to the Lebesgue partition generated by B. Moreover, we know that the
local time ¢ of the fractional Brownian motion satisfies

t
ft(l') _ nh_{goZTL/ ]_Ig(Bs)dS].]ZL(.’L')

keZ 0
If we formally replace the Lebesgue measure in the integral by E[|By|"/#]~1u",
then we get
le(z) = E[|By|YH]7! lim Zzn/ 170 (By)u™(ds)1rp (2)
n—oo
kez 0
= E[| B[/ nler;OZQ"‘"/H > 11p (B )1p(2)
kEZ j:T;"JrISt
— BBy tim 372" (D, (1) + V(I (@),
kEZ

and if we further assume that 2"~/ #|U, (I, ;) — Uz(I}*)| — 0, then our conjecture
formally follows.

If the conjecture holds, then for any p € 2N and B a typical sample path of the
fractional Brownian motion with Hurst index 1/p and f € CP~! with weak pth
derivative f®) € L9 for any q € (1, 00):

8)  F(B() — [(B(O0) = / f’(B(S))dB(s)er [ 9@tz
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where £ is the local time of B and

¢ (h)
/ f/(B(s)dB(s) = lim 3 Z ~/ (B(ty1 A ) — B(t; M),
0 " i) Emn b1

By Theorem the formula holds for f € CP, because then

BIBA) [ 10 ayesars — BB [ o sopas — L [ pocs
B [ 0@ =SB0 [ o sepas= L [ o senast

which adds further credibility to our conjecture.

4. EXTENSION TO MULTIDIMENSIONAL PATHS

As in the case p = 2, the set V,,(7) is not stable under linear combinations: for
51,82 € Vp(m), expanding ((S1(tj41) — S1(t;) + S2(tj41) — S2(t;))? yields many
cross terms whose sum cannot be controlled in general as the partition is refined.
The extension of Definition [[LTlto vector-valued functions S = (S1,. .., Sq) therefore
requires some care. The original approach of Follmer [14] was to require that S;, S;+
S; € Vp(m). We propose here a slightly different formulation, which is equivalent
to Follmer’s construction for p = 2 but easier to relate to other approaches, such
as rough path integration.

4.1. Tensor formulation. Define 7T,(R%) = R¢®...®R? as the space of p-tensors
on RY. A symmetric p-tensor is a tensor T € T,(R?) that is invariant under any
permutation o of its arguments:

Y(v1,v2,...,vp) € (RT)P, T(vi,v2,...,0p) = T(Vo1, V52, - - -, Vop)-
The coordinates (T5,4,...;,) of a symmetric tensor of order p satisfy

T, =T,

112 1p lo1t02 lop*

The space Sym,, (R%) of symmetric tensors of order p on R? is naturally isomorphic
to the dual of the space H,,[X7, ..., X4] of symmetric homogeneous polynomials of
degree p on R%. We set Sym,(R?) := R.

An important example of a symmetric p-tensor on R? is given by the pth order
derivative of a smooth function:

Vf € CP(RY,R),Vz € RY: V? f(x) € Sym,,(RY).

The symmetry property is obtained by repeated application of Schwarz’s lemma.
We define S,(R?) as the direct sum of Sym,(R?) for k =0,1,2,...,p

P
R?) = @ Sym,, (R
k=0

The space S,(RY) is naturally isomorphic to the dual of the space R,[X1,..., X4]
of polynomials of degree < p in d variables, which defines a bilinear product

<" > Sp(Rd) X Rp[Xl, - ,Xd] - R.

Slightly abusing notation, we also write (-,-) for the canonical inner product on
T,(R%). Consider now a continuous R%valued path S € C([0,7],R?) and a se-
quence of partitions m, ={tg, ..., } with (=0 <... <tp <... <ty =T.
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Then
pri= Y 6= 1) (S(tja1) — S(t)) @ - ® (S(ti1) — S(t5))

[tjti+1]€mn

p times

defines a tensor-valued measure on [0,7] with values in Symp(Rd). This space
of measures is in duality with the space C([0,T],H,[X1,...,Xq4]) of continuous
functions taking values in homogeneous polynomials of degree p, i.e., homogeneous
polynomials of degree p with continuous time-dependent coeflicients.

Definition 4.1 (pth variation of a multidimensional function). Let p € N be even,
let S € C([0,7],R%) be a continuous path, and let 7 = (m,),>1 be a sequence of
partitions of [0, 7. Consider the sequence of tensor-valued measures

phi= S 6 = t)(S(ter) — S(t5)E.
[tj,tj+1]€ETn

We say that S has a pth variation along m = (m,),>1 if osc(S,m,) — 0 and
there exists a Symp(Rd)fvalued measure pg without atoms such that for all f €
C([0,T],H,[X1,...,X4])

i [ () = lim S (100, (8(t00) = SE)T) = [ (f.dus).

nree 0 [tj,t_7'+1]€71'n
In that case we write S € V() and we call [S]P: [0,T] — Sym,,(R?) defined by
[S17(t) := ([0, ¢])
the pth variation of S.

By analogy with the positivity property of symmetric matrices, we say that a
symmetric p-tensor T' € Symp(Rd) is positive if

(Tov®...0v) >0 YveR%

We denote the set of positive symmetric p-tensors by Sym;)r (R%). For T,T €
Sym,,(R?) we write T' > TiT-T ¢ Sym (R?). This defines a partial order
on Sym,,(R?).

Property 4.2. Let S € V,(m) N C([0,T],R?%). Then

(i) [S]? has finite variation and is increasing in the sense of the partial order
on Sym,,(R%):

[S]P(t+ h) — [S]P(t) € Sym} (RY)  VO<t<t+h<T.
) Ve[0T, S (St at)—SHADT " [SP).
Proof. Let v € R%. Before passing to the limit, the function

Yo @ (Stn) =Sy = Y o (S(tia) = S(t)P

[tjstj+1]€mn: [tjstj+1]€mn:
t; <t t; <t
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is increasing in ¢, and therefore it defines a finite (positive) measure. By assumption,

this measure converges weakly to the measure defined by (a, b] — fOT<1(a,b]v®p, dus).
In particular, we have

T
(WP [S]P(t + h) — [S]P()) = / (L™, dus) > 0.

Thus, (v®P,[S]P) is increasing for all v € R?, and from here it is easy to see that [S]P
has finite variation (apply, e.g., polarization to go from v®? to v} ® --- ®@wv,). O

Theorem 4.3 (Change of variable formula for paths with finite pth variation).
Let p € N be even, let (m,) be a sequence of partitions of [0,T], and let S €
Vo (m)NC([0,T),R%). Then for all f € CP(R%,R) the limit of compensated Riemann

sums

/()(Vf(S(S)),dS(S)%: lim ) Zk, (VFF(S(t)), (S(tjr1At)=S(t;18) %)

n—oo
[t tJ+1]E7T,L k=1

exists for every t € [0, T] and satisfies the pathwise change of variable formula:

F(S(8) — F(S(0)) = / <Vf(5(8)),d5(8)>+$ / (VP £(S(5)). dISP(s).

Proof. The proof follows similar ideas to the case p = 2. By applying a Taylor
expansion at order p to the increments of f(S) along the partition, we obtain

(9)
f(8(t)) = (S(0))
= > (f(S(tjpant) = F(S(Et; A1)

[ty ti+1]€mn
> e
[tjtjr1]€mn k=1
1 -1
(1-=NP
4 / L=
Z 0 (p—1)!

[ti tj+1]€mn

ti)), (S(tjp1 At) — S(t; A1)PF)

??_IH

x ((VPF(S(t5) + A(S(tjr1 At) = S(t; A1) — VPF(S(E)))),
(S(tjr1 At) = S(t; A1))PP).

As in the proof of Theorem we assume that f is compactly supported and use
this to show that the remainder on the right hand side vanishes as n — co. Since
S € V,(m) we know that

tm Y L VRF(S()), (St Af) — (5 A 0))

n—oo
[tj:tj+1]€mn

1 t
= <V”f( (5)), d[S]"(s)),
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and therefore we obtain from ()

p—1

. 1

Hm Y3 L TRAS). (St A - S AN
[tytjra]€mn k=1

= f(5@) = f(5(0)) — l/ FP(S(s)d[S]7(s),

p'Jo
and we simply define fg(Vf(S(s)), dS(s)) as the limit on the left hand side. O

4.2. Relation with rough path integration. To explain the link between
Follmer’s pathwise It6 integral and rough path integration [21I], Friz and Hairer
[I7, Chapter 5.3] introduced the notion of (second order) reduced rough path.

Definition 4.4. Let o € (1/3,1/2). We set Ap := {(s,¢) : 0 < s <t < T} A
reduced rough path of regularity « is a pair (X,X): Ar — R? @ Sym,(R?), such
that

(i) there exists C' > 0 with
| X el + 4/ Xs el < Ot = s]%, (s,t) € Ar;
(ii) the reduced Chen relation holds
Xot — Xy — Xyt = Sym(Xs , @ Xy t), (s,u), (u,t) € Arp,
where Sym(-) denotes the symmetric part.

Friz and Hairer [I7] also show that, for any S € V,(w), there is a canonical
candidate for a reduced rough path. Indeed, the pair

Xori=80) = 8(),  Xowi= 5 Xeu ® Xoa = 5(S1°(0) ~ [S(9))
satisfies the reduced Chen relation. But in general we do not know anything about
the Holder regularity of S € Va(r), because for any continuous path S there exists
a sequence of partitions (m,) with S € Va(m) and [S]> = 0; see [16]. If, however,
we take the dyadic Lebesgue partition (m,) generated by S as in Definition [3.3]
and if S € Va(m), then it follows from [4, Lemme 1] that S has finite g-variation
for any ¢ > 2. So in that case every S € V,(m) corresponds to a reduced rough
path with p-variation regularity. Rather than adapting Definition [£.4] from Holder
to p-variation regularity, we directly introduce a concept of higher-order reduced
rough paths. For that purpose we first define the concept of control function.

Definition 4.5. A control function is a continuous map c¢: Ar — Ry such that
c(t,t) = 0 for all ¢ € [0,7] and such that c(s,u) + c(u,t) < ¢(s,t) for all 0 < s <
u<t<T.

A function f: [0, 7] — R has finite p-variation if and only if there exists a control

function ¢ with [f(t) — f(s)|P < c(s,t), and in that case || f||p-var < (0, T)/P.

INote that for A > 0 the path S has finite g-variation if and only if A=1S has finite g-variation,
and therefore we can assume that A = 1 in [4, Lemme 1].
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Definition 4.6. Let p > 1. A reduced rough path of finite p-variation is a tuple
X=(LX,.. X Ar — S, (RY),
such that
(i) there exists a control function ¢ with

Lp]
SOIRKE P < e(st),  (s,1) € Ags
k=1

(ii) the reduced Chen relation holds
Xs,t = Sym(XSﬂt @ Xu,t)7 (Sv u)a (U, t) € AT7

where the symmetric part of T' € Tj(R?) is defined as

1
Sym(T) := 7 Z oT, oT(v1,y..,0%) =T (V51, -+, Vok),
’ cES

where the sum is across the group of permutations & of {1,...,k}.
Lemma 4.7. Let S € C([0,T],R?%) and let (m,) be the dyadic Lebesque partition

generated by S. Let p > 1 and assume that S € V,(w). Then for any q > p with
lq] = |p] we obtain a reduced rough path of finite q-variation by setting X9 , :=

XE, = —(S(t) = 5(s))®", k=1,...,|p| —1,
1

o S0 = 157 (5)).

Proof. Let ¢ > p. As discussed above we know that S has finite g-variation, so let
us start by setting

(S(t) = S(s)®1) —

&s,0) =18 oy = SUP > [S(ta) = SE) (s,0) € A,

mEM([:t) (¢, ¢ )en

which is a control function such that

Lp)
S XE 975 < Gy (s, 1) + [S]P(E) — [S]P(s)|/ ),
k=1

with a constant Cq, > 0 that only depends on the dimension d and on p. By
Property the path [S]P has finite variation and therefore it also has finite
q/|p]-variation, so

= — a/lp]

C(Sa t) = H [S]p| q/|pJ-var,[s,t]
defines another control function. Therefore, ¢(s,t) = Cgp(¢(s,t) + é(s,t)) is a
control function for which the analytic property (i) in Definition holds.

To show the reduced Chen relation let us write &, for 0 < £, k for the shuffles

of words of length ¢, k, i.e., for those permutations o € Gy, which satisfy oi < o
forall 1 < i < j </, respectively, £ + 1 < i < j < k. Note that there are (Z;k)
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shuffles in &, ;. We have for k£ < |p|

X3P = %(S(t) = 8(5))%F = = (S(t) = S(u) + S(u) — S(s))**

k
% Z Z U((S(u) - S(s))®€ ® (S(t) — S(u))®(k_€)),

" 4=0 066271‘,,(

where we set v®? := 1 for all v € R%. On the other hand, if P, denotes the
projection onto Ty (R?), then for k < |p]

Pr (Sym(stu & Xu,t))

k
= Sym(X{, @ X"
=0

k
=> WSym((S(u) —S()® @ (S(¢) — S(u)) 20
=0 '

k ) i
— Z 0k — o)l <g> Z o((S(u) — S())%¢ ® (S(t) — S(u))@r=0)
=0 :

0€Gy k-2
=Xk

s,

which proves the reduced Chen relation for & < |p|. For k = |p| we get the same
relation by noting that [S]P is already symmetric and therefore

Sym([S]7(t) — [S1P(s)) = [S]"(t) — [S1P(s).
]
The following space of (higher-order) controlled paths in the sense of Gubinelli [19]
is defined for example in [I7, Chapter 4.5]. We adapt the definition to paths that

are controlled in the p-variation sense by a reduced rough path. If £ < k and T' € Ty,
T € T}, then we interpret

<T7 T> S Tk—f7 <Ta T>(Ul) s )’Uk}—é) = <T & (Ul K- ’Uk—é)) T>a
and similarly for (T, T).

Definition 4.8. Let p > 1 and let X be a reduced rough path of finite p-variation.
A path

V=" Yy e o(o,7],S ), (RY)
is controlled by X if there exists a control function ¢ such that

[p] Lp] P
S [Yin - (o). X5 [T <elst). (s.t)€ Ar

=1 k=¢
In that case we write Y € D%ng/p([O, T)).

Example 4.9. Let p > 1, let S, X and ¢ be as in Lemma 7 and let f €
Cla(R? R). Then Y° :=1,

Yk(s) := VFf(S(s)), E=1,...,]ql,
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defines a controlled path in Dgﬂ/q([o, T)). Indeed, as we discussed above V¥ f(S(s))
€ Sym(R?) for all k = 1,...,|q], and by Taylor’s formula we have for ¢ €

{1, la]}

Y(t) = VI f(S(t))
La]

_ Z (k— f f(S(s)), (S(t) — S(s))®(k7£)> + O(C(S,t)(LqJ7£+l)/q)
Zq: X’;te Y+ O(c(s, t)Lal=t+D/ay,
k=0

Proposition 4.10. Let p > 1, let X be a reduced rough path of finite p-variation,
and let Y € D;LfJ /p([(), T)). Then the rough path integral

' Lp)
Lx(Y)(t) = / (V(s)dX() = Jm =~ > > (V().XE,),  tel0T],
0 well([0,t]) _

|7|—0 [tj,tjr1]em k=1

defines a function in C([0,T],R), and it is the unique function with Ix(Y)(0) =0
for which there exists a control function ¢ with

t Lp] .
[ ) - Y0k S e

k=1

Proof. This follows from classical arguments (Theorem 4.3 in [22]; see also [19])
once we show that for 0 <s<u<t<T

L] L] L] ol

Do) XL = D (Y R(s) KL L) = ) (V). XE ) = Ole(s,t) ),

k=1 k=1 k=1

where c is a control function such that the estimates in Definitions and .8 hold.
But

Lp] lp] Lp]

>,k ) = Y (0 e K @ ) + 0(cls ) e(w ) 7))

k=1 =1 (=K

k
=3 S Re), X @ X ) + O(cls, ) )

k=1/=1

lpJ+1

= <Yk(5)7 Pk(sym(xs,u @ Xu,t)) - X’;,u> + O(C(Sa t)

);
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where in the last step we used that Y*(s) is symmetric. Therefore, the reduced
Chen relation gives

Lp] Lp] Lp]
S oE(s),XE) = (V) XE) = > (VE(u), XE )

k=1 k=1 k=1

Db
Lp) lp]+1

= Z (Y*(s X]:t Xs,u = Pr(Sym(Xs,u @ Xu ) + X];,u> + O(C(Sa )y )

D
L J lp]+1 lpJ+1

*ZYk Xl;t X’;Q—!—O(c(s,t) v ) =0(c(s,t)" 7 ),

which concludes the proof. O

Corollary 4.11. Let p € N be an even integer and let q,S,X, f be as in Exam-
ple E9l. Then

/0 (V£(5(s)), dX(s)) = / (VF(S(s)),dS(s)),  te[0.T],

where the left hand side denotes the rough path integral of Proposition [4I0 and the
right hand side is the integral of Theorem 4.3l

Proof. Tt suffices to show that

| SN = 1S0) - FS0) = 5 [ (P H(S(). ISP ),

0 p:Jo

and since

m S (TASEL S ) — [SP) = [ (TS AP,

[7|—0  [tistj+rlem

this is equivalent to

. 1
i Y SVHS ) 1 (S(ti41) = S(X;)%*) = F(S() = £(5(0)).
well([0,t]) k!
[w|—0  [tisti+i]em k=1
The last identity can be shown by writing f(S(¢)) — f(S(0)) as a telescoping sum
and by performing a Taylor expansion up to order p and controlling the remainder

term as in the proof of Theorem A3l |

APPENDIX: PpTH VARIATION FOR ODD INTEGER VALUES OF p

Lemma .12. Letp > 1 be an odd integer and let w,, be the dyadic Lebesgue partition
generated by S € C([0,T],R). Assume that V" := Z[tj7tj+1]e7rn (- —t)|S(tj41) —
S(t;)[P converges weakly to a signed measure v without atoms. Then we have for
all f € C(R,R)
dim Y SIS A =St AP =0, te[0,T].
[titj41]€mn

Proof. We can assume without loss of generality that f has compact support, since
the image of S on [0, T] is compact. Let k € Z and note that whenever S completes
an upcrossing of I} = [k27", (k + 1)27"] we have to add f(k27™)27"? to the sum.
On the other hand, if S completes a downcrossing of I}} before ¢, then we have to
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add —f((k+1)27™)27" to the sum. Let U,(I}}) (resp., Di(I}})) denote the number
of up- (resp., down-) crossings of I}’ by S on [0,¢]. Since U(I}}) and D;(I}}) differ
by at most 1, we get

> FS@))(S(tj41) = S(t5))”

[tj,tj+1]€mnitjp1<t

=27 (f(k27MUIE) = f((k+1)27") Dy (I}))

kEZ
< D27 (k2 (UIR) — Di(I}))
kEZ
+ )27 (k27 = F((k+1)27)) Dy (1)
kEZ
<Y 2R+ Y 27| (f(R2TT) = f((k+ 1)27)IN(IY)
kezZ kez
<22 +wp (27 Y 2N,
keZ kEZ

where we wrote Ny (I}') = U, (I7) + D, (I}}) for the total number of interval crossings
and where w; is the modulus of continuity of f, i.e., lim, o ws(27") = 0. By
assumption,

lim E 27PNy (I7)) = v([0,¢]) € R,
n—00
kEZ

and since f(k27™) # 0 for at most O(2") values of k and p > 1 the claim follows. O
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