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Abstract

We study a pathwise integral with respect to paths of finite quadratic
variation, defined as the limit of non-anticipative Riemann sums for
gradient-type integrands. We show that the integral satisfies a path-
wise isometry property, analogous to the well-known Ito isometry for
stochastic integrals. This property is then used to represent the inte-
gral as a continuous map on an appropriately defined vector space of
integrands. Finally, we obtain a pathwise ’signal plus noise’ decompo-
sition for regular functionals of an irregular path with non-vanishing
quadratic variation, as a unique sum of a pathwise integral and a com-
ponent with zero quadratic variation.

A. Ananova & R. Cont (2016) Pathwise integration with respect to paths of
finite quadratic variation, Journal de Mathématiques Pures et Appliquées.
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In his seminal paper 'Calcul d’'Ito sans probabilités’ [12], Hans Follmer
proved a change of variable formula for smooth functions of paths with
infinite variation, using the concept of quadratic variation along a sequence
of partitions. A path w € C°([0,T],R) is said to have finite quadratic
variation along the sequence of partitions 7™ = (0 = ¢' < tI" < -+ <
ti(my = 1) if for any t € [0, 77, the limit

wlet) = Tim 3™ (wltlhy) — w(t)? < oo

exists and defines a continuous increasing function [w], : [0,7] — Ry called
the quadratic variation of w along w. Extending this definition to vector-
valued paths (see Section [1f) Follmer [12] showed that, for integrands of the

form V f(w(t)), f € C*(R?) one may define a pathwise integral / Vf(w(t))dw(t)

as a pointwise limit of Riemann sums along the sequence of partitions 7.

This construction has been extended in various directions, to less regular
functions [I], O 23] and path-dependent functionals [4, [7, [8]. In particular,
Cont & Fournié [4] constructed pathwise integrals of the type

T
/ Vo F(t,w)d"w
0

where V, F' is a directional derivative (Dupire derivative) of a non-anticipative
functional F', and proved a change of variable formulas for such integrals.
This paper contributes several new results to the study of the pathwise
approach to stochastic integration [12] and its extension to path-dependent
functionals [4].
Our main result is an isometry formula for the pathwise integral: we give
conditions on the integrand ¢ and the path w € C°([0, 7], R) under which

[ oreleto = [ ot

Theorem gives a precise statement of this property for multidimensional
paths. Our conditions notably allow for continuous paths with Holder ex-
ponent strictly less than 1/2 and apply to typical paths of Brownian motion
and diffusion processes.

This result may be understood as a pathwise version of the well-known
Ito isometry formula [19], showing that the Ito isometry formula holds not
just as an equality in expectation but in fact path by path.



This result has several interesting consequences. First, it implies that
the pathwise integral may be defined as a a continuous mapping for the
‘quadratic variation’ metric on an appropriate space of integrands (Propo-
sition . This continuity property, together with its interpretation as a
limit of Riemann sums, is what distinguishes our construction from other
pathwise constructions of stochastic integrals [20} 21], 23], 25] which lack ei-
ther a continuity property or an interpretation as a limit of non-anticipative
Riemann sums.

A second consequence of the pathwise isometry property is a determin-
istic ’signal plus noise’ decomposition for functionals of an irregular path:
we show that any regular functional of path @ with non-vanishing quadratic
variation may be uniquely decomposed as the sum of a pathwise integral
with respect to w and a ’smooth’ component with zero quadratic varia-
tion (Proposition . This may be seen as a pathwise analogue of the
well-known semimartingale decomposition [I0] (or, more precisely the de-
composition of Dirichlet processes [13]). A similar result was obtained by
Hairer and Pillai [I8] in the context of rough path theory, using different
techniques.

Finally, we clarify the pathwise nature of the integral defined in [4]: we
show (Theorem that this integral is indeed a pathwise limit of non-
anticipative Riemann sums, which is important for interpretation and in
applications.

Outline Section [I] recalls some key definitions and results on functional
calculus from [4, B] and recalls the definition of the Follmer integral [12]
and its extension to path-dependent integrands by Cont & Fournié [4]. The
‘isometry formula’ for this integral is derived in Section [2| (Theorems .
In Section we discuss the ’isometry formula’ for Lebesgue partitions. We
use the of Section [2in Section to represent the integral as a continuous
map (Proposition [2.8). In Section [3| we clarify the ’pathwise’ nature of this
integral (Theorem . Section 4| derives a pathwise ’signal plus noise’ de-
composition for functionals of irregular paths (Proposition , which may
be viewed as a deterministic analogue of the semimartingale decomposition
for stochastic processes.

1 Non-anticipative functional calculus and path-
wise integration of gradient functionals

Our approach relies on the Non-anticipative Functional Calculus [4, 3], a
functional calculus which applies to non-anticipative functionals of cadlag



paths with finite quadratic variation, in the sense of Follmer [12]. We recall
here some key concepts and results of this approach, following [3].

Let X be the canonical process on Q@ = D([0,7],R%), and (-Fp)te[o,T}
be the filtration generated by X. We are interested in causal, or non-
anticipative functionals of X, that is, functionals F : [0, 7] x D(]0, T],Rd) —
R such that

Yw € Q, F(t,w) = F(t,w), (1)

where wy := w(t A ) is the stopped path of w at time ¢. The process t —
F(t, X;) then only depends on the path of X up to t and is (F?)-adapted.

It is convenient to define such functionals on the space of stopped paths
[3]: a stopped path is an equivalence class in [0, 7] x D([0,T],R%) for the
following equivalence relation:

(tw)~ (') <= (t=t and w(ltA.)='(tA.) ). (2)

The space of stopped paths is defined as the quotient of [0, 7] x D([0,T], RY)
by the equivalence relation (2)):

Ar = {(t,w(tA)), (t.w) € [0, TIxD(0, T, R} = ([0,7] x D(0,T},RY)) / ~

We denote Wr the subset of Ar consisting of continuous stopped paths. We
endow the set Ap with a metric space structure by defining the following
distance:

el (1) () = sp o) =LA 1t == oo = o+ 10
u€(0,T

(A7, dso) is then a complete metric space. Any map F : [0, T]xD([0, T],R%) —
R verifying the causality condition can be equivalently viewed as a func-
tional on the space Ap of stopped paths.

We call non-anticipative functional on D([0,T],R%) a measurable map
F : (Ar,ds) — R and denote by C*°(A%) the set of such maps which
are continuous for the d,) metric. Some weaker notions of continuity for
non-anticipative functionals turn out to be useful [5:

Definition 1.1. A non-anticipative functional F' is said to be:

e continuous at fized times if for any t € [0,T], F(t,-) : D([0,T],] -
loo) = R in [0,T], i.e. Yw € D([0,T],R?), Ve > 0, I > 0, Vo' €
D([0,T],RY),

lws — willoo < = |F(t,w) — F(t,w')] < e



o left-continuous if V(t,w) € A, Ve > 0, 3n > 0 such that V(t',w') € Ar,
(t'<t and d ((t,w), (', ') <n) = |F(t,w)— F({t', )| <e
We denote by C?’O(A%) the set of left-continuous functionals. Simi-
larly, we can define the set COO(A%) of right-continuous functionals.
We also introduce a notion of local boundedness for functionals:

Definition 1.2. A non-anticipative functional F is said to be boundedness-
preserving if for every compact subset K of R%, Vty € [0,T], 3C(K,ty) > 0
such that:

Vit € [0,t0], VY(t,w) € Ar, w([0,t]) C K = |F(t,w)| < C(K,tp).
We denote by ]B%(A%) the set of boundedness-preserving functionals.

We now recall some notions of differentiability for functionals following
[4, 18, 11]. For e € R? and w € D([0,T],R%), define the vertical perturbation
wy of (t,w) as the path obtained by shifting the path by e at ¢:

wi =w + el[t,T}~
Definition 1.3. A non-anticipative functional F is said to be:

e horizontally differentiable at (t,w) € Ar if

DF(t,w) = lim Fieth “t})b — Fltwr) (3)
—0

exists. If DF(t,w) exists for all (t,w) € Ap, then defines a non-
anticipative functional DF', called the horizontal derivative of F'.

e vertically differentiable at (t,w) € Ap if the map:

9(t,w) :Rd — R
e = F(twe+ely )

is differentiable at 0. Its gradient at O is called the Dupire derivative
(or vertical derivative) of F at (t,w):

VUJF(taw) = Vg(t,w) (0) € Rd (4)
i.e. VoF(t,w) = (0;F(t,w),i=1,---,d) with

I(t heil — F(t,
OiF (t,w) = lim (t,wr + heilery) — F(E wi)
h—0 h




where (e;,i = 1,---,d) is the canonical basis of Re. If F is vertically
differentiable at all (t,w) € A%, VoF : Ap — R? defines a non-
anticipative functional called the vertical derivative of F'.

We may repeat the same operation on V,F and define similarly ViF,
V3 F, etc
w ? *

Remark 1. Note that DF (t,w) is not the partial derivative in t:

DF(t,w) # O F (t,w) :}Lli% F(t-}-h,w})l—F(t,w).

O F (t,w) corresponds to a ’Lagrangian’ derivative which follows the incre-
ment of F' along the path from t to t + h, whereas in the path is stopped
at t and the increment is taken along the stopped path.

We consider the following classes of smooth functionals:

Definition 1.4. We define C;’k(A%) as the set of non-anticipative function-
als F : (A%, doy) — R which are

e horizontally differentiable with DF continuous at fixed times;

o k times vertically differentiable with V) F € C?’O(AdT) forj=0,--- k;

e DF,V,F,--- ,V*F c B(A%).

Consider now a sequence " = (0 = tf < tf < -+ < tp,) =T) of
partitions of [0,T]. |7"| = sup{|t}’,; — ti'[,i = 1---k(n)} — 0 will denote
the mesh size of the partition. A cadlag path z € D(]0,T],R) is said to have

finite quadratic variation along the sequence of partitions (7"),>1 if for any
t € [0,T] the limit

[1la(t) = T 3 (a(ty) - #(t7)? < o0 (5)

exists and the increasing function [z] has Lebesgue decomposition

[lx(t) = [2]5(0) + D 1Ax(s)?

0<s<t

where [z]7 is a continuous, increasing function. We denote the set of such

paths Q([0,T],R).



A d-dimensional path x = (a;.l, .,z%) € D([0,T], IR{d‘) is said to have finite
quadratic variation along 7 if 2 € Q([0,T],R) and z' + 27 € Q-([0,T],R)
for all 4,j = 1..d. Then for any i,j =1,--- ,d and t € [0, 7], we have

[+ 27] (1) = [']x(8) = [27] (1)

Yo (@ ()= (1) () = (8)) "l (1) = 5

The matrix-valued function [z] : [0,T] — S whose elements are given by

[xi + xj]w(t) - [:z:z]ﬂ(t) - [xj]ﬂ(t)

)i (1) = :

is called the quadratic covariation of the path x along the sequence of par-
titions 7. For further discussion of this concept, we refer to [3].

Consider now a path w € Q,([0,7],R?) with finite quadratic variation
along m. Since w has at most a countable set of jump times, we may assume
that the partition ’exhausts’ the jump times in the sense that

sup  |w(t) —w(t=)|"=70. (6)
tel0,T)—nm

Then the piecewise-constant approximation

k(n)—1
w"(t) = Z W(ti1=) Lt 40 ((8) + W(T) iy (1) (7)

1=

converges uniformly to w: sup ||w"(¢) —w(t)|| — 0. Note that with the
t€[0,7 n—0o0
notation (7)), w" (7' —) = w(tf'—) but W™ (t}) = w(t},;—). If we define
wp ) = A gy, then wp @) = w(e).

Approximating the variations of the functional by vertical and horizontal
increments along the partition 7", we obtain the following pathwise change
of variable formula for C?(A%) functionals, derived in [4] under more gen-
eral assumptions:

Theorem 1.5 (Pathwise change of variable formula for C'? functionals [4]).
Let w € Q([0,T],RY) werifying (©). Then for any F € C]lo’2(A§lp) the limit

/ VoF(tw )d"w = lim > VF (t;l,wt’i_;f““i)).(w(ty+1)—w(t$)) (8)
0 0 '

7



exists and
T T 1
F(T,wT)—F(O,wO):/ DF(t,wt)dt—i—/ Str ("V2F(t, w—)d[w]s (1))
0

/ Vo F(t,w)d"w + Z F(t,w) — F(t,wi ) — Vo F(t,wi).Aw(t)).

A consequence of this theorem is the ability to define the pathwise in-

tegral / VuF(t,w;—)d"w as a limit of "Riemann sums” computed along
0

the sequence of partitions 7. For a continuous path w € C°([0,T], R?) this
simplifies to:

k(n)—1

T
/ VoE(Lw)dw = im0 VP (1w ) (@t ~ () ()
0 n—00 P i

This integral, first constructed in [4], extends H. Follmer’s construction [12]
for integrands of the form Vf, f € C%(RY) to (path-dependent) integrands
of the form

V.F,  FeC?Ad).

This construction applies to typical paths of Brownian motion and semi-
martingales, which satisfy the quadratic variaton property almost-surely,
although they have infinite p-variation for p = 2 so @ cannot be constructed
as a Young integral [27].

The goal of this paper is to explore some properties of this integral.

2 Isometry property of the pathwise integral

2.1 Pathwise isometry formula

Let w € Q,([0,T],R?) be a given path with finite quadratic variation along a
nested sequence of partitions 7 = ("), >1. Our goal is to provide conditions
under which the the following identity holds:

[F( /V F(s,ws_) "V F(s,ws_), dw](s)), (10)
0

where we use the notation (A, B) := tr(AB), for square matrices A, B.



This relation was first noted in [3] for functionals of the form F(w) =

t
/ ¢.dw with ¢ piecewise-constant. To extend this property to a more gen-

0
eral setting we assume a Lipschitz-continuity condition on the functional F
and a Holder-type regularity condition for the path w.

Assumption 1 (Uniform Lipschitz continuity).

1K > 07 Vw, w/ € D<[07T]7Rd)7Vt € [07T]7 ‘F<t7w)_F(t7w/)’ < KHwt_wéHOO

We denote by Lip(A%, ||-|ls) the space of all non-anticipative functionals
satisfying the above property.
Consider a nested sequence of partitions 7" = {ti',i = 0,...,m(n)} of

[0,7). We define the oscillation osc(f,7") of a function f : [0,7] — R?
between points of the partition 7" as

OSC(f, Wn) = max sup |f(t) - f(t?)’
J=0-m(n)—Lgen 7 ]

We make the following assumptions on the sequence of partitions:

Assumption 2 (Vanishing oscillation along 7).
osc(w, ™) "L,
Assumption 3.

o B (1 w) = F(Ew) 0.
Remark 2 (Partitions with vanishing mesh). If |7 = 0 and F : (A%, doy) —
R is Lipschitz-continuous then Assumptions [ and [3 are satisfied for any
w e C%([0,T],RY).

To see this, set € > 0. By uniform continuity of w on [0,T] there exists
d(e) > 0 such that |w(t) — w(s)|| < e whenever |t — s| < §. Since |7"| — 0
there exists N1 < 1 such that |1"| < e Ad(€) for n < Ny. Then for n > N;
we have osc(w, ") < e so Assumption @ holds. Furthermore, for n < N,

oo (612, (60)) = [t = 6]+ iy, = iy o

<Ir 4+ sup w(t) —w(t)] < 2e

e[t 17 ]
50 dw((t?-ﬁ-lvw%(t?yw)) — 0 as n — oo. Lipschitz-continuity of F then
entails max F(%,w) — (17, w)| ="+ 0.
1€{0,..., m(n)_1}| ( i+1 ) ( i )|

9



In section we will also consider sequences of partitions whose mesh
may not converge to zero. For such partitions Assumption [3]is not redun-
dant.

For 0 < v < 1, denote by C¥([0,T7]) the space of v—Holder continuous
functions:

CO.IRY = {fec(o.r),  sp TOZIEN oy
(Lo)elo, T2 s |t —8[”

and  CY ([0, T,RY) = n C%0,T],R%)

0<a<v

the space of functions which are a—Holder for every o < v. For w €
C”([0,T],R%), the following piecewise constant approximation

m(n)—1
W=y Wt =)L )+ w(T) 1y (11)
i=0
satisfies: |lw — w"|loo < |7"|".
Our main result is the following:

Theorem 2.1 (Pathwise Isometry formula). Let 7 = (7"),>1 be a sequence

of partitions of [0, T], andw € Q ([0, 7], R)NC" ([0, T], RY) for v > ﬁ{ 3

satisfying Assumption [2
Let F € C*(A%) N Lip(AL, | - ||oo) with Vo F € Cp'(A%) such that
Assumption [3 holds. Then:

[F(-,w. [/Vsts ] /TV F(s,ws) "V F(s,ws), d[w]r).
0

(12)

Remark 3. We note that for typical paths of a Brownian diffusion or con-
tinuous semimartingale with non-degenerate local martingale component, the
assumptions of Theorem hold almost surely as soon as Assumption |1] is
satisfied. More generally the result holds for w € C%_([O,T],Rd), which
corresponds to the Hélder reqularity of Brownian paths [2])].

We start with an important lemma which is essential in proving both the
pathwise isometry formula and the uniqueness of pathwise integral. This
result also establishes a connection between the functional derivatives intro-
duced in Section [1] and controlled rough paths [17].

10



Lemma 2.2. Let w € C”([0,T],RY) for some v € (1/3,1/2] and F €
C, (A%, RY) with Vo F € Cp' (A%, R™) and F € Lip(A%, || - [|oc). De-

fine
Rgt(w) = F(s,ws) — F(t,w) — Vo F(t,w)(w(s) —w(t)). (13)

Then there exists a constant Crr |y, increasing in T and ||wl|,, such that
RS ()| < Crju, s — 2%,
with 206, = v(1 +v).

Proof. We will prove only the case when the values of F' are scalar, i.e.
n = 1; the extension to the general case is straightforward.
We start by recalling the following result from [3, Proposition 5.26]:

Lemma 2.3. Let G € C;’l(A%) and A : [t,s] — R a continuous function
with finite variation. Then

Gls,As) — G(t A) = / DG, )+ / VLG AAAW). (%)

Here the integrals are defined in the Riemann-Stieltjes sense.

Now, let us fix a Lipschitz continuous path A: [0,7] — R?, using the
above lemma repeatedly for G = F, V,F,--- we will obtain an integral
formula for Rf <(A) in terms of the derivatives F'. For the sake of convenience

we denote by 9;F and A respectively the i-th coordinates of V,F and .
We also use Einstein’s convention of summation in repeated indexes and the

following notation
OAts = A(s) — A(t).

Using (*) for G = F', we have
Rf,(\) = / DF (u, Ay )du + / (OiF (u, Ay) — OiF (t, M) dX(u)  (14)
t t

For the second term on the right-hand side of the above identity we use the
(*) with G = 0;F and then Fubini’s theorem to get

/: (O:F (u, Au) — OiF (2, Ae)) AN () / / DO F (r, Ay)drd\i (u)

/ / )N (1) AN (u)

= /t SD(?iF(r, M) (N (s) = No(r))dr + / N (r)(Xi(s) = A (r))dr.
(15)

11



Thus

Ri,(A) = /t (DF (u, ) + DO F (1, Ay)ON, ;) du + / P)ONL (AN (7)

(16)

To use the above formula for estimate the error term R’ for Holder

continuous paths we will use a piecewise linear approximation. For w € C¥
let w’ be the piecewise linear approximation of w on [t, s] defined by

o WN(r)=w(r), Vrelot),

-1
owN(TéV)—w(Tk) k= {0,.. N},Whereré\f:t-stT’
e w¥ is linear on each interval [}, Tlﬁ_l],

Then, we have

|s =t
Nv

B | : ]
= X S e S Vel — a7

Ti+1 _T‘

N N
o™ = wlleo < Cllwl]l, o™ < Cllel]u,

0wap| < [[wlly|b = al”.

Using the local boundedness property of DF, DV, F and ViF , and the
representation for A = w'¥, we obtain

Ry s (@™)] < Cpls — ] + Crpllw™lu]s — ¢ + Cpllw™ [ENT"]s — ¢
(18)

On the other hand since wi' = w; and w™ (s) = w(s)

R (W) =Ry, ()| = |F(s,w™)=F(s,w)| < Cplw™ ~wllee < CF|lwlly N 7" |s—t]".
(19)
from above estimates , and triangle inequality

Ry ()| < Cpls—t|+Cpllwlly|s =t/ +Cpllwl|FN'|s—t[* + N 7|5 —t]".

To optimize the above bound, we choose N so that |Jw|2N'""|s — t|* ~
N7"|s —t|" i.e. N = ||wl||;?|s — /7. Hence the result

2
Ry ()| < Crr(L+ |wll)ls — | + CrallwlZ[s — t/"F".

12



We are now ready to prove the isometry property:

Proof of Theorem [2.1] To prove the isometry formula we note that

2
’(F(t?+l’wt?+1) - F(t%""t"» — (VL F(t,wen) tiF(tawty)75Wty,t§+l t5wty,tgl+1>

< IR o @)P + CrIRE o (@)]|wrp e,

1 i+1
From the Assumption [2[it follows that M, := max ‘Rf; wﬂ(w)‘ —n—soo 0
17 7771
a 2
and from part a) of Theorem (3.1)) we have ‘Rt?ﬁﬂ (w)‘ <O, —tH” T

1
Since v > (V3 — 1)/2 is equivalent to 1% 4+ v > 5 e get
2 2— 2— A
‘Rtn . (w)‘ <CM, Y |t — 7 < CTM, “ —0.
)

Consequently, since Z |win o, | > = tr([w]™), we have by Cauchy -Schwarz
i
inequality

2
Z |Rt" N H(;wtn tﬁl‘ = \/Z ‘Rt?atﬁl )‘ \/Z |5Wtf;,t?+1 = 0.
7

We conclude

2
3 (F(tﬁrl,wtﬁrl) —F(t?,wtn)> . Zw F(t,wip) 'V F(t,wir), Swir gz, Swir ar, )

%

<Z|Rtntn |2+CFZ\Rtntn (w)l|6wiz g2 | — 0

which together with

%

T
Z(VMF(t,wtln)tiF(t,wtzn),(Swt?,tzn (5wt ) —>/<VwF(s,ws) " F(s,ws), dw]y).
0
implies
T
[/ VwF(s,ws)d”w] /V F(s,ws) 'V, F(s,ws), dw].).
0
0

13



To prove the equality [F(-,w.)] (T) = [/ VwF(s,ws)d”w] (T) we

0 T
note, using the change of variable formula (Theorem ([1.5)) it is enough to
prove that the paths / DF(t,w)dt, / (VZF(t,wi—),dw]x(t)) have zero

0 0
quadratic variation along #". For the second path it follows from Assump-
tion 2| as it implies that max |[w] (¢}, 1) — [w](¢}')] — 0. For the first path note
(2

that since it is obviously a path of bounded variation we just need to prove

i
that max DF(t,w:)dt| — 0. For that we write
K3 tzn
ti ti i
DF(t,wt)dt == / [DF(t, wt) - DF(t,wt?)]dt + DF(t,wt?)dt
tn tn tn

tiva
= / " [DF(t,wt) — DF(t,wtfbl)]dt + F(t;ﬁrl,wt?) - F(tn wtn)
t

n © i
t?+1 n n
= / [DE(t,w) = DF (t, oy )]t + (F (8, wip) = Pt 0,) )
t

n
k3

+ (Pt wi,,) = Pt wr)) -

By the continuity of F,DF and Assumption [2] the first two summands in
the right hand side of above equality uniformly converge to 0 as n — oo, by
Assumption [3] the third summand also converges uniformly to 0. 0

Remark 4 (Relation with Ito isometry formula). Let P be the Wiener mea-
t

sure on C°([0,T),R). Then the pathwise integral (t,w) — / Ve F(u,w)d"w
s defined P—almost surely and defines a process which is a version of the
Ito integral / Vo F(t, W)dW . Integrating with respect to P yields the

0 i
well-known Ito isometry formula [19):

EF ([/0 V. F(t, W)dW](T)> — EF <| /OT V. F(t, W)dWP) — EF (/OT V., F(t, W)Pdt) .

So, Theorem reveals that underlying the Ito isometry formula is the
pathwise isometry which does not rely on the Wiener measure.

2.2 Partitions of hitting times

An alternative approach to the definition of the pathwise integral is to con-
sider quadratic variation and Riemann sums computed along "Lebesgue par-
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titions’ i.e. partitions of hitting times of uniformly spaced levels [2] 9, 20} 22]:
70 (w) =0, T (w) = inf{t > 7!, jw(t) —w(r)| = 27"} AT, (20)

Although this is different in spirit from the original approach of Féllmer,
there are some arguments for using such ’intrinsic’ sequences of partitions
for a given path, one of them being that quadratic variation computed along
is invariant under a time change. Thus a natural question is whether
the results above apply to such partitions. We will now present a version of
Theorem for the sequence of partitions defined by .

Define m(n) = inf{k > 1,7 (w) = T'} and denote 7" (w) = (7 (w), k =
0,...,m(n)). It is easy to see that the vanishing oscillation conditon (As-
sumption [2)) automatically holds for the sequence (7"(w),n > 1) since by
construction

osc(w, ™" (w)) <27

However, as the example of a constant path shows, for a general path w €
c([o, T],Rd), the partitions 7" (w) may fail to have a vanishing mesh size.

We will show now that, if a path w has strictly increasing quadratic
variation along its Lebesgue partition 7" (w) then |7"| — 0.

Lemma 2.4. Assume w € C°([0,T],R?) has finite quadratic variation along
the Lebesgue partition 7" (w) defined by :

: n _ ny|12 _
O, Jim 3 ) —elDE = e >0 (@)
<

If t = [W]rw)(t) is a strictly increasing function then |7"(w)| — 0.

Proof. Let h > 0,t € [0,T — h]. Denote by m(n,t,t + h) the number of
partition points of 7"(w) in the interval [t,¢ + h]. Then

Do (i) —w(m@)P = 47" (m(n, bt 4+ h) = 1).
t<7t'<t+h

Since t — [w];()(t) is strictly increasing,

Y el —w ()P =47 mn, b ) =) = Wl (tHh) =Wl () > 0

n—ro0
t<7 <t+h

so in particular m(n,t,t + h) ~ 4" — oo. This holds for any interval
t € [0, — h] which implies that the |[7"| < h for n large enough. Since this
is true for any h > 0, this implies |7"| — 0.

O
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The condition that [w],(, is strictly increasing is an "irregularity’ condi-
tion on w: it means that the quadratic variation over any interval is non-zero.

For paths verifying this condition, Theorem may be extended to
Lebesgue partitions:

Theorem 2.5 (Pathwise Isometry formula along Lebesgue partitions). Let

3—11
w e QT(W)([O,T],RC[) N CY([0,T),RY) for some v € \fQ, 2) and F €
(Cz’l(AEjp) N Lip(A%, || - ||os) such that V,F € C;’I(A%). If w has strictly
increasing quadratic variation [w], () with respect to T(w) then the isometry
formula holds along the partition of hitting times defined by .'

[F(,w. [/ Vo F(s,ws ] ]v F(8,05) 'V F(s,0s), dw]r(u))-
0

Proof. First note that the sequence of partitions (7"(w),n > 1) automati-
cally satisfies Assumption [2[since osc(w, 7, (w)) < 27"

Since [w],(y) is strictly increasing, Lemma implies that |7"| — 0.
Since w € C¥([0,T],RY) which together with the continuity of F implies
that

max F(t? F(t},w n_ioo
i€f0,..., m(n)—1}| (i1, w) =
so the sequence of partitions 7" (w) satisfies Assumption
The result then follows from the Theorem 2.1]

2.3 The pathwise integral as a continuous isometry

Theorem suggests that the existence of an isometric mapping underlying
the pathwise integral. We will now proceed to make this structure explicit.

A consequence of Theorem is that, if w is an irregular path with
strictly increasing quadratic variation, any regular functional F(.,w) has
zero quadratic variation along 7 if and only if V,F' vanishes along w:

Proposition 2.6 (Preservation of irregularity). Let w € Q,([0,T],R%) N

V31 1] such that dle] =ua(t) >01is a

2 2 dt
right-continuous, positive definite function, and F € C;’2(A%) N Lip(A%, || -
lloo) be a non-anticipative functional with V,F € (C;’l(A%).

C”([0,T],RY) for some v € (
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If Assumptions and@ hold, then the patht — F(t,w) has zero quadratic
variation along the partition m if and only if V,F(t,w) =0, Vt € [0,T].

Proof. Indeed, from Theorem
T
[F(-,w)](T) = /tiF(s,w)a(s)VwF(s,w) ds.
0

Since a(t) is positive definite the integrand on the right hand side is non-
negative and strictly positive unless V,,F'(s,ws) = 0. So by right-continuity
of the integrand the integral is zero if and only if V,F(-,w.) = 0. O

Let F' € Cbl 2 (A7) be a functional satisfying assumptions of Theorem
We denote R(Ar) the set of such regular functionals.

Proposition [2.6) may be understood in the following way: if a path is
“irregular’ in the sense of having strictly increasing quadratic variation, this
property is locally preserved by any regular functional transformation F' as
long as V,F does not vanish.

We note that for w € C%_([O,T],Rd), we have F'(-,w) € C%_([O,T],R).

Let a: [0,T] — S% be a continuous function taking values in positive-
definite symmetric matrices.

Definition 2.7 (Harmonic functionals). F' € R(Ar) is called a—harmonic
if
1
V(t,w) € Ar, DF(t,w:) + §<V3F(t,wt),a(t)> =0.

We denote Hqo(AT) the space of a(-)-harmonic functionals.

Note that for any F' € R(Ar) the functional defined by

Gltw) = F(t,w) — /0 DF(s,w)ds—% /0 (V2 F(s,0), a(s))ds

is a(-)-harmonic.

The class of harmonic functionals plays a key role in probabilistic inter-
pretation of the Functional Ito calculus [14} (6], 3]. We will now see that this
class also plays a role in the extension of the pathwise integral.

Let @ € Q([0,T],RY) n C¥([0,T],R?) such that d[©],/dt = a. The
functional change of variable formula (Theorem ) then implies that

t
VE € Ho(Ap), VYt e0,T], F(t,w) = F(0,w) +/ VoF (u,w)d"w.
0

17



By Theorem we have
t
(P @)]a(t) = /O 0 F (1, @) () Vo F (1, 0)du = [V F ()22 071 < o0

Consider the vector spaces
Heo(w) := {F(-,@.) ‘ Fe Ha(AT)} C Q«([0,T],R),
Vo(@) == { VuF(,@.) | F € Ha(Ar)} C L*([0,T], a).

which are the images of @ under all harmonic functionals and their vertical
derivatives. Proposition [2.6] then implies that the map

weHa(W) = wllx = Vwlx(T)

defines a norm on H,(w). The pathwise integral can then be lifted to a
continuous map

Io: (Va(@), |- l2qo10) = (Ha(@), ]~ [Ix)
6= VoF(,@) — In(e) :_/ bd o, (22)
0
which is in fact an isometry:

Proposition 2.8 (Isometry property). I5: (Va(w), || - ||L2([07T],a)) — (Ho(@), ] - |lx)
18 an injective isometry.

3 Pathwise nature of the integral

The definition (9) of the integral / VoF(.,,w)d"w involves values of the
integrand V,F along piecewise constant approximations of w. To be able
to intepret [ V,F(.,w)d"w as a pathwise integral, we must show that it

only depends on the values V,F(t,w),t € [0,T] of the integrand along the
path w.

Our goal is to provide conditions under which the following property
holds:

Property 1 (Pathwise nature of the integral). Let Fy, F5 € C;’Q(AdT), and
w € Qr([0,T],R) nC”([0,T]) for some 0 < v < 1/2. If V,Fi(t,w;) =
VuFa(t,wy), Vt € [0,T] then

T T
/ VwFl dw = / VWFQ d"w.
0 0
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To give a precise statement, let us introduce the following assumption:

Assumption 4 (Horizontal local Lipschitz property).
A non-anticipative functional F': A% — V with values in a finite dimensional
real vector space V', satisfies the horizontal locally Lipschitz property if

Yw e D([0,T],R%),3 C >0, > 0,Yh > 0,Vt <T — h,Y' € D([0,T],R%),
lwt — willoo < n, = |F(t+ h,w}) — F(t,w;)| < Ch.

The above assumption asserts the Lipschitz regularity of F' in time as
the value of the path w is frozen. Note that this property is weaker than
horizontal differentiability.

We start with a useful lemma:

Lemma 3.1 (Expansion formula for regular functionals). Letw € C ([0, T], R%)
for some v € (1/3,1/2] and F € C;’I(A%,R”) be a non-anticipative func-
tional such that V ,F € (C;’l(Ad,]R"Xd), V2F cc C;’l(A%,RnXdXd), F,DF,V3F ¢
Lip(A%, || - |os) and V3 F horizontally locally Lipschitz. Then

F(s,ws) — F(t,wt) = V, F(t, we)(w(s) —w(t)) + /ts DF (u,wy)du

VAt w0), (w(s) — () '(w(s) — w(t)) + Ofls — 1),

as |s —t| — 0, uniformly in t,s € [0,T].

Proof. For the result we will need to further expand the representation .
First, note that the second term in the third line of can be written as

/ / A AN (r)dN (1) = OZF (t, M) / / dN (r)d\ (u

/ / — O5F(t, M) dX (r)dA' (u)

Using the Lemma (*) for G = 8%-F and then Fubini’s theorem, we get

(23)
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/ / — 05 F(t, Ay)) dX (r)d\' (u)

/ / / Do? ) drdN (1) d\ (u)

(24)
/ / / ]kF Ar)dAg (T)dN (1) d\ (u)
/ D Aﬂ dT—|—/ ]kF T, Ar Ajfs}\k(T)dT,
where
.. b u . . b . . . .
M= [ [ v - / (V) = ¥ (@) X(u)du
Combining (|14] , E, and we obtain
RE(\ / DF(u, \,) du+/ DO F (1, A )AL jdr + 02 F (8, A )AL,
(25)

/ Do? DA dr + / 01 F (1, A )AL N (7)dr.
Finally exp101t1ng the symmetry of second and third order derivatives:

82F 82F 93, F =02, F, from (25)) we obtain:
ijk Jik

RE(\ / DF(u, \,) du+/ DO F (1, A )AL jdr + 0% F (8, A )AL,
(26)
/ DO} A dr + / O F (1, A ) A N (1),

where A is the symmetric part of matrix A. By integration by parts it is
easy to compute

~ ji Afjb Afzjb 1 i i
Npp=—"5—"= 5(”(6) N (@))(\'(b) = X(a)).
Therefore,
) 1 ) :
RE(A / DF (u, \y) du+/ DO F (7, \)ON. jdr + faf-F(t, At)ONL (X
/ DO? 2)ONL SN dT + = / 0% F (7, Ar)ONL SN N (7)dr,
(27)
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we decompose the last term in the above as follows
/ ) OB F (1, A )ONL (M. AF(r)dr = / ) 0L F (£, \)ONL X NF(7)dr
t t
+ / S (021 F (1, A7) — 020 F(t, M) OAL M. NF(7)dr
t
Exploiting the cyclical symmetry of tensor 8i3ij in the indices 1, j, k:

a?ij(ta )\t)é)‘}r,sé)‘z',s)‘k(’r) == ?ij(ta )\t)é)‘%r,sé)‘] 7)‘?5

D dr
L F(t, ) [N 0N VI SV S U U SV S U Y ]
3 ijk )y A\t T8V 1 0TS 7,870 0TS T8V TS 1 TS
1 d i ik
- _gaiij(t7 )‘t)a <5AT,S6>\T,S)\T,S)
hence

S
) . 1 . )
/t (2, A)ONL M N (7)dr = gﬁ?ij(t, At)aA;s(SA;SAﬁs.
Thanks to this can be written as

S s . 1 . .
R{,(\) = /t DF (u, Ay )du + /t DaiF(r,)\,«)d)\i,,sdr—iriaij(t,)\t)é)\ff,s)\is

L ] o
5 | DOGF(r, Ar)ore, 83, odr + GO (1, Me)X, 40X AL,
1 ’ : . .

+§ [ (823ij(7'7 )\7') - 83]kF(t, )\t)) 6)\:',56)\;’5)\1{:(7')(%',

(28)

Now, as in the proof of part a), we take A = w'¥ and estimate Rfs (w). To
estimate the last term in we use that V3F is in Lip([0,T], || - ||lec) and
is locally horizontally Lipschitz:
|8?ij(T7 wﬂ]_V) - af}kF(tvwgV)’ < |8z3]kF(T7 wﬂJ_V) - 813ij(7-7 wiﬁ'ft)’
HOGRF (T wie ) = O F(t,wi)| < Cpllwf_y — wf lloo + Cplr — |
< Cp o), [T ="+ CrlT — 1] < Cpjp, rls — 1.

Plugging this estimate into the formula and using the local boundedness
of the derivatives DF, Do, F, 8isz, D@%F, 8%}7’ and the estimates we

)
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obtain

‘Rts / DF (u,w) )du — 78 SE(t, wt)éwaséwgs
< Cpjuf,ls = ' + Cryup, Is — 72 (29)

+Cp |8 = 1 + Cryjuy, N [s — t[*

< Cpf,rls =t + Crjy, N 7|5 — 1",

where we have used also that w) = w;, w™(s) = w(s). Recalling we
conclude by triangle inequality

S 1 i A
‘Rfs(w) - / DF (u, wy)du — iaij(t,wt)éwéyséwgys

/ |DFuw — DF(u,wy)|du+ CpN~"|s — t|" (30)

+Cralrls =t + Crpuy, N'"1s = ",
The above inequality holds for any N > 1,thus we can take N ~ |s — t]_gl’
to get

1 .
‘Rts / DF (u, wy,)du — iang(t,wt)éwzjséwi’s

/ |DF(u, W) = DF(u,w, ’du—{—CF”w” |s—t|l’+3”
< Cplwlvls =t + Cpyuy, s — 7+
= el ’

where in the last inequality we used that DF' is Lipschitz continuous. Hence
the result.
O

We are now ready to prove the main result of this section, which gives
sufficient conditions on the functional F' under which the pathwise integral

VoF(t,w)d"w is a (pathwise) limit of Riemann sums computed along w,

rather than approximations of w:

13—-1
Theorem 3.2. Let w € Qx([0,T],R%) 0 C¥([0, 7], RY) with v > 7&%

satisfying Assumption @ Assume F € (Cig(AdT) is such that V,F,V>F, ¢
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Ci’l(A‘{lp), F,DF,V3F € Lip(A%, |- |lso) and V3 F is horizontally locally Lip-
schitz. Then the pathwise integral @ is a limit of non-anticipative Riemann
sums:

/VFuw)cfr )= lim > VuF(tw)(w(s) — w(t).

n—-+o0o
[t,s]enn

In particular, its value only depends on F(.,w) and
T
VoF(w)=0 = / Vo F(u,w)d"w(u) = 0.
0

Proof. Let us denote

A = F(ti,wpy,) = P wip) = VoF () (@(H) — w(&))

n
tz+l

1
- DF(u,w)du — §<VE)F(t7 wep ), wep gn Wi gn )

40741
n
ti

From Assumption max |A}'| =00 0 and by part b) of Theorem ({3.1)
(2

|AY| < Oty — t?|3”2+”. From the condition on v, 3v* 4+ v > 1, therefore

1
Z 7] < Cmax A7) 575 Z 71— ] < CT(max A7) "7 0,

which implies ZA? — 0. Hence the limit of Riemann sums exist and is
i
equal to

nh_)rgo Vo F(t,we) (Wt ) —w(tf)) = F(T,w) — F(0,w) / DF(u,w)du

—;/<V2F(tw /VFtwd“()

0

O]

4 Rough-smooth decomposition for functionals of
irregular paths

As an application of the previous results, we now derive a decomposition
theorem for functionals of irregular paths. Let m = { 7" } be a sequence of
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partitions with |7"| — 0. Consider an irregular path with strictly increasing
quadratic variation along :

@ € Qr([0,T),RY) n V2= ([0,T],R?) with d[d“;]” >0dt —ae (31

We define the vector space of paths obtained as the image of w under regular
non-anticipative functionals:

U(@) = { F(-,@) | F satisfies the assumptions of Theorem 3.2 } C Q«([0,T],R).

Vo(@) := { Vo, F (-, @) | F satisfies the assumptions of Theorem [3-2] } C Qx([0,T],R?).

The following result gives a ’signal plus noise’ decomposition for such paths,
in the sense of Dirichlet processes [13]:

Proposition 4.1 (Rough-smooth decomposition of paths). Any path w €
U(w) has a unique decomposition

t
w(t) = w(0) —|—/0 ¢pd"w + s(t) where ¢ € V,(w), [s]= = 0. (32)

t
The term ¢.d" @ is the 'rough’ component of w which inherits the ir-

0
regularity of @ while s(.) represents a ’smooth’ component with zero quadratic
variation.

Remark 5 (Pathwise 'Doob-Meyer’ decomposition). This result may be viewed
as a pathwise analogue of the well-known decomposition of a continuous
semimartingale into a local martingale (a process with stricly increasing
quadratic variation A similar pathwise decomposition result was obtained
by Hairer and Pillai [18] using rough path techniques (see also [16, The-
orem 6.5] and [15]). Unlike the semimartingale decomposition, the result
of Hairer and Pillai [18] involves Holder-type regularity assumptions on the
components, as well as a uniform Holder roughness condition on the path.
Our setting is closer to the original semimartingale decomposition in that
the components are distinguished based on quadratic variation and the irreg-
ularity condition on w is also expressed in terms of quadratic variation.
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Proof. Let w € U(@). Then there exists F € R(AL) verifying the assump-
tions of Theorem with w(t) = F(t,w). The functional change of variable

formula applied to F' then yields the decomposition with ¢ = V,F(.,) €
¢

V(@) and s(t) = F(0, wp) + / du(DF(u,w)—l—% < V2 F(u,w),d[w] >). The

continuity of ths integrand implies that s has finite variation so [s], = 0.
Consider now two different decompositions

w(t)—w(()):/o ¢1d”w+31(t):/0 dod™@ + 55(1).

SO 81— 89 = /((;51 —¢2)d™w. Since ¢1 — g € V,(w) this representation shows

0
that s1 — s2 € Q([0,T],R) so the pathwise quadratic covariation [s1, S2]r
is well defined and we can apply the polarization formula to conclude that
[s1 — s2]x = 0. Applying Proposition to 81 — 89 = /(¢1 — ¢p2)d"@. then
0

implies that that ¢; = ¢o.
t

Finally, applying Theorem |[3.2[to / (¢1—p2)d™w then shows that s; = s2
0
which yields uniqueness of the decomposition .
Remark 6. As noted by Schied [26], Q([0,T],R) is not a vector space and,
given two paths (wi,w2) € Q([0,T],R) the quadratic covariation along
cannot be defined in general. By contrast, the space U(w) introduced above

s a vector space of paths with finite quadratic variation along w. Moreover,
for any pair of elements (w1,ws) € U(@)?, the quadratic covariation along T

is well defined; if w; = | ¢;.d"@W + s; is the rough-smooth decomposition of
0

w; the quadratic covariation is given by

(wrwala(t) = /0 < 6o, dl@] > (33)
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