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Abstract

We derive a functional change of variable formula for non-anticipative functionals defined on
the space of R%valued right continuous paths with left limits. The functional is only required
to possess certain directional derivatives, which may be computed pathwise. Our results lead
to functional extensions of the Ito formula for a large class of stochastic processes, including
semimartingales and Dirichlet processes. In particular, we show the stability of the class of
semimartingales under certain functional transformations.
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In his seminal paper Calcul d’Tto sans probabilités [7], Hans Follmer proposed a non-probabilistic
version of the Ito formula [9]: Follmer showed that if a real-valued cadlag (right continuous with left
limits) function z has finite quadratic variation along a sequence ,, = (t})x=0.., of subdivisions of
[0, T] with step size decreasing to zero, in the sense that the sequence of discrete measures

n—1

D la(ti) —2(th)*dy

k=0

converges vaguely to a Radon measure with Lebesgue decomposition {+3 ;¢ (o 7y [Az(?) |26; then for
f € CY(R) one can define the pathwise integral

n—1

T
| o= tim 3 ) i) - a(@) M)
1=0

as a limit of Riemann sums along the subdivision m = (7, )n>1. In particular if X = (X;).ep0,7) is
a semimartingale [5, 13, 14], which is the classical setting for stochastic calculus, the paths of X
have finite quadratic variation along such subsequences: when applied to the paths of X, Follmer’s
integral (1) then coincides, with probability one, with the Ito stochastic integral fOT f(X)dX with
respect to the semimartingale X. This construction may in fact be carried out for a more general
class of processes, including the class of Dirichlet processes [4, 7, 8, 11].

Of course, the Ito stochastic integral with respect to a semimartingale X may be defined for a
much larger class of integrands: in particular, for a caglad process Y defined as a non-anticipative
functional Y (t) = Fi(X(u),0 < u < t) of X, the stochastic integral fOT YdX may be defined as a
limit of non-anticipative Riemann sums [14].

Using a notion of directional derivative for functionals proposed by Dupire [6], we extend Follmer’s
pathwise change of variable formula to non-anticipative functionals on the space D([0,T],R?) of
cadlag paths (Theorem 3). The requirement on the functionals is to possess certain directional
derivatives which may be computed pathwise. Our construction allows to define a pathwise inte-
gral [ Fi(z)dz, defined as a limit of Riemann sums, for a class of functionals F' of a cadlag path
x with finite quadratic variation. Our results lead to functional extensions of the Ito formula for
semimartingales (Section 6) and Dirichlet processes (Section 5). In particular, we show the stability
of the the class of semimartingales under functional transformations verifying a regularity condition.
These results yield a non-probabilistic proof for functional Ito formulas obtained in [2, 3, 6] using
probabilistic methods and extend them to the case of discontinuous semimartingales.

Notation
For a path z € D([0,T],R?), denote by x(t) the value of z at ¢t and by z; = (z(u),0 < u < t) the
restriction of = to [0,¢]. Thus x; € D([0,],R%). For a stochastic process X we shall similarly denote
X (t) its value at ¢ and X; = (X (u),0 < u < t) its path on [0, ¢].

1 Non-anticipative functionals on spaces of paths

Let T > 0, and U C R? be an open subset of R? and S ¢ R™ be a Borel subset of R™. We call
"U-valued cadlag function” a right-continuous function f : [0, T] — U with left limits such that for
each t €]0,T), f(t—) € U. Denote by U; = D([0,t],U) (resp. S: = D([0,¢],S) the space of U-valued
cadlag functions (resp. S), and Cy([0,t],U) the set of continuous functions with values in U.



When dealing with functionals of a path x(t) indexed by time, an important class is formed by
those which are non-anticipative, in the sense that they only depend on the past values of x. A
family Y : [0, 7] x Uy — R of functionals is said to be non-anticipative if, for all (¢, z) € [0,T] x Ur,
Y (t,x) = Y(t,z¢) where x; = x|[p,) denotes the restriction of the path z to [0,t]. A non-anticipative
functional may thus be represented as Y (¢,z) = Fy(z;) where (F});co,7) is a family of maps F} :
U; — R. This motivates the following definition:

Definition 1 (Non-anticipative functionals on path space). A non-anticipative functional on Uy is
a family F' = (F})sepo,r) of maps

Ft : L{t — R
Consider, on the product space Ur x S, the filtration (F;) generated by the canonical process

(X,V):Ur xSr x[0,T] — UxS
(z,0),t = (X, V)((z,0),1) = (x(1),v(1))

Ft is the smallest sigma-algebra on Uy x Sy such that all coordinate maps (X (., s),V(.,s)),s € [0,1]
are JFp-measurable. The optional sigma-algebra O on Ur x Sp x [0,T] is the sigma-algebra on
Ur x St x [0,T] generated by all mappings f : Ur x Sy x [0,T] — R the set into which, for every
w € Ur x St, are right continuous in ¢, have limits from the left and are adapted to (F)iejo,7)-
The predictable sigma-algebra P is the sigma-algebra on Ur x St x [0, T] generated by all mappings
f:Up x Sp x [0,T] — R the set into which, for every w € Ur x Sp, are left-continuous in ¢
and are adapted to (Ft)efo,r)- A positive map 7 : Ur x Sy — [0,00] is called an optional time if
{welUr xSr, 7(w) <t} eF foreveryte[0,T].

In this setting, a map Y : [0,T] x Ur — R is P-measurable (predictable) if, for all (¢,z) €
[0,T] x Ur, Y(t,x) =Y (¢, 2:—) where x;_ denotes the function defined on [0,t] by

ve(u) =a(u) welot @ (t) = w(t-)

Typical examples of predictable functionals are integral functionals, e.g.

Y(t,x):/o Gs(xs)ds

where G is a non-anticipative, locally integrable functional.

If YV is predictable then Y is non-anticipative, but predictability is a stronger property. Note
that x;_ is cadlag and should not be confused with the caglad path v — z(u—).

We consider throughout this paper non-anticipative functionals

F = (Ft)tE[O,T] Ft IZ/[t X St — R
where F' has a predictable dependence with respect to the second argument:
Vit < T, V(l',’l)) € Z/{t X St, Ft(l't,’l}t) = Ft({L't, Utf) (2)

F' can be viewed as a functional on the vector bundle YT = Ute[o,T] U; x S;. We will also consider
non-anticipative functionals F' = (F});c(o,7| indexed by [0, 7.



1.1 Horizontal and vertical perturbation of a path

Consider a path « € D(][0,T]),U) and denote by x; € U, its restriction to [0,¢] for ¢ < T. For h > 0,
the horizontal extension z; 5, € D([0,t + h],R?) of 24 to [0,¢ + h] is defined as

xp(u) = z(u) u € 10,¢] ; x5 (u) = z(t) u €Jt,t + h] (3)

For h € R? small enough, we define the vertical perturbation x7 of x; as the cadlag path obtained
by shifting the endpoint by h:

i (u) = 4 (u) we[0,t] af(t)==x(t)+h (4)
or in other words x7(u) = z¢(u) + hl;=,. By convention, z'), = (2} )t,h, ie the vertical perturbation

precedes the horizontal extension.

We now define a distance between two paths, not necessarily defined on the same time interval.
For T>t =t+h>t>0, (z,v) €U x S; and (2/,v") € D([0,t + h],R?) x Spyy, define

doo( (z,0), (2',0") ) = sup |zep(u) —2'(u)|+ sup |orn(u) —v'(u)[+ ()
w€[0,t+h] w€[0,t+h]

If the paths (z,v), (2/,v’) are defined on the same time interval, then du((z,v), (z/,v")) is simply
the distance in supremum norm.

1.2 Classes of non-anticipative functionals

Using the distance d., defined above, we now introduce various notions of continuity for non-
anticipative functionals.

Definition 2 (Continuity at fixed times). A non-anticipative functional F' = (F}).eo, 1) is said to
be continuous at fixed times if for any ¢t < T, F; : U; x S; — R is continuous for the supremum norm.

Definition 3 (Left-continuous functionals). Define F;° as the set of functionals F' = (F},t € [0,T])
which verify:
Vi e [0, T], Ve>0,Y(z,v) el xS&, In>0,Yhel0,t],
V(z',v") € Up—p, X Si—p, doo ((z,0), (', 0") < n = |Fy(z,v) — F_p(a’,v")] < e (6)

Definition 4 (Right-continuous functionals). Define F$° as the set of functionals F' = (£, t € [0,T])
which verify
vVt e [0, T], Ve>0,Y(xz,v) el xS, In>0,Yhel0,T—1,
v(xlvvl) € ut-l-h X St-‘rhv dOO((I,U)v (xlvv/)) <n= |Ft(xﬂ U) - Ft+h(x,7v/)| <e (7)

We denote F*° = F° NIF° the set of continuous non-anticipative functionals.
We call a functional ”boundedness preserving” if it is bounded on each bounded set of paths:



Definition 5 ( Boundedness-preserving functionals). Define B as the set of non-anticipative func-
tionals F' such that for every compact subset K of U, every R > 0, there exists a constant Cx g
such that:

Vt < T,V(z,v) € D([0,t], K) X &, sup |v(s)| < R = |Fi(z,v)] < Ck,r (8)

s€[0,t]

In particular if F' € B, it is "locally” bounded in the neighborhood of any given path i.e.

V(z,v) €Uy x Sy, 3IC > 0,1 >0, Vvt € [0,T], V(2',0v') el xS,
doo((Tg,v1), (', 0")) < =Vt €[0,T],|F(a’,0")] < C 9)

The following result describes the behavior of paths generated by the functionals in the above
classes:

Proposition 1 (Pathwise regularity).

1. If F € F{° then for any (x,v) € Up X St, the path t — Fy(x,—,v,_) is left-continuous.
2. If F € F° then for any (x,v) € Ur X St, the path t — Fi(x,vt) is right-continuous.

3. If F € F then for any (x,v) € Ur X St, the path t — Fi(xy,vy) is cadlag and continuous at
all points where x and v are continuous.

4. If F € F further verifies (2) then for any (x,v) € Ur x St, the path t — Fy(x,vt) is cadlag
and continuous at all points where x is continuous.

5. If F € B, then for any (x,v) € Ur X St, the path t — Fy(xy,v;) is bounded.
Proof. 1. Let F € F{° and ¢t € [0,T'). For h > 0 sufficiently small,

doo ((Tt—pyve—n), (Tt—,ve—)) = sup |z(u) —z(t=)|+ sup |v(w)—v(t=)|+h (10)
wE(t—h,t) u€(t—h,t)

Since z and v are cadlag, this quantity converges to 0 as h — 0+, so

h—0t
Ft—h(It—mUt—h)*Ft(mtﬂvt—) — 0

so t — Fi(xy—,v_) is left-continuous.

2. Let F € F>® and ¢ € [0,T). For h > 0 sufficiently small,

doo(Tt4hs Vetn), (T, 00)) = sup  [z(u) —z(t)[+ sup  [v(u) —o(@)|+h  (11)
wElt,t+h) we[t,t+h)

Since z and v are cadlag, this quantity converges to 0 as h — 0+, so

Ft+h($t+h>vt+h) - F ﬂft,Ut) — 0

so t — Fi(xy,vy) is right-continuous.



3. Assume now that F' is in F* and let ¢ €]0,7]. Denote (Az(t), Av(t)) the jump of (z,v) at
time ¢. Then

doo((xt,h,vt,h),xt_Am(t),vt_Av(t))) = sup |z(u)—z()|+ sup |v(u)—ov(t)|+h
u€E[t—h,t) u€E[t—h,t)

and this quantity goes to 0 because z and v have left limits. Hence the path has left limit
Fy(z; 8% 7MWy at . A similar reasoning proves that it has right-limit F}(zy, v;).
4. If F € F* verifies (2), for ¢ €]0,T)] the path t — Fy(2,v;) has left-limit Fy(a; 270, v, 20 1)

at t, but (2) implied that this left-limit equals F(z; 2", v,).
O

1.3 Measurability properties

The following result, proved in Appendix B, clarifies the measurability properties of processes defined

by functionals in [F}°, F2°:

Theorem 2. If F' is continuous at fized time, then the process Y defined by Y ((z,v),t) = Fi(x¢,vt)
is Fi-adapted. If F € F7° or F € F°, then:

1. the process Y defined by Y ((z,v),t) = Fi(x¢,v:) is optional i.e. i.e. O-measurable.

2. the process Z defined by Z((x,v),t) = Fi(xi—,v:_) is predictable i.e. P-measurable.

2 Pathwise derivatives of non-anticipative functionals

We define two notions of pathwise derivatives for a non-anticipative functional F = (F})ic[o,r): the
horizontal derivative, which is a derivative with respect to time, and the vertical derivative, which
is a derivative with respect to the current value of underlying path z [2, 3, 6].

2.1 Horizontal derivative

Definition 6 (Horizontal derivative). The horizontal derivative at (z,v) € Uy X S; of non-anticipative
functional F' = (F})icjo,r( is defined as

F - F
DiF(z,v) = hli,%i t+h(l‘t,havt},lh) +(z,v) )

if the corresponding limit exists. If (12) is defined for all (z,v) € T the map

DF U xS, +— R?
(x,v) — DiF(z,v) (13)

defines a non-anticipative functional DF' = (D F);co,7], the horizontal derivative of F.

We will occasionally use the following “local Lipschitz property” that is weaker than horizontal
differentiability:



Definition 7. A non-anticipative functional F' is said to have the horizontal local Lipschitz property
if and only if:

V(z,v) € Up x Sr,3C > 0,n > 0,Vt; < to < T,V(2',v") € Uy, X Sy,
doo((mtl7vtl)’ (x/’ Ul)) < n = |Ft2 (‘/L.:fl,tzftl’vgl,tgft1> - Ftl((ngl’v;l)” < C(t2 - tl) (14)

2.2 Vertical derivative

Dupire [6] introduced a pathwise spatial derivative for non-anticipative functionals, which we now
introduce. Denote (e;,i = 1..d) the canonical basis in RY.

Definition 8. A non-anticipative functional F' = (F})c(o,7 is said to be vertically differentiable at
(z,v) € D([0,¢]),R?) x D([0,t],S7) if
R — R
e — Fi(af,v)
is differentiable at 0. Its gradient at 0
Vo F (z,0) = (0;Fy(z,v), i =1..d)  where 0;F;(xz,v)= }ILIE}J Ft(xfel,v)h— Fi(@,v)

is called the wertical derivative of Fy at (x,v). If (15) is defined for all (z,v) € T, the vertical
derivative

(15)

V.F:U xS +— R?
(z,v) — V. Fi(x,v) (16)
define a non-anticipative functional Vo F = (V3 F})iejo,r) with values in R%.

Remark 1. If a vertically differentiable functional verifies (2), its vertical derivative also verifies (2).
Remark 2. 0;Fy(x,v) is simply the directional derivative of F} in direction (1¢4e;,0). Note that this
involves examining cadlag perturbations of the path z, even if x is continuous. Also note that, unlike
the Fréchet or Malliavin derivatives [12, 16], the computation of V,F involves local perturbations
of z.
Remark 3. If Fy(x,v) = f(t,z(t)) with f € CH([0,T[xR?) then we retrieve the usual partial
derivatives:
DtF(xa 1}) = atf(ta :E(t)) vat(zta Ut) - vrf(ta ‘T(t))

Remark 4. Note that the assumption (2) that F' is predictable with respect to the second variable
entails that for any ¢t € [0, T, Fy(z¢, v§) = Fy(2¢, v) so an analogous notion of derivative with respect
to v would be identically zero under assumption (2).

If F admits a horizontal (resp. vertical) derivative DF (resp. V., F') we may iterate the operations
described above and define higher order horizontal and vertical derivatives.

Definition 9. Define C7* as the set of functionals F' which are

e continuous at fixed times,
e admit j horizontal derivatives and k vertical derivatives at all (x,v) € Uy x S, t € [0, T

e DF.'m < j,VIF,n <k are continuous at fixed times.



3 Change of variable formula for functionals of a continuous
path

We now state our first main result, a functional change of variable formula which extends the 1t6
formula without probability due to Follmer [7] to functionals. We denote here Sj the set of positive
symmetric d x d matrices.

Definition 10. Let II,, = (¢, ... 7t;cl(n))’ where 0 =t <tF < ... < tZ(n) =T, be a sequence of
subdivisions of [0, 7] with step decreasing to 0 as n — oco. f € Cy([0,T],R) is said to have finite
quadratic variation along () if the sequence of discrete measures:

k(n)—1

= (f(th) = F(£1)%0m (17)

=0

where d; is the Dirac measure at ¢, converge vaguely to a Radon measure £ on [0, 7] whose atomic
part is null. The increasing function [f] defined by

[£1(2) = £([0, 2])

is then called the quadratic variation of f along the sequence (7).

x € Cp([0,T],U) is said to have finite quadratic variation along the sequence (m,,) if the functions
z;,1 <i<dand z;+x;,1 <i< j<ddo. The quadratic variation of = along (m,) is the Sj—valued
function z defined by:

()i = [2i], [z]i; = %([xi + x5 =[] = [z5]), 0 # 7 (18)

Theorem 3 (Change of variable formula for functionals of continuous paths). Let (x,v) € Cy([0,T],U)x
St such that x has finite quadratic variation along () and verifies Supe(o 1 lv(t) —v(t—)| — 0.

Denote: o
k(n)—1
xn(t) = Z x(ti+1)1[ti7t7‘,+1[(t) + +x(T)1{T} (t)
i=0
k(n)—1
V) = Y vt () + (D) Ly (D), B =t — 8] (19)
i=0
Then for any non-anticipative functional F € C12 such that:
1. F,V,F,ViF € F°
2. V2F,DF satisfy the local boundedness property (9)
the following limit
k(n)—1
T > VR o ) (el - () (20)
i=0



exists. Denoting this limit by fOT Ve F(Zy, vy)d™x we have

T T 1 T
FT(J:T’ UT) - F()(.'Eo, UO) = / DtFt(xu7 Uu)du =+ / itr (tviFt(wuv ’Uu)d[l'] (U)) + / VZF(miu vu)dﬂx (21)
0 0 0

Remark 5 (Follmer integral). The limit (20), which we call the Féllmer integral, was defined in [7]
for integrands of the form f(X(t)) where f € C'(R%). It depends a priori on the sequence 7 of

subdivisions, hence the notation fOT Vi F (4, v,)d™x. We will see in Section 6 that when z is the
sample path of a semimartingale, the limit is in fact almost-surely independent of the choice of .

Remark 6. The regularity conditions on F are given independently of (z,v) and of the sequence of
subdivisions (7).

Proof. Denote dx}' = x(t} ;) — x(t}). Since x is continuous hence uniformly continuous on [0, 7],
and using Lemma 8 for v, the quantity

1 = sup{[o(u) —o(tF)| + [z(u) —2()] + [t = 87,0 <@ < k(n) =Lue [t} L) (22)

converges to 0 as n — co. Since V2 F, DF satisfy the local boundedness property (9), for n sufficiently
large there exists C' > 0 such that

Vit < T,V(z',v") € Uy x S, doo (24, v0), (2/,0")) < M = |DeFi(2,0')| < O, |VEF (2, v')| < C

Denoting K = {z(u),s < u < ¢} which is a compact subset of U, and U¢ =R — U its complement,
one can also assume n sufficiently large so that d(K,U¢) > n,.
For i < k(n) — 1, consider the decomposition:

n n n n _ n n n n
thql(ﬂ?t;lﬂ_’ Ut;brl—) — Fyn (xt’;—; Utg_) = Ftlﬂrl(xt?ﬂ—’ Utg,h?) — Fin (xt;uvtln)

+  Fip(zgn, vin_) — Fyr (2, vin ) (23)

where we have used property (2) to have Fin (., vin) = Fyn(2fn,vin_). The first term can be
written ¢ (h]') —¢(0) where:

(1) = Fyp (i ) (24)

Since F' € CH2([0,T)), v is right-differentiable, and moreover by lemma 4, 1) is left-continuous, so:

Fpn

=ty
b @l ) = Fip o) = [ D P (ol 0l ) (25)
The second term can be written ¢(dz?) — ¢(0), where:
(u) = Fin (:L’?n’li, vfin_) (26)
Since F' € C2([0,T)), ¢ is well-defined and C? on the convex set B(z(t?*),n,) C U, with:
#(0) = Vo Fop (2" o)
¢ (w) = V2 Fy (e v ) (27)

10



So a second order Taylor expansion of ¢ at u = 0 yields:

Fyp (i, vin_) — Fip(@fn_, v _) = Vo Fip (2 _, v _ )0z}

1
+§tr (ViFt? (xfo_, v _) téx?ém?) + 7 (28)
where 7 is bounded by

K|zl sup  [VEFu (2™ " o) = V2 F (x| (29)
z€B(xz(t?),mn)

Denote i"(t) the index such that ¢ € [t}., ;) t% 4)1)- We now sum all the terms above from i = 0 to
k(n) — 1.

e The left-hand side of (23) yields Fr(z%_, v} _)—Fy(xo, vo), which converges to Fr(zp_,vp_)—
Fy(zg,vp) by left-continuity of F, and this quantity equals Fr(z7,vr) — Fo(xg,vo) since x is
continuous and F' is predictable in the second variable.

e The first line in the right-hand side can be written:

T
n n
DuF(xfn,  yogn, Vi g )du (30)
0 i (u)? i (u) i (u)? i (u)

where the integrand converges to D, F(zy, v,—) and is bounded by C. Hence the dominated
convergence theorem applies and (30) converges to:

T T
/ DuF (24, vy )du = / DuF (24, 00) (31)
0 0
since v, = v, _, du-almost everywhere.

e The second line can be written:

k(n)—1 k(n)—ll k(n)—1
; Vo Fpp (2 v ) (@i, — i) + ; itr[vgﬂy(gg;}_,U;;_)]t(sxgaxm+ ; 7 (32)

[V2Fyn (@ vin _)|Ltejep er, ) is bounded by C', and converges to V2 F, (x4, v ) by left-continuity
of V2F, and the paths of both are left-continuous by lemma 4. Since z and the subdivision
(my,) are as in definition 10, lemma 12 in appendix C applies and gives as limit:

| VAR v i) = [ Gl VAR el ) (3)

since V2F is predictable in the second variable i.e. verifies (2). Using the same lemma, since

77| is bounded by €?|dz?|* where € converges to 0 and is bounded by 2C, Zi:(:)(_s;_l i

K3
converges to 0.
Since all other terms converge, the limit:
k(n)—1

lim ) VP (e vfh ) (2(ty) — 2 (1) (34)
1=0

exists, and the result is established.

11



4 Change of variable formula for functionals of a cadlag path

We will now extend the previous result to functionals of cadlag paths. The following definition is a
taken from Follmer [7]:

Definition 11. Let 7, = (¢,... 7tZ(n)), where 0 = 1§ <ty < ... < 1p,, = T be a sequence of
subdivisions of [0, 7] with step decreasing to 0 as n — oo. f € D([0,T],R) is said to have finite

quadratic variation along () if the sequence of discrete measures:

k(n)—1

= (fth) = F(E)%0m (35)

i=0
where 4, is the Dirac measure at ¢, converge vaguely to a Radon measure £ on [0, T] such that
(1) = €([0,2]) = [f1°() + D (Af(s))? (36)
0<s<t

where [f]€ is the continuous part of [f]. [f] is called quadratic variation of f along the sequence (7).
x € Ur is said to have finite quadratic variation along the sequence (7,,) if the functions z;,1 <i <d
and z; + 2,1 < i < j <d do. The quadratic variation of « along () is the S;{—Valued function z
defined by:

hi=led, [y = (b o]~ el o), 0% (37)

Theorem 4 (Change of variable formula for functionals of discontinuous paths). Let (z,v) € Ur XSt
where x has finite quadratic variation along (7,) and

sup  [z(t) — z(t=)[ + [v(t) —v(t=)[ — 0 (38)
te[0,T) -7,
Denote
k(n)—1
z"(t) = Z T(tiv1 =)L 0040 () + 2(T) 11y (1)
i=0
k(n)—1
VM) = Y vt () oDy (), =t — 1] (39)

i=0

Then for any non-anticipative functional F € CY2 such that:
1. F is predictable in the second variable in the sense of (2)
2. V2F and DF have the local boundedness property (9)
3. F,V,F,V2F € F{°

4. Vi F has the horizontal local Lipschitz property (14)

12



the Follmer integral, defined as the limit

k(n)—1
] ]VwFt(xt_,vt_)d”x = lim Z Vo Fyn (22 o ) ((tly,) — 2 (t1) (40)
0,T n—oo
exists and
1
Fr(xr,vr) — Fo(xo,v0) = D Fy(@y—, vy—)du +/ ~tr ("V2F(@y—, vu—)d[z](u))
10,7 10,7

+ VaoFi(xi— v )d"x + Z w(@u, vy) — Fuy(Ty—, vy ) — Vo Fy(zy—,v,—).Az(u)]  (41)
10.77] u€]0,T]

Remark 7. Condition (38) simply means that the subdivision asymptotically contains all disconti-
nuity points of (z,v). Since a cadlag function has at most a countable set of discontinuities, this can
always be achieved by adding e.g. the discontinuity points {¢ € [0, T], max(|Ax(¢)|, |Av(t)]) > 1/n}
to m,.

Proof. Denote 0z} = x(t}_ ;) — x(t}"). Lemma 8 implies that
i = sup{|v(u) — v(t})] + |o(u) — 2(E)| + |ty — 71,0 i < k(n) — Lu € [t7,174,)} =70 (42)

so for n sufficiently large there exists C' > 0 such that, for any ¢ < T, for any (z/,v) € Uy X S,
doo (T, v1), (2',0")) < mn = |DiFy(2!,0")| < C,|V2F(a',0v")| < C , using the local boundedness
property (9).

For € > 0, we separate the jump times of x in two sets: a finite set C(¢) and a set Cy(€) such
that > .o, o |Azs|? < €2. We also separate the indices 0 < i < k(n) — 1 in two sets: a set
I7(e) such that (t;,t;41] contains at least a time in C(e), and its complementary I7(e). Denoting
K = {z(u),s <wu <t} which is a compact subset of U, and U¢ = R—U, one may choose e sufficiently
small and n sufficiently large so that d(K,U¢) > € + n,.

Denote " (t) the index such that ¢ € [t}',¢}" ;). Property (38) implies that for n sufficiently large,
Ci(e) C {t} 1,1 =1..k(n)} so

n,Ax t,?' n n,Ax(t n
3 Fop (i) o ) = B (a0 D )= S Fu(@ ) - Ful@e,va-) (43)
0<i<k(n)—1,icI{(e) u€]0,T]UC (€)

as n — 0o, by left-continuity of F.
Let us now consider, for i € I3 (€),i < k(n) — 1, the decomposition:

n,Az(tzﬂrl)

n,Ax(ty ) p n,Az(t) p n n
Ft?ﬂ(xt" - vvtyﬂf) - Ft?(l.t;bf a”t;u) = Fp( tr o — ) t;glf) Ft;ql(xt;t“fa“t;;lf)
n n
+ Ft;‘_'_l(xt;ﬁrlfa “t;l,hy) — Fip (xt” Ut")

+ Ft?(x?{b’U% ) Ftn( nAx(t )’vt?—) (44)

where we have used the property (2) to obtain Fyn(zj,vin) = Fyn(2fn,vin_). The second line in
the right-hand side can be written ¢ (hl*) — ¢ (0) where:

(1) = Fop (i ) (45)
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Since F' € CH2([0,T)), v is right-differentiable, and moreover by lemma 4, 1) is continuous, so:

Fin

t i
o (@ O ) — P (@, o) = /0 Dyl P v )du (46)
The third line can be written ¢(z(t7,;—) — z(t}')) — ¢(0), where:
B(u) = Fyp (e 27T ) (47)
Since F' € C2([0,T)), ¢ is well-defined and C? on the convex set B(z(t?),n, +¢) C U, with:
¢ (u) = Vo Fpp (250 ot )" () = V2 Fp (2 2500 o, ) (48)

So a second order Taylor expansion of ¢ at u = 0 yields:

n n n,Ax(t} n n,Ax(t n n
Fyn (v ) = Fn (a2 o) = Vo By (2527 0 ) (a8 —) — 2(t))
Ax(t] n n n n n n
+2tr[v2Ftn< AT O a(ty—) — () (2(tyy —) — 2(t))] + 7} (49)
where r}'; is bounded by
K|(a(tfyy =) — )P sup  [VEF (2 " 0 ) = V2Fa (ol ) (50)

z€B(z(t}),nn+e)

Similarly, the first line can be written ¢(z(t},,) — =(t}')) — o(x(t},,—) — =(t}")) where ¢(u) =
Fin (x?nAz}En ’)+u7 vin ). So, a second order Taylor expansion of ¢ at u = 0 yields:

n,Az(ti ) p

n n n,Ax(t])
Ft{;l(xtﬁl— 7vt;”+1—) Ft{;l(xtg —y Ugn

)= VaFin, (l'tn B U%,hg/)Az(t?ﬂ)

i+1

1 n,Azx(t n n n n
+§tr[viFt" (xt" ;En) Uty,h;t)]tAm(tiH)Am(tiH)+Ti,2 (51)

where 7' is bounded by

KAzt ) sup [VEE (™ "7 o) = V2R (227 o )| (52)
wEB(I(t?)’WTHrE)

Using the horizontal local Lipschitz property (14) for V. F, for n sufficiently large:

n,Az(t})

s i n n,Am(t”
|V$Ft?+l (xtr *,h?l y ’Ut? ,h?) - VZFt? (xt;zi

g )] < Ot — ) (53)
On other hand, since V2F is bounded by C' on all paths considered:
n,Ax(t n n n n n
|t (V2R (2 o ) alt =) — () (8, -) — 2(t1))
n,Az(t}) p n n
+tr (VEF" G }SZ )ﬂvt;‘,h;‘)]tAx(ti+1)A$(ti+1))

—tr (V2B (220 o ))'oapoal ) | < 201 Aw ()P (54)
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Hence, we have shown that:

nAz(ty ) p n,Ax(t])

Ft?Jrl (xt?+1_ ’vt?+1_) o Ft?Jrl (xgl+1_’vgl+l_) + Ft? (ﬁ?’v%—) n Ft? (:Et?_ ,vf?_) -
Vo P (232500 o )oal + SirVaFy (2500 o [toaoal] + i + gf
where 77 is bounded by:
n2 2 nz—c(ti=) n \ _ o2 n,Az(ty)  n
AK |07 | Sup IVeFip (2 7vt;7) VeFy (2 vvt?7)| (55)
z€B(z(t?),nn+e) ‘ ‘
and ¢ is bounded by:
C'(hi | Ax(t?)| + | A (t?)[?) (56)

Denote i"(t) the index such that ¢ € [t} ).t} ;) [ Summing all the terms above for i €
Cy(e)n{0,1,..k(n) — 1}:

e The left-hand side of (44) yields
Fr(zh,v}) — Fo(xo,v9) — Z thl-%—l(x%+17v;%-¢_l) — Fin (m%,v%) (57)
0<i<k(n)—1,i€Il ()

which converges to

Pr(zr,vr) = Fo(zo,v0) = Y Fultu, vu) = Fu(zu_,v-) (58)
u€]0,T]UC (€)

e The sum of the first and third lines of (44) the right-hand side can be written:
Z Vo Fyr (acz_iéw(t?), v{}_)ém?
0<i<k(n)—1,i€Ig (¢)

1 n,Ax(t?
Y (VR @Rt o ) ey )
0<i<k(n)—1,i€Ig ()
+ > 4 P (59)

0<i<k(n)—1,i€I} (c)

Consider the measures pif; = &% — 350 7 sec, (o) (Afij(8))?0s, where fi; = 25,1 < j < d and
fij=xi+x;,1 <i<j<dand ¢} is defined in Definition 11. The second line of (59) can be
decomposed as:

1 n,Ax(t} n
Aty Y wm (ViFt? (a2 ),Ut?_)tAJ;(u)Ax(u)) (60)
0<u<T,ueCs(€)

where

B N 9 n,Ar(t?'n(t)) n
Ay = tr /T p" (dt) Z Vi, (@"t?n(t)_ ’Ut?n(w_) leqr ]
10,7 0<i<k(n)—1,3€I5 (€)
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where p™ denotes the matrix-valued measure with components p;; defined above. 7 converges

‘, - 2 o AL(tn (1))
vaguely to the atomless measure [f;;]°. Since Y ;< pm)—1,5e17 (0 VeFin, (xt?n(t)_ ' ’U%’n(tr) Lir stz )
is bounded by C' and converges to V2 Fy(z;_, vt )Ligc, (e) by left-continuity of V2F, applying

Lemma 12 to A,, and yields that A,, converges to:
1
/ o (V2 Fu(a va_ )] () (61)
jo.7) 2

The second term in (60) has the lim sup of its absolute value bounded by Ce%. Using the same

argument, since |r?| is bounded by s?|dz?|* for some s? which converges to 0 and is bounded

by some constant, Zk(") Y77] has its limsup bounded by 2C€?; similarly, the limsup of

SRV gn] is bounded by C7(Te + €2).
The term in the first line of (59) can be written:
k(n)—1
> Va2 o ) (w(t) — a(t))

n,Ax n
- Y VFp@ e ), — o) (62)
0<i<k(n)—1,i€I ()
where the second term converges to ZO<U§T’U€C1(€) Vi Fu(Ty—, vy )Az(u).

The second line of (44):

n
/ Dt xtnn(u) w— t?’n(u) s vt?n(u)yu*t?n(u) )1in(u)ejg(e)du (63)

where the integrand converges to Dy Fy(Ty—,vu—)lygc, () and is bounded by C, hence by
dominated convergence this term converges to:

T
/ DyFy (2 vu)du (64)
0
Summing up, we have established that the difference between the lim sup and the lim inf of:
k(n)—1
n,A n n n
Z Vo Fyr (a2 o (i) — 2(t)) (65)

is bounded by C”(e? + Te). Since this is true for any ¢, this term has a limit.

Let us now write the equality we obtained for a fixed e:

1
Fr(zp,ver) — Fo(zo,vo) = DiFi(€y—, vy )du +/ —tr['V2 Fy (20—, vy )d[z] ()]
10.7] o, 2
k(n)—1
Flim D7 Ve Fp (a2 o) () — ()
i=0

+ Y [P, ve) = Fu(@ue, vus) = Ve Fu(@u—, vu- ) Az(u)] + ofe)
u€]0,TIUC (€)
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where a(e) < C” (€% + Te). The only point left to show is that:

Z [Fu(xua Uu) - Fu(xu—a Uu—) - VwFu(xu—v Uu—)Ax(u)] (66)
w€]0,TIUC (€)

converges to:

Z [Fou(Tu,vy) — Fu(@u—vy—) — Ve Fy(@y—, vy ) Az (u)) (67)
u€]0,T]

which is to say that the sum above is absolutely convergent.
We can first choose d(K,U¢) > n > 0 such that:

Yu € [0,T], Y(2',v) € Uy X Suydoo((m4,v1), (2',0") <= |VEF,(z(u),v(u))] < C  (68)

The jumps of x of magnitude greater than 7 are in finite number. Then, if « is a jump time
of = of magnitude less than 7, then z(u—) + hAxz(u) € U for h € [0, 1], so that we can write:

Fu(xu; vu) - Fu(l'u,, 'qu) - VIFU(.’Euf,Uu,)A{E(U) -

/0 (1= )['V2Fu (22" v, ) Az(u) Az(u)] < %ClAw(u)P

Hence, the theorem is established.
O

Remark 8. If the vertical derivatives are right-continuous instead of left-continuous, and without
requiring (14) for V. F we can still define:

k(n)—1

i=0
k(n)—1
VM) = D v o () A0y (8) R =t — 8] (69)
=0

Following the same argument as in the proof with the decomposition:

Fep,, (x??ﬂ ' vt?ﬂ) — Fip (z??’vt?) = by, (x??ﬂ ’ Ut?ﬁrl) — Fip, (x??ﬁrl’vt?’h?)
+ B, (xf?H sV e ) = Fyn (@ jyns ven an)
+ Ft;erl ($%7h?,vt?’h?) - Ft? ((E??,’Ut;t) (70)

we obtain an analogue of formula (41) where the Follmer integral (40) is replaced by

k(n)—1

lim 3 VoFip, (@ 0 v ) @(t0) — 2(E0)) (71)
=0
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5 Functionals of Dirichlet processes

A Dirichlet process [8, 4], or finite energy process, on a filtered probability space (2, B, (B;),P) is
an adapted cadlag process that can be represented as the sum of a semimartingale and an adapted
continuous process with zero quadratic variation along dyadic subdivisions.

For continuous Dirichlet processes, a pathwise Itd calculus was introduced by H. Follmer in [7,
8, 11]. Coquet, Mémin and Slominski [4] extended these results to discontinuous Dirichlet processes
[15]. Using Theorem 4 we can extend these results to functionals of Dirichlet processes; this yields
in particular a pathwise construction of stochastic integrals for functionals of a Dirichlet process.

Let Y(t) = X(t) + B(t) be a U-valued Dirichlet process defined as the sum of a semimartingale
X on some filtered probability space (2, B, By, P) and B an adapted continuous process B with zero
quadratic variation along the dyadic subdivision. We denote by [X] the quadratic variation process
associated to X, [X]¢ the continuous part of [X], and u(dt dz) the integer-valued random measure
describing the jumps of X (see [10] for definitions).

Let A be an adapted process with S-valued cadlag paths. Note that A need not be a semimartin-
gale.

Wecall II, = {0 =1t <t < ... < tatn) = T} a random subdivision if the t7 are stopping times
with respect to (Bt):efo,1]-

Proposition 5 (Change of variable formula for Dirichlet processes). Let II, = {0 = tfj < ¢} <
<ty = T} be any sequence of random subdivisions of [0,T] such that

(i) X has finite quadratic variation along I,, and B has zero quadratic variation along II,, almost-
surely,
(i) sup |V (t) =Y (t-)| +|A({t) — A(t—-)|"=70 P —a.s.
te[0,7]-11,

Then there exists 1 C Q with P(Qy) = 1 such that for any non-anticipative functional F € C12
satisfying

1. F is predictable in the second variable in the sense of (2)
2. V2F and DF satisfy the local boundedness property (9)
3. F\V,F,V2F € F{®
4. Vi F has the horizontal local Lipschitz property (14),

the following equality holds on Qy for allt <T':

1
Fi(Yi, Ay) — Fo(Yo, Ag) = | DuF(Ya, Au_)du + / SUTV2R (Y, Ay YdIX] ()
10,t] 10,t]

+ / / (Fu(YZ, Au—) — Fu(Ya, Au_) — 2Vu Fu(Ya, Au)p(du, d2)
10,6 J Re

4| VeFu (Yo, Ay ).dY (u) (72)
10.]

where the last term is the Féllmer integral (40) along the subdivision IL,,, defined for w € 1 by:

k(n)—1
[ VeFuYum, Au) Y (u) = lim S VaF (VAT AR (Y () = Y ()l (73)
O,t n =0 K2 3
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where (Y™, A™) are the piecewise constant approximations along I, defined as in (39).
Moreover, the Féllmer integral with respect to any other random subdivision verifying (i)—(ii), is
almost-surely equal to (73).

Remark 9. Note that the convergence of (73) holds over a set €2 which may be chosen independently
of the choice of F € C2,

Proof. Let (I1,,) be a sequence of random subdivisions verifying (i)—(ii). Then there exists a set €,
with P(€4) = 1 such that for w € Q; (X, A) is a cadlag function and (i)-(ii) hold pathwise. Applying
Theorem 4 to (Y (.,w), A(.,w)) along the subdivision II,,(w) shows that (72) holds on €;.

To show independence of the limit in (73) from the chosen subdivision, we note that if 12 another
sequence of random subdivisions satisfies (i)—(ii), there exists Qs C Q with P(22) = 1 such that one
can apply Theorem 4 pathwise for w € 5. So we have

VoFu(Yuo, Ay ) d%Y (u) = [ VoFu(Yae, Au_).d"Y (1)
10,t] 10,t]

on Q1 N Q. Since P(Q2; NQy) =1 we obtain the result. O

6 Functionals of semimartingales

Proposition 5 applies when X is a semimartingale. We will now show that in this case, under an
additional assumption, the pathwise Follmer integral (40) coincides almost-surely with the stochastic
integral [ YdX. Theorem 4 then yields an It formula for functionals of a semimartingale X.

6.1 Cadlag semimartingales

Let X be a cadlag semimartingale and A an adapted cadlag process on (2,3, B;,P). We use the
notations [X] , [X]¢, u(dt dz) defined in Section 5.

Proposition 6 (Functional Itd formula for a semimartingale). Let F' € CY2 be a non-anticipative
functional satisfying

1. F is predictable in the second variable, i.e. verifies (2),
2. V. F, V2F, DF € B,
3. F,V,F,V2F € F¢°,
4. V. F has the horizontal local Lipschitz property 14.
Then:
Fy(Xi, Ar) = Fo(Xo, Ao) =

DoF (X, Au_)du+ / V2 Py (X, A VX W)] + [ VaFu(Xuo, A ).dX ()
10,4 10,] 2 10,4]

—|—/ / [Fu(X:_ A=) — Fu(Xy—, Ay ) — 2.V Fu(Xu—, Ay-)|p(du, dz), P-a.s.
10,t] J R4

(74)
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where the stochastic integral is the Ito integral with respect to a semimartingale.
In particular, Y (t) = Fy(X¢, At) is a semimartingale.

Remark 10. These results yield a non-probabilistic proof for functional Ito formulas obtained for
continuous semimartingales [2, 3, 6] using probabilistic methods and extend them to the case of
discontinous semimartingales.

Proof. Assume first that the process X does not exit a compact set K C U, and that A is bounded
by some constant R > 0. We define the following sequence of stopping times:

o =0
1
 =inf{u > 7 |2"veNor |A(u) — Alu—)|V|X(u) — X(u—)| > ﬁ} AT (75)

Then the coordinate processes X; and their sums X; + X satisfy the property:

S (Z(n) - Z(ri-1))? S [Z)(s) (76)

n—oo
Ti<S

in probability. There exists a subsequence of subdivisions such that the convergence happens almost
surely for all s rational, and hence it happens almost surely for all s because both sides of (76) are
right-continuous. Let ; be the set on which this convergence happens, and on which the paths of
X and A are U-valued cadlag functions. For w € 1, Theorem 4 applies and yields

1
Ft(Xt7At) - FO(X()vAO) = DuF(X'uf?AU*)du—’_/ §tr[tviFu(Xuf7Au*)d[X]c(u)] (77)
0,t] 10,¢]

]
+/ / [Fu(X:_,Ay—) — Py (Xy—, Ay ) — 2.V Fy (X, Ay )|p(du, dz)
]0,t] J R4

k(n)—1 ’
+lim Y Vo Fa (XA A (X () - X ()
1=0

It remains to show that the last term, which may also be written as

k(n)—1
lim / Z 1]77.",7.’;1](” VeFrn (XﬁiLéX(Ti ),A¢7L7).dX(t) (78)
10,2] ! o '

n— oo ;
=0

coincides with the (Ito) stochastic integral of V,F(X,_, A,_) with respect to the semimartingale
X.

First, we note that since X, A are bounded and V,F € B, V. F(X,_, A,_) is a bounded pre-
dictable process (by Theorem 2) hence its stochastic integral [; Vo F(X,_,A,_).dX (u) is well-
defined. Since the integrand in (78) converges almost surely to V, Fy(X;—, A;—), and is bounded inde-
pendently of n by a deterministic constant C, the dominated convergence theorem for stochastic inte-
grals [14, Ch.IV Theorem32] ensures that (78) converges in probability to jiO,t} VeFu(Xy—, Ay—).dX (u).
Since it converges almost-surely by proposition 5, by almost-sure uniqueness of the limit in proba-
bility, the limit has to be f]o,t] VeFu(Xu—y Ay—).dX (u).

Now we consider the general case where X and A may be unbounded. Let U¢ = RY — U and
denote 7, = inf{s < t|d(X(s),U¢) < % or |X(s)| > n or |A(s)| = n} At, which are stopping times.
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Applying the previous result to the stopped processes (X™ ,A™ ) = (X(t A 7—), A(t A T —))
leads to:

1
F(X{7, AT) = /]0 )[DuF(XuvAu)duﬂL§tr[tViFu(Xu7Au)d[X]C(U)]
n / Vo Fy(Xa, Ay).dX (u)
10,7n)

+ / [Fu(X;Pf;Au_) _Fu(Xu—;Au—) _Zva:Fu(Xu—aAu—)]/’(‘(du dZ)
10,7,) J R4

+ / DuF(XT, A™)du (79)
(mmt)
Since almost surely t A 7,, =t for n sufficiently large, taking the limit n — oo yields:
1
Fi(Xi—, Ay) = / [DuF(Xu, Au)du + Str ("V2F, (X, Au)d[X]%(u))
10,t)
+ VaiFu( Xy, Ay).dX (u)

10,t)
+ / / (Fu (X7 Auy—) — Fu(Xu_, Ay ) — 2.V Foa(Xu, Au)p(du dz)
10,6) J Re
(80)

Adding the jump Fy(X;, A;) — Fy(X¢—, A;—) to both the left-hand side and the third line of the
right-hand side, and adding V,Fy(X;—, A:—)AX(t) to the second line and subtracting it from the
third, leads to the desired result. O

Ezample 1 (Doléans exponential). Let X be a scalar cadlag semimartingale, such that the continuous
part of its quadratic variation can be represented as:

t
X)) = [ Al)is (s1)
0
for some cadlag adapted process A. Consider the non-anticipative functional:
Fy(xy,0p) = "5 o v@d TT(1 + Aa(s))e 22 (82)
s<t
Then F € CH* with:
1
DtF(Z't, ’Ut) = *iv(t)Ft(l't,’Ut), V’;Ft(xt,vt) = Ft(fEt,’Ut), k Z ]. (83)
and satisfies the assumptions of Proposition 6. The process
Y(t) = F(Xy, Ay) = X OO T (1 + AX (5)e 2 X (84)
s<t

is the Doléans exponential of the semimartingale X and Proposition 6 yields the well-known relation

Y(t) = /0 ¥ (s—)dX (s).
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6.2 Continuous semimartingales

In the case of a continuous semimartingale X and a continuous adapted process A, an It6 formula
may also be obtained for functionals whose vertical derivative isright-continuous rather than left-
continuous.

Proposition 7 (Functional Ité formula for a continuous semimartingale). Let X be a continuous
semimartingale with quadratic variation process [X|, and A a continuous adapted process, on some
filtered probability space (0, B, By, P). Then for any non-anticipative functional F € CY2 satisfying

1. F has a predictable dependence with respect to the second variable, i.e. verifies (2),
2. V. F, V2F, DF € B,

3. F el

4. V.F,V2F € F®

we have

t
Fi(X0, Ay) — Fo(Xo, Ag) = / DuF(Xy, Ay)du
0

L t
+/0 §tr[ VzFu(Xu,Au)d[X](u)]—i—/O VP ( Xy, Ay).dX (u), P-a.s.

where last term is the Ito stochastic integral with respect to the X.

Proof. Assume first that X does not exit a compact set K C U and that A is bounded by some
constant R > 0. Let 0 =¢f <t7... < Tany = 1 be a deterministic subdivision of [0, t]. Define the

approximates (X", A™) of (X, A) as in remark 8, and notice that, with the same notations:

k(n)—1

Z vat{;l (X?;L,h;la A;}’h?)(X(t?H) - X(t7)) = /]0 i VmFt;Zrl (XZTL,h;L»Agy,hy)l]t?,tr'ﬂ](t)dX(t)

i=0 .
which is a well-defined stochastic integral since the integrand is predictable (left-continuous and
adapted by theorem 2), since the times ¢? are deterministic; this would not be the case if we
had to include jumps of X and/or A in the subdivision as in the case of the proof of proposition
6. By right-continuity of V,F, the integrand converges to V,F(X;, A;). It is moreover bounded
independently of n and w since V,F' is assumed to be boundedness-preserving. The dominated
convergence theorem for the stochastic integrals [14, Ch.IV Theorem32] ensures that it converges in
probability to f]O» . VeFu(Xy—, Ay—).dX (u). Using remark 8 concludes the proof.
Consider now the general case. Let K, be an increasing sequence of compact sets with | J,,~, Kn = U
and denote B

T, = inf{s < t|Xs ¢ K" or |As| > n} At

which are optional times. Applying the previous result to the stopped process (Xinr,, Aiar, ) leads
to:

tAThH 1 tATh
Fi(Xinn. s Aunn, ) — Fo(Xo, Ag) = / Do Fy (X Au)du + / tr (V2 Fy (X, Aw)d[X] ()
0 0
t

tATH
+/ VeFu( Xy, Ay).dX + DuF(Xunr,, Aunr, )du (85)
0

tAT™
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The terms in the first line converge almost surely to the integral up to time ¢ since t A 7,, = t almost

surely for n sufficiently large. For the same reason the last term converges almost surely to 0. O
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A Some results on cadlag functions

For a cadlag function f : [0, 7] — R? we shall denote Af(t) = f(t) — f(t—) its discontinuity at t.

Lemma 8. For any cadlag function f :[0,T] — R?
Ve>0, >0, [z—yl<n=|[f(z)-fy)l<e+ sup {JAf(D)]} (86)

t€(z,y

Proof. Assume the conclusion does not hold. Then there exists a sequence (zy, yn)n>1 such that
Ty, < Yny Yo — Tp — 0 but | f(2n) = f(yn)| > €+ 8upsey,, 4, ) {IAS ()|} We can extract a convergent
subsequence (xyy)) such that xy,) — 2. Noting that either an infinity of terms of the sequence
are less than x or an infinity are more than x, we can extract monotone subsequences (U, Up)n>1 of
(zn, yn) which converge to x. If (uy,), (v,) both converge to x from above or from below, |f(u,) —
f(vn)] — 0 which yields a contradiction. If one converges from above and the other from below,
SUPieu, v UAF)]} > [Af(z)| but [f(un) — f(vn)| — |[Af(z)|, which results in a contradiction as
well. Therefore (86) must hold. O

The following lemma is a consequence of lemma 8:

Lemma 9 (Uniform approximation of cadlag functions by step functions).
Let h be a cadlag function on [0,T]. If (t7)n>0k=0.n s a sequence of subdivisions 0 = tf < t1 <
. <tp =t of [0,T] such that:

sup [t — 7] =nooo O sup IAf(u)] =00 O
0<i<k—1 uw€[0,TN\{tg - t3 }
then
kn—1
SE)pT] B(u) = Y At Tgm an y(w) + h(tE )y 3 (W) —n—oo 0 (87)
u€ll, i=0

B Proof of theorem 2

Lemma 10. Consider the canonical space Ur endowed with the natural filtration of the canonical
process X (z,t) = x(t). Let « € R and o be an optional time. Then the following functional:

T(z) =inf{t > 0, |z(t) —z(t—)| > a} (88)
is a stopping time.

Proof. We can write that:

fre)<ty= |J (Ho<t—a}( [ sw |o(w) —a(u-) > a} (89)

a€QN[0,t) te(t=q.]
and
i—1 i
(oo e =awl>a}= U (1 { s lelt=a g0 —al—ag) > el (©0)
0 n>ng = —
thanks to the lemma 8 in Appendix A. O
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We can now prove Theorem 2 using lemma 8 from Appendix A.
Proof of Theorem 2: Let’s first prove point 1.; by lemma 4 it implies point 2. for right-continuous
functionals and point 3. for left-continuous functionals. Introduce the following random subdivision
of [0,]:

Tév(x,v) =0

N (z,v) = inf{t > 7 (z,v)2Vt € Nor |v(t) —v(t—)|V |z(t) — z(t—)| > %} At (91)

From lemma 10, those functionals are stopping times for the natural filtration of the canonical
process. We define the stepwise approximations of z; and v; along the subdivision of index N:

oo

= Z ‘r‘r,ﬁv(m,v)1[T,iv(r,v),rlév+l(m,v)[(s) + x(t)l{t}(s)
k=0

= Z UT,iV(x,U)l[T,éV(x,v),T&l(x,v)[(t) + U(t)l{t}<s> (92)
k=0

as well as their truncations of rank K:

K
ZCL‘T 17'k /Tk+1[( )
k=

0

K
ZU Nl[ﬁ Tl (t) (93)
k=0
First notice that:
F('Tiv7viv) = li_r)n Ft(KQSiV,KUiN) (94)
because (xzl,x v}¥) coincides with (z¥,v}V) for K sufficiently large. The truncations
F' (ko o)

are F;-measurable as they are continuous functionals of the measurable functions:

{7 (2, 0)), (7 (2,0))), k < K}

so their limit Fy (2, v}¥) is also F;-measurable. Thanks to lemma 9, 2V and v} converge uniformly
to x4 and vy, hence Fy(zN,v}) converges to Fy(z4,v;) since F is continuous at fixed times.

Now to show optionality of Y (¢) for a left-continuous functional, we will exhibit it as limit of right-

continuous adapted processes. For ¢ € [0,T], define i"(¢) to be the integer such that ¢ € [’T (lH)T)

Define the process: Y"((x,v),t) = Finwr (T @nanr, v aneyr ), which is piecewise-constant and has

right-continuous trajectories, and is also adaptnéd by the first part of the theorem. Now, by ds
left-continuity of F', Y"(t) — Y'(¢), which proves that Y is optional.

We similarly prove predictability of Z(¢) for a right-continuous functional. We will exhibit it as
a limit of left-continuous adapted processes. For t € [0,T], define i"(t) to be the integer such
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that t € (l;f, (HHI)T] Define the process: Z™((z,v),t) = F(‘L"(f)+1)T( po GROEDT Uy T t),

which has left-continuous trajectories since as s — t—, t — s sufﬁc1ently small " (s ) =1 ( ) and
(:c37 DT U e t0T S) converges to (z Ty Gr@NT Uy (In(t3L+1)T7t) for d. Moreover,
Z™(t) is Fi-measurable by the first part of the theorem, hence Z™(t) is predictable. Since F' € F®
Z™(t) — Z(t), which proves that Y is predictable.

C DMeasure-theoretic lemmas used in the proof of theorem 3
and 4

Lemma 11. Let f be a bounded left-continuous function defined on [0,T], and let u(n) be a sequence
of Radon measures on [0,T] such that u, converges vaguely to a Radon measure p with no atoms.
Then for all 0 < s <t <T, with T being [s,t], (s,t] ,[s,t) or (s,t):

lim / F(u)dpn / F(u)du( (95)

Proof. Let M be an upper bound for |f|, F,(t) = un([0,t]) and F(t) = p([0,t]) the cumulative
distribution functions associated to u, and u. For € > 0 and u € (s, ], define:

n(w) = it {h > OlLf(u— h) — F(u)| = e} A (96)
and we have n(u) > 0 by right-continuity of f. Define similarly 6(u):
6(u) = inf{h > 0|[f(u—h) = f(w)] = 5} A (97)

By uniform continuity of F on [0, T] there also exists ((u) such that Vv € [T —((u),T], F(v+((u)) —
F(v) < en(u). Take a finite covering

N
(s8] € | (ui = O(us), ui + ¢(us)) (98)

=0

where the u; are in [s, ], and in increasing order, and we can choose that ug = s and uy = t. Define
the decreasing sequence v; by vg =t and, for j > 0,

i(j) =min{i > 1,v; € (u;, uit1]}
Vjt1 =wigy i wg) < v —n(v))
vjy1  =max(v; —n(vy),s) i wg) > v —n(vy)

Denote M = max{j,v; > s},
Jl :{j: 1]\47 uz(]) S’U]—T](U])} J2={1M}—J1
and define the following piecewise constant approximation of f on [s,]:

M—-1

g(w) = Y )Ly, 00(w) (99)

=0
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If j € Ji, [f(u) — g(u)| < e on [vj; —n(vy),v5], and v; — n(ui)) — vie1 < C(wigy+1) = C(vjt1),
because of the remark that v; —n,, < wu;;) — 0(u;(;)). Hence:

/( 11000 = g0l < elF(0g42) = Floy)] + 2V en(v;) (100)

If j € Jo, |f(u) — g(u)] < € on [vj41,v;]. So that summing up all terms we have the following
inequality:

/[ ] [ (u) = g(u)|dpu(u) < e (F(t) = F(s) +2M(t — s)) (101)
s,t
because of the fact that: n(v;) < v; —vj41 for j < M. The same argument applied to u, yields:

/[ ] |f(u) = g(w)|dpn(u) < €[Fn(t) — Fn(s—)]

M-1

+2M Y Fu(vji1) = Fu(vye1 — (vj11)) (102)
=0

so that the lim sup satisfies (101) since F),(u) converges to F'(u) for every w.
On other hand, it is immediately observed that

lim / u)djin (u) = / g(u)du(u) (103)

since F,,(u) and F, (u—) both converge to F'(u) since p has no atoms (g is a linear combination of
indicators of intervals). So the lemma is established.
O

Lemma 12. Let (f,)n>1, f be left-continuous functions defined on [0,T], satisfying:
vt € [0, T],lim f,(t) = f(t) Vi e [0,T], fn(t) < K (104)

Let also p, be a sequence of Radon measures on [0,T] such that u(n) converges vaguely to a Radon
measure {1 with no atoms. Then for all 0 < s <t <T, with T being [s,t], (s,t] ,[s,t) or (s,t):

/ fa(w)dpn (v) —n—oo / fu)dp(u (105)

Proof. Let € > 0 and let ng such that u({sup,,>,, [fm—f| > €}) < e. Theset {sup,,>,, |fm—f|] > €}
is a countable union of disjoint intervals since the functionals are left-continuous, hence it is a
continuity set of p since p has no atoms; hence, since p,, converges vaguely to p [1]:

lim pin ({ sup |fin = f| > €}) = p({ sup |fm = f| > €}) < (106)

mno

since u, converges vaguely to p which has no atoms.
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So we have, for n > ng:

[ 152w = i) < 2K ({ sup fu — f] > e}) T ()
T

n>ng

Hence the lim sup of this quantity is less or equal to:

2K ([ 5up |fn — f] > €} + en(Z) < (2K + p(Z))e
On other hand:
tim [ i) = [ fdn(u)

by application of lemma 11.
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