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Abstract

We introduce a Skorokhod type integral and prove an It6 formula
for a wide class of Gaussian processes which may exhibit stochastic
discontinuities. Our It6 formula unifies and extends the classiscal one
for general (i.e., possibly discontinuous) Gaussian martingales in the
sense of It6 integration and the one for stochastically continuous Gaus-
sian non-martingales in the Skorokhod sense, which was first derived
in Alos et al. (Ann. Probab. 29, 2001).

1 Introduction

Since the pioneering work of Alos et al. (2001), It6’s formula for Gaussian
processes in the sense of Skorokhod type integration has been developed
in a series of papers. The generic formula reads as follows: If X is a cen-
tered Gaussian process with variance function V', which is assumed to be of
bounded variation and continuous, and F' is sufficiently smooth, then

T T
F(X7) = F(Xo) +/ F'(X,)d° X + ;/ F"(Xs)dV (s). (1)
0 0
This formula has been shown to be valid under structural assumptions on
a kernel representation of X with respect to a Brownian motion (Alos et
al., 2001; Mocioalca and Viens, 2005; Lebovits, 2017), on the covariance
function (Kruk et al., 2007; Lei and Nualart, 2012; Hu et al., 2013; Alpay
and Kipnis, 2013), and on the quadratic variation of X (Nualart and Taqqu,
2006, 2008).
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An important contribution by Mocioalca and Viens (2005) clarifies that the
It6 formula (1) can even hold for certain classes of Gaussian processes, whose
paths feature discontinuities of the second type. The Gaussian processes
in Mocioalca and Viens (2005) and in all the other references mentioned
above are, however, stochastically continuous. In view of Theorem 1.1 in
Samorodnitsky (1988) this property rules out the possibilty that the paths
of X have discontinuities of the first kind (i.e., jumps) only. In this paper, we
derive, for the first time, the general form of the Gaussian [t6 formula in the
presence of stochastic discontinuities. Assuming, for the sake of exposition,
that X is stochastically rightcontinuous with left limits, our It6 formula
takes the following form:

2 Joy

+ (F(X0) = F(Xoo) = FI(X,0) (X, = X,o)
s€DxN(0,T]

T T
F(Xr) = F(Xo)+ /O+F’(XS_)d°XS+1 /O F(X,)dVe(s)
>

+F (X, )Bl(X, = Xoo) Xo-]). (2)

Here, V¢ denotes the continuous part of the variance function and the sum
runs over the set Dx of deterministic time points in (0,7], at which X
exhibits a stochastic discontinuity. This set of stochastic discontinuities can
be determined by the covariance function of X.

We wish to emphasize the following features:

i) Our key assumption is a regularity assumption of the elements in the
Cameron-Martin space of X in terms of their quadratic variation. The
crucial role, which regularity in the Cameron-Martin space plays for
deriving the Gaussian It6 formula, has apparanetly been largely unno-
ticed in the literature. One the one hand, it opens the door to extend
the Gaussian It6 formula to processes with jumps. On the other hand,
it can easily be checked in all references (which we are aware of), in
which the It6 formula (1) is proved for stochastically continuous pro-
cesses. Hence, our approach has a unifying and generalizing character
at the same time.

ii) The second derivative term in the jump component of our It6 formula
depends on the covariance structure of the Gaussian process X via
the expression E[X;Xs_]. This is in contrast to the stochastically
continuous case, in which only the variance function appears in the
corresponding formula (1). If X is a Gaussian martingale with jumps,



then this extra second derivative term clearly vanishes, and the Ito
formula (2) reduces to its classiscal form:

T / 1 T !/ C
F(Xr) = F(Xo)+ /0 P+ /0 PN
+ Z F(Xs) - F(Xs—) - F/(Xs—)(Xs - Xs—)v (3)
s€(0,T

(where we exploit that the continuous part V¢ of the variance coin-
cides with the continuous part of the quadratic variation [X] in the
Gaussian case and that, by Jain and Monrad (1982), all the jumps of
a Gaussian martingale occur at the deterministic times of stochastic
discontinuities).

(iii) The Skorokhod type integration, which we develop in this paper, and
Ito’s formula can be extended to conditionally Gaussian processes.
We explain this construction in detail for fractional Brownian motion
subordinated by an increasing Lévy process. This class of processes
shares many important properties of fractional Brownian motion like
stationary increments and short/long memory (in dependence of the
Hurst parameter and the Lévy subordinator). Additionally, subor-
dinated fractional Brownian motion features jumps and heavier tails
than Gaussian, which makes it a promising model for real-world phe-
nomena, see e.g. Ganti et al. (2009); Meerschaert et al. (2004). To the
best of our knowledge, this paper constitutes the first approach to a
Skorokhod type stochastic calculus for subordinated fractional Brow-
nian motion (or, more generally, conditional Gaussian processes with
jumps).

The paper is organized as follows. In Section 2, we first recall some prelim-
inaries on Gaussian processes and then introduce the concept of a weakly
regulated process. It allows giving a meaning to the one-sided limits X4
without imposing any path regularity assumption on X, provided that the
functions in the Cameron-Martin space of X are regulated. These one-
sided limits appear in our general version of It6’s formula in Theorem 5.1.
In Section 2, we also study the set of stochastic discontinuities for weakly
regulated Gaussian processes. In Section 3, we recall the definition of the
Malliavin derivative and of the divergence operator, with an emphasis of
the role of the S-transform and of regularity in the Cameron-Martin space.
The observations in Section 3 serve as a main motivation for our notion
of Wick-Skorokhod integration, which we define in Section 4 in terms of



the S-transform and the Henstock-Kurzweil integral. This S-transform ap-
proach has already been adopted in Bender (2003b, 2014), and actually, can
be viewed as a main tool for studying Hitsuda-Skorokhod integration in a
white noise framework as in Lebovits (2017) and the references therein. We
also show, that our integrals extends the classical stochastic It6 integral for
predictable integrands to anticipating integrands in the case that X is a
Gaussian martingale. After these preparations we can state and prove our
1t6 formula in its general form in Section 5. We finally explain how to check
the required structural assumption on the Cameron-Martin space in Section
7 and compare our assumptions to the ones imposed in the existing litera-
ture in Section 8. In the appendix, we provide, following ideas of Norvaisa
(2002), a chain rule for the Henstock-Kurzweil integral, which is required in
our proof of It6’s formula.

2 Weakly regulated processes

The main purpose of this section is to give a meaning to the one-sided limits
Xs+, which occur in the It6 formula (Theorem 5.1), without imposing path
regularity assumptions on X. Before doing so, let us recall some facts on
Gaussian processes for ready reference.

Suppose (X¢)o<t<T is a centered Gaussian process on a complete probability
space (2, F, P) with variance function V (¢) := E[X (t)?]. We denote by Hx
the first chaos of X, i.e. the Gaussian Hilbert space, which is obtained by
taking the closure of the linear span of {Xy; t € [0,T]} in L?(Q,F, P). To
each element h € Hy, one can associate a function

h:[0,T] = R, t~— E[X:h].
The space of functions
CMyx := {ﬁ, h e Hx}

is called the Cameron-Martin space associated to X. As, by definition, the
set {Xy; t € 0,7} is total in Hx, the map

Hx—>CMx, h—h

is bijective. It becomes an isometry, if one equips the Cameron-Martin space
with the inner product

(h, g)cmy = Elhg].
The Wick exponential of h € Hx is defined to be

exp®(h) := exp{h — E[h?]/2}.



If A is a dense subset of Hx, then, by Corollary 3.40 in Janson (1997), the
set

{exp®(h); h e A}
is total in (L% ) := L?(Q, 5%, P), where ¥ is the completion by the P-null
sets of the o-field generated by X. Hence, every random variable £ € (L%)
is uniquely determined by its S-transform restricted to A,

(S€)(h) := Elexp®(h)¢], h €A

This means, the identity & = 7 is valid in (L%), if and only if (S&)(h) =
(Sn)(h) for every h € A. We also recall the following straightforward iden-
tities (g,h € Hx, t € [0,T])

exp®(h)exp®(g) = eFlMexp®(g+h), (Sexp®(g))(h) =",
(Sg)(h) = Elgh], (SX;)(h)= h(t). (4)

More, generally, we note that, by a classical result on Gaussian change of
measure,

(SG(g1,-.-,9p))(h) = E[G(g1 + Elg1h), ..., gp + Elgph])] ()

for every g1, ...,gp,h € Hx and measurable G : RP — R, provided that the
expectation on the right-hand side exists, see e.g. Janson (1997, Theorem
14.1).

After these preliminaries, we now define the notion of a weakly regulated
process.

Definition 2.1. A stochastic process Y : [0,T] — (L%) is called weakly
requlated, if for every s € (0,7 there is a random variable Y;_ € (L%) such
that for every sequence (s,) which converges to s from the left

lim Y,, =Y, weakly in (L%),

n—oo

and, if for every s € [0,T) there is a random variable Y;; € (L%) such that
for every sequence (s,) which converges to s from the right

lim Y,, = Y., weakly in (L% ),
n—oo

For a weakly regulated process, we shall apply the convention Yp_ := Yj
and Yr, := Yp. Moreover, we write

AY, =Yy — Yo, A=Yy -V, AY,=Y,-Y, .



The analogous notation is used for the jumps of deterministic regulated
functions.

Weakly regulated processes can be characterized via the S-transform as
follows:

Proposition 2.2. Suppose Y : [0,T] — (L%). IfY is weakly regulated, then
the map t — E[Y?] is bounded and, for every h € Hx, the map t — (SY;)(h)
is requlated (i.e., has limits from the left and from the right).

Conversely, assume that A is a dense subset of Hx. If the map t — E[Y?]
is bounded and, for every h € A, the map t — (SY;)(h) is requlated, then Y
1s weakly regulated.

Before we prove this proposition, let us state the following corollary con-
cerning the Gaussian process X.

Corollary 2.3. The Gaussian process (X¢)iepo,1] is weakly requlated, if and
only if its variance function V is bounded and the Cameron-Martin space
CMx has a dense subset consisting of requlated functions. In this case the
weak (LAQX)—limits X+ belong to the first chaos Hy.

Proof. In view of Proposition 2.2, the first statement is an immediate con-
sequence of (4). For the second one, let s € [0,T) and denote by 7, the
orthogonal projection from (L%() on Hx. Then,

Bl Xt — mhy (Xs+)|2] = B[Xot (Xot — Ty (Xs1))]
= nh_{lgoE[Xer%(Xer — Ty (Xst))]-

The right-hand side equals 0, because X1/, € Hx. Hence, X5 € Hx,
and the left-sided limits can be handled analogously. O

Proof of Proposition 2.2. Suppose first that Y is weakly regulated. Fix h €
Hx and s € (0,7]. Then, for every sequence (s,) which converges to s from
the left,

lim (8Y,,)(h) = lim E[Y,, exp®(h)] = E[Ys_ exp® ()]
n—oo n—oo
Hence, t — (SY;)(h) has a limit from the left at s. In the same way, one
observes that it has a limit from the right at every s € [0,7). We next
prove the boundedness of ¢t — E[Y;?] by contradiction. Thus, suppose to
the contrary that this function is unbounded, and choose a sequence (t,) in
[0, 7] such that E[Y?] converges to infinity. We can extract a subsequence
(tn,) which converges to some ¢ € [0,7] and satisfies (by passing to another
subsequence, if necessary) ¢, < t or t, > t for every k € N. Then,



the sequence (X, ) converges weakly in (L%) to X;— (in the first case) or
X+ (in the second case). Hence, by Theorem V.1.1 in Yosida (1995), the
sequence (E[)Qik}) ken is bounded, a contradiction.

For the converse implication, fix s € [0,7) and a sequence (sy), which
converges to s from the right. As

sup E[[Ya, 2] < sup E[Yil?] < o,
neN t€[0,T

there is, by the Banach-Alaoglu theorem (Yosida, 1995, Theorem V.2.1),
a subsequence (sy,) such that (Y, ) converges weakly in (L%) to a limit,
which we denote by Ys.. Define, for every h € A, h : 0, 7] - R, t —
(SY;)(h). As, for every h € A, h is regulated, we get

h(s+) = lim h(s,,) = kli)rgo E[Y;, exp®(h)] = E[Ysy exp®(h)], h € A

k—o0

Now, for every sequence (t,) converging to s from the right and every h € A,
E[Y;, exp®()] = h(ta) = hls+) = E[Ysy exp(h)].

As, moreover, sup,,cy E[|Yz, 2] < oo, we conclude thanks to Theorem V.1.3
in Yosida (1995) that

Y;, — Yy weakly in (L%).

An analogous argument shows, for every s € (0,7, existence of a weak limit
X, in (L%) (as u approaches s from the left). O

The following example is instructive and will be applied in the proof of
1t6’s formula.

Example 2.4. Suppose that the variance function V of X is regulated and
that the Cameron-Martin space C M x has a dense subset consisting of regu-
lated functions. Then, by Corollary 2.3, X is weakly regulated. We consider,
for some continuous function F': R — R, the process Y; := F(X;). Assume
that F' satisfies the following subexponential growth condition

|F(z)] < Ce™”, z€R, (6)

for constants C' > 0 and 0 < a < (4A)~! with A := supeo 7 V(¢). This
standard assumption guarantees that ¢ — E[Y,?] is bounded. By (5), the
S-transform of Y; is given by

(SE(X1))(h) = E[F(X: + W(t))] = vr(V(E),h(t), heHx, (7)



where

Y [0, ] xR =R, (t,z)+— /RF(JJ + \/fy)\/;fe_yQ/Qdy. ()

™

Note that (0, z) = F(z).
By (7) and Proposition 2.2, Y is weakly regulated and the weak limits Y,
Y;_ satisfy
(SYi)(h) = Yp(V(t£),h(t£)), h e Hx.

Define V*(t) = E[X?.]. By Theorem V.1.1 in Yosida (1995), V*(t) <
V(t+), and the inequality can be strict, as X;+ are weak (L?X)—limits only.
Then,

Yir = or(V(EH) — V(0. X0p), Yoo = op(V(E=) - V(0. X0, (9)
since, e.g., for every h € Hx
S (Wr(V(t+) = V(1) Xer)) (h)
- /R () + V) — V@ + V1) o
= Pr(V(t+), Alt+)).

Thus, the identity Y;+ = F(X;y) can, in general, only be expected to be
valid at those t € [0,T"), for which V(t4+) = V*(¢) (which is equivalent to
saying that the convergence from the right to X takes place in probability).

We next study the set of stochastic discontinuities of X.

Definition 2.5. The process X is said to be stochastically continuous at
t € 0,77, if for every sequence (t,) in [0, 7]

t, =+t = X, — X in probability.

We denote by Cx the set of points, at which X is stochastically continuous,
and by Dx = [0,7] \ Cx the set of stochastic discontinuities of X.

Proposition 2.6. Suppose that the variance function V of X is regulated,
X is weakly regulated and Hx is separable. Then the set Dx of stochastic
discontinuities of X is at most countable.

Proof. We first apply the separability of Hx and choose a countable dense
subset A’ of Hy. Let

D = {s€]0,T]; V is discontinuous at s}
U ( U {s €[0,T]; h is discontinuous at s}) .
heA’



As V and all the h’s are regulated functions thanks to Proposition 2.2, the
set D is at most countable. If ¢ € [0, 7]\ D, then we obtain, for every h € A/

lim E[X.h] = limh(s) = h(t) = E[X;]
. 2 _ : _ _ 2
lim B{IX,% = limV(s) = V(£) = B[ X[,

Now, Theorem V.1.3 in Yosida (1995) implies that

lim B[ X, — X;*] =0,

S$—00
and, hence, X is stochastically continuous at ¢t. In particular, Dx C D is at
most countable. O

Remark 2.7. Note that the separability of Hx cannot be dispensed with.
Indeed, if Dy is countable, then the rational span of

{Xy; t€([0,T]NQ) U Dx}

is a countable dense subset of Hx.

3 Divergence operator and Skorokhod integral

In this section, we briefly recall the definition of the Malliavin derivative and
the divergence operator, and discuss the notion of Skorokhod integration.
Our presentation differs from the usual account in the literature, in that we
dwell upon the role of the S-transform and on regularity properties in the
Cameron-Martin space.

Let us first re-interpret the first chaos of X as an isonormal Gaussian
process in the sense of Definition 1.1.1 in Nualart (2006), parametrized by the
Cameron-Martin space of X. Then, the Malliavin derivative D is a densely
defined closed operator from (L%) to L% (CMx) = L*(Q,3%, P;CMyx),
which is constructed as follows:

For a smooth random variable F = f(hq,...,hg), where hy,...hx € Hx
and F € C}(RE R), one defines

K
F
pF =S 2 by
P ox

The Malliavin derivative for smooth random variables is closable from (L%)
to L% (CMx) by Proposition 1.2.1 in Nualart (2006). Its domain is usually
denoted by ]D)if. The adjoint operator is known as the divergence operator.



Note that the linear span of the Wick exponentials is dense in ]Dkz, see
Theorem 15.110 in Janson (1997), and that

D exp®(h) = exp®(h)h, he Hx.

Hence, u € L%(CMx) belongs to the domain Dom(§) of the divergence
operator &, if and only if there is a random variable 6(u) € (L%) such that,
for every h € Hx,

E[(Dexp®(h),u)cmy] = Elexp®(h)d(u)],
or, equivalently, in terms of the S-transform,
S ((u, By oy ) (h) = S(6(u))(h),

for every h € Hx (or, by Corollary 3.40 in Janson (1997), from a dense
subset of Hy ). The divergence operator §, defined as above, then is a densely
defined closed linear operator from L3 (CMx) to (L%). As the Cameron-
Martin space is a function space, our definition of the divergence operator
maps stochastic processes to random variables, but it does not yet qualify
as an integral operator with respect to X. Indeed, the minimal property,
which such an integral should satisfy is that it maps indicator functions on
increments, namely

Lo = Xop — Xop, t€[0,T),
However, in terms of the covariance function R(t, s) := E[X; X;|, we get
O(R(t+,-)) = Xy,
because

S(R(t+,), hemy) (h) = (R(t+,-), hyomy = E[Xe4h] = h(t+)
— (SX)(h).
Hence, one can define an integral operator in the following way: Suppose R
is a Banach space of (equivalence classes of) functions from [0, 7] to R, such

that the indicator functions 1, t € [0, T7], constitute a total subset of E.
Suppose ¢ : R — C'Mx is a continuous linear map such that

L(l(O,t]) = R(t+, ) - R(0+, ) (10)

Then, the map ¢ is uniquely determined and extends in a canonical way to a
continuous linear mapping from the Bochner space L% (R) := L?(Q, 5%, P; R)

10



to L3 (CMx). We may then say that Z € L3 (R) belongs to the domain of
the Skorokhod integral, if «(Z) € Dom(6), and define dx(Z) := d o o(Z). If
we introduce a continuous bilinear map on R x CMx via

(r,h)yg oy = (L(r),R)cmy, (rh) € R x CMx,

then we obtain the following S-transform characterization of the Skorokhod
integral: Z € L% (R) belongs to the domain of dg, if and only if there is a
6%(Z) € (L%) such that for every h from a dense subset of Hx,

S ((Z, yzcny) () = S(0x(2)) ().

Hence, it is crucial to understand the bilinear map (r, h)x cary . Here are
some examples.

Ezample 3.1. (i) Suppose that X is an Gaussian martingale with RCLL
paths. Then, the variance function V' is RCLL and nondecreasing and

OMy = {h= [ isaves heLZ([O,Tde}, Itlloars = 12 av).

We can now choose R = L*([0,T],dV) and ¢ : L*([0,T],dV) — CMx, h
Jo h(s)dV (s), which is an isometric isomorphism. Consequently,

T ' T
(. Wmcnry = /0 F(s)h(s)dV (s) = /O (s)dh(s).

The operator dy2(4y) then coincides with the classical notion of the Sko-
rokhod integral on general measure spaces, see e.g. Janson (1997), Chapters
7.2, 15.11, and 16.4.

(i) Recall that fractional Brownian motion is a centred Gaussian process X
which has, in dependence of the Hurst parameter H € (0, 1), the covariance
function

1
R(t,s) = B (t2H + 52 )t — s|2H) :

If H=1/2, then X is a Brownian motion and we are back in item (i). We
now consider the case H > 1/2. Then every element h of the Cameron-
Martin space is absolutely continuous with respect to the Lebesgue measure
with a density A € LY/A=H)([0,T], dt), see Decreusefond and Ustiinel (1999).
There is, however, no known Hilbert space R of functions on [0, T] such that
¢ in (10) provides an isometric isomorphism to C'Mx, see the discussion in
Pipiras and Taqqu (2001). In this case, by standard results on fractional
integrals, one can choose R = LY ([0, T], dt) and obtains,

T ) T
(. Wty — /0 r(s)h(s)ds = /0 r(s)dh(s).

11



(iii) We now assume that X is a fractional Brownian motion with Hurst
parameter H < 1/2. Then, there is a Hilbert space of functions R on [0, T
such that ¢ provides an isometric isomorphism on C'Mx, see Pipiras and
Taqqu (2001). In this case, certain elements of the Cameron-Martin space
may fail to be absolutely continuous. However, Corollary 2.8 in Bender
(2003a) or the discussion preceding Definition 3.3 in Cheridito and Nualart
(2005) can be reformulated in the following way: The subspace of elements
h of the Cameron-Martin space such that h has a square-integrable density
h with respect to the Lebesgue measure and such that for every r € R

T T
(r Wy vty = /0 r(o)i(s)ds = [ r(s)ants

is dense. Unfortunately, the space R is unfavorably small and does, with
probability 1, not contain the paths of a fractional Brownian motion, if
H < 1/4, see Cheridito and Nualart (2005). This observation led to the
notion of extended Skorokhod integration, see Remark 4.5, (ii), below.

The bottom line of these examples is, that in typical cases, the Skorokhod
integral can be characterized by the identity

T
/0 (S2.)(h)dh(s) = S(3x(Z))(h), (11)

for elements h from a dense subspace of Hx such that the corresponding
element in the Cameron-Martin space h is sufficiently smooth. See Mocioalca
and Viens (2005) for more examples.

4 Wick-Skorokhod integration

In this section, we introduce a class of generalized Skorokhod integrals, which
is applied throughout the paper. It contains the class of extended Skorokhod
integrals, see e.g. Cheridito and Nualart (2005); Mocioalca and Viens (2005);
Lei and Nualart (2012), as special case.

The definition of the integral will be relative to smoothness properties of
the elements of the Cameron-Martin space. To this end, let R denote a
vector space of real-valued functions on [0, 7.

Definition 4.1. We say that the Gaussian process X is R-dense, if CMxNR
is a dense subset of CMx. In this case, we denote

Ag ::{hEHx; ﬁEfR},

which defines a dense subset of the first chaos of X. If CMx C R (and,
consequently, Ax = Hy), we call X R-regular.

12



Ezample 4.2. We denote by LP([0,T], ) the space of functions which are
absolutely continuous with respect to the measure p with a density in
LP([0,T],u), p € [1,00]. Then, Example 3.1 entails the following: Any
RCLL Gaussian martingale X is L2([0, T], dV )-regular, fractional Brownian
motion with Hurst parameter H > 1/2 is L'/(=H)([0, T], dt)-regular, and
fractional Brownian motion with Hurst parameter H < 1/2 is L?([0, T7, dt)-
dense. Moreover, if X is weakly regulated, then, by Proposition 2.2, X is
R([0,T])-regular, where R([0,T]) stands for the space of all regulated func-
tions on [0, T]. Trivially, any Gaussian process X is C M x-regular.

In view of (11), we propose the following definition:

Definition 4.3. Suppose X is R-dense. A process Z : [0,T] — (L%) is said
to be R- Wick-Skorokhod integrable with respect to X, if for every h € Ag
the integral fOT (SZs)(h) dh(s) exists (in the sense of Henstock and Kurzweil)

and if there is a random variable fOT Z,d3Xs € (L%) such that for every
h € Ag

s ( / 'z, dazxs) - [ ' (52,)(h) dh(s).

We then call fOT Zsd3 X the R- Wick-Skorokhod integral of Z with respect
to X.

Note that, if X is R-regular, then the S-transform characterization of the
R- Wick-Skorokhod integral in the above definition holds for every element h
in the first chaos, and not only on a dense subspace.

We sometimes write foi Zsdy3 X = fOT 1(0,1)(8)Zs d3 X, provided the in-

tegral on the right-hand side exists. The same notation will be applied for
other types of integrals, when integration is understood over (0,7 rather
than [0, 7.
Remark 4.4 (Henstock-Kurzweil integral). The Henstock-Kurzweil integral
can be applied to give a meaning to integrals of the form fOT u(s)dr(s) for
suitably pairs of functions u,r : [0,7] — R, without assuming that the
integrator r is of bounded variation. We briefly recall the construction:
A gauge function is any function ¢ : [0,7] — (0,00). A tagged partition
T = {([si=1,8i],vi); @ = 1,...,n} of the interval [0,T] is called J-fine, if
Yi —O0(yi) < si-1 < i <83 <y +0(y;) for every i = 1,...,n. The Riemann
sum for the integral fOT u(s)dr(s) with respect to the tagged partition 7 is
given by

n

Srs(u,r,7) = Zu(yz)(r(sz) —r(si—1)).

i=1

13



If there is an I € R such that for every e > 0 there is a gauge function §
such that |Srg(u,r,7) — I| < € for every o-fine tagged partition 7, then I
is uniquely determined, denoted by fOT u(s)dr(s) and called the Henstock-
Kurzweil integral of u with respect to r. A brief review of the relation
between the Henstock-Kurzweil integral and other Stieltjes-type integrals
can be found in Appendix F of Part I in Dudley and Norvaisa (1999). We
just note the following important relation to the Lebesgue-Stieltjes integral:
If r is of bounded variation, then r uniquely determines a signed measure
1y via the relation

wr([0,t]) :=r(t+) —r(0), 0 <t <T, u-([0,7]) =7r(T)—r(0).

If the Lebesgue-Stieltjes integral fOT u(s)pur(ds) exists, then so does the
Henstock-Kurzweil integral fOT u(s)dr(s) and both integrals coincide.

Remark 4.5. (i) The choice of the function space R reflects the following
tradeoff: The larger the space R, the larger the class of integrators X, for
which the R-Skorokhod integral can be defined. However, a large function
space R means that the members of R may lack good smoothness properties,
and, hence, the space of integrands may become small. More precisely, if
Ry C Ry, then any Ri-dense Gaussian process is also Ro-dense. Moreoever,
if X is Ri-dense, then the Ri-Wick-Skorokhod integral is an extension of
the Ro-Wick-Skorokhod integral.

(ii) The notion of an extended Skorokhod integral in the sense of Cheridito
and Nualart (2005); Mocioalca and Viens (2005); Lei and Nualart (2012)
can be cast into our setting: Indeed, in all these cases, R can be chosen
as a suitable subspace of Lp([O,T |,dt) for some fixed p € (1,00). It is
important to note that some of these references impose integrability con-
ditions on the paths of the integrand Z, e.g., Z € L3 (L*([0,T])) in Mo-
cioalca and Viens (2005) (where p = 2). In our definition, we merely require
that fOT(SZs)(h),dﬁ(s) exists for h € Ag. As we will work under a much
weaker regularity condition than absolute continuity for the elements of the
Cameron-Martin space for most of the paper, this relaxation of the integra-
bility conditions turns out to be crucial to ensure e.g. integrability of X
with respect to itself.

The next example, which discusses the integrability of step processes, clar-
ifies the relation of our Skorokhod type integral to Wick products:

Ezxample 4.6. Suppose X is weakly regulated, and, thus, every element h €
CMx is a regulated function. We say, Z is a simple integrand, if it is of the
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form

Z = Folgy + Y (Gily )+ Filpy) .
=1

0=ty <ty < - <t,="T, F;,;G; € DY’. Then, t — (SZ)(h) is a
real-valued step function and, because h is a regulated function for every
h € Hx, the Henstock-Kurweil integral fOT(SZt)(h)dﬁ(s) exists. Indeed, we
get, for every h € Hx (applying the jump convention Ah(T) = Ah™ (7)),

T
/0 (S2.)(h) dh(s) = (SFo)(h) - A*h(0)

+ i(SGz‘)(h) (h(ti—) — h(ti-1+)) + (SF)(h) - AR(t;).  (12)
=1

Let us now recall that two random variables 7, £ € (L%) are said to have a
Wick product, if there is a random variable 1 o £ € (L%) such that

S(no&)(h) = (Sn)(h)(SE)(h)

for every h € Hx. By Proposition 1.3.3 in Nualart (2006), F ¢ g exists for
every F € ]D%}z, g € Hx and relates to the ordinary product via

Fog=Fg—(DF,g)cmy, FeDY, ge Hy.

In view of (4) and (12), we, thus, obtain for every h € Hy,
T
| sz dns)
0

- S (FO o (AT Xo) + zn: (Gio (Xt — Xi, 1)+ Fio (AXti))> (h)

=1

Hence,

T n
/ Zyd3 Xy =Fyo (AT Xo) + > (Gio (Xt — Xi_11) + Fio (AXy,)),
0 i=1

for any function space R such that X is R-dense, e.g. R = R([0,T]). Hence,
the Wick-Skorokhod integral of a simple integrand is a Young-Stieltjes sum
involving Wick products, as expected for Skorokhod type integrals.

We next relate our notion of Wick-Skorokhod integration to the usual
stochastic It6 integral (see e.g. Protter, 2005) in the martingale case:
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Theorem 4.7. Let FX = (gjg()te[o,T} denote the augmentation of the filtra-
tion generated by X. Suppose X is an FX -martingale with RCLL paths and
variance function V. If Z is FX -predictable and satisfies

gl [ ' ZPav(s)] < .

then the Wick-Skorokhod integral fOT Zsd$Xs exists for R = L*([0,T],dV)
and coincides with the stochastic Ité integral fojjr ZydXs.

Remark 4.8. The statement of the previous theorem cannot be extended
to semimartingales, because Skorokhod integration is based on the Wick
product. Indeed, suppose that X is a Gaussian RCLL semimartingale. If
X is not an FX—martingale, then we find 0 < a < b < ¢ < d<T such that
C = E[(Xp — Xo)(Xqg— X.)] # 0. Consider the simple predictable process
Zp = (Xp — Xa)1(c,q(t). Then, by Example 4.6,

T
/0 ZS d%([O,T])XS - (Xb - Xa) < (Xd - XC) - (Xb - Xa)(Xd - XC) - C
7é (Xb - Xa)(Xd - Xc)a
where the right-hand side equals the It6 integral of Z with respect to X.

Proof of Theorem 4.7. Note first that, by the martingale property of X,
the set Dx of stochastic discontinuties of X consists of the jump times of
the nondecreasing RCLL variance function V' of X, and is thus at most
countable. By Theorem 1.8 in Jain and Monrad (1982),

Xp=X{+ > (X.—X.),
s€DxN(0,t]

where X°¢ is a Gaussian martingale with continuous paths. Of course, in this
decomposition, the pathwise left limits of the RCLL martingale X coincide,
for every s € (0,T], P-almost surely with the weak (L%)-limits X;_. We
write V¢ and V¢ for the continuous and the discrete part of V. Then,
V¢ is the quadratic variation of X¢, V¢ is the predictable compensator of
ZseDXm(o,-] (Xs — Xs_)?%, and, hence, V is the predictable compensator of
the quadratic variation [X] of X. Thus, if Z is predictable and satisfies the
assumed integrability condition, then, by the isometry of the stochastic It6
integral, fOT+ ZsdX, exists in (L%) and satisfies

/Oi ZdXs| | = F [/Oiyzsy?d[)(]s] =F [/Oi\ZS\QdV(s)] :
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In particular, the first chaos of X can be represented as
T
Hy = {aXo +/ h(s)dXs; a€Rbhe L2([0,T],dV)}.
0+

We now fix a generic element h = a Xy + fojjr h(s)dX, of the first chaos of X
and define

exp{an—V }exp{/h )dX, —/ |(s)|2dV(s)},

t
Y, = / ZsdXs.
0+

Note that h(t) = aV(0) + f0+ s)dV (s). Thus, in view of Remark 4.4, all
we need to show is that

&t

T
Eleryy] = /0  ElerZIn(s)av (s), (13)

where the integral on the right-hand side is a Lebesgue-Stieltjes integral.
Applying It6’s formula for semimartingales (Protter, 2005, Theorem 11.32),
we obtain after some elementary manipulations

€t_80+/ Eab(s)dXS+ Y Ee (eb( >AXS—*'J<S>2AV<S>—1).
s€DxN(0,t]

Integration by parts (for semimartingales) thus yields

t t
&Y = / £ dY, + / Yo de, + (£, Y], (14)
0+ 0+

where the quadratic covariation of € and Y is given by

&, Y] = /0 ZsEs-h(s)dVe(s)

_l’_

+ Y ze (eh<S>AXs—%h<S>2AV<S>_1) AX,. (15)
s€DxN(0,t]

Since € and Y are square-integrable RCLL martingales, we may conclude
from Emery’s inequality (Protter, 2005, Theorem V.3) that both stochastic
integrals in (14) are martingales (of class (') and, consequently, have zero
expectation. Taking into account, that, for every s € Dx, the jumps sizes
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AX, are independent of FX and Z, is FX -measurable by predictability, we
obtain, thanks to (14)-(15),

T
ElerYy] = / E[Z:&,_1h(s)dV<(s)
0+
+ Y E[ZSES_}E[(eh(s)AXS*%h(S)QAV(S)—1) AXS}
s€DxN(0,T]
As, by (4),

B [(eb(S)AXs—%b(S)QAV(S) _ 1) AXS} = h(s)AV(s),

we arrive at

Blervr) = [ i B[Z.8,_Jb(s)dV(s).
Now, since Z, is X -measurable and € is a martingale, we finally obtain
Z:8s-] = E|ZsE[er|TL)) = ElZserl,
which yields (13), and finishes the proof. O

For the statement and proof of the [t6 formula, we formulate the regular-
ity requirement of elements in the Cameron-Martin space in terms of the
quadratic variation as follows: We denote by W3 = W3 (]0,T]) the subspace
of regulated functions w : [0, 7] — R such that

oo(u) = Z |A"u(s)|* + Z |ATu(s)|? < oo
5€(0,T) s€[0,T)

and such that, for every € > 0, there is a partition A of [0, 7] such that for
all refinements k = {0 =s9 < s1 <--- <5, <T} of A

‘ (Z lu(s;) — u(8i1)|2) — o2(u)
i=1

Roughly speaking, this requirement means that the continuous part of the
quadratic variation (in the sense of stochastic analysis) must vanish.

The following structural assumption on the Cameron-Martin space will be
assumed for the main results of this paper:

< €.

(H) The Cameron-Martin space CMx of X is separable and X is Wj-
dense.
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Under condition (H), we can thus study the Wick-Skorokhod integral for
R = W3. In order to lighten the notation, we skip the subscript from the
notation of the Wick-Skorokhod integral in this case and simply write

T T
/ Zyd°X, = / Zy dSy X
0 0 2

Remark 4.9. (i) Recall that, for p > 1, the p-variation of a regulated function
u: [0,T] — R is defined to be

m
vp(w) = sup{ D" ur(ty) - un(t;1)P
j=1
m €N, O:t0<t1<---<tm,1<tm:T}.

A regulated function u is said to belong to W,([0,T]), if v,(u) < co. By
Lemmas I1.2.3 and I1.2.14 in Dudley and Norvaisa (1999), W,([0,T]) C
W3 (]0,T]) € Wa([0,T7]) for every 1 < p < 2. With this notation, Wy ([0, T])
is the space of bounded variation functions on [0, 7.

(ii) Assumption (H) will be discussed in some more detail in Section 7 be-
low. We note that it is obviously satisfied when X has RCLL paths (or,
less restrictively, is stochastically RCLL) and, for every fixed s € [0, 7], the
covariance function R(t,s) := E[X:X;] is of bounded variation as function
in t. This already covers a large class of relevant Gaussian processes.

(iii) It is important, that the regularity requirement is imposed on the el-
ements of the Cameron-Martin space and not on the paths of the process
X. For instance, in the fractional Brownian motion case, X is W5-regular
for every choice of the Hurst parameter H € (0, 1), and then, in particular,
satisfies (H). For H > 1/2, this follows from item (i) and Example 4.2, while
for H < 1/2 the asserted regularity of the Cameron-Martin space is implied
by item (i) in conjunction with Theorem 1.1 and Example 2.8 in Friz et al.
(2016). However, it is well-known that almost every path of the fractional
Brownian motion belongs to Wy, if and only if H > 1/2.

5 It0’s formula

After these preparations on Wick-Skorokhod integration and weakly regu-
lated processes, we can now state and prove a general Gaussian It6 formula
in the presence of stochastic discontinuities.
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Let us first recall that V*(t) denotes the variance of X;+ and that, for a
sufficiently integrable function F, ¥ is given by the convolution

1

—y2/2
\/27?6 v 4y,

Yp(t,z) = /RF(J:—i-\/%y)

see (8).

Theorem 5.1. Suppose X is a centered Gaussian process satisfying (H),
the variance function V of X s of bounded variation and

Yo (BIATX)+ (V(st) = VF(s)))
s€DxN[0,T)

+ Y (BlATX)T+ (V(s—) —V(s) <cc. (16)

SEDxﬂ(O,T}

Assume F € C2(R) and F, F', F" satisfy the growth condition (6) with \ =
supyeqo,r) V (t). Then, fOT F'(X5)d° X exists and the following Ité formula
holds in (L%):

F(Xr) — F(Xo)
LN B
_ /OF(Xs)d Xs+2/0 F"(X,)dV(s)

+ Y (F(Xs) —p(V(s=) = V7(s), Xo) — F'(Xs)A™X,

s€DxN(0,T]
G BIATX)] + V(s=) — V7 (5)
Y (Ur(V(sH) = VE(s), Xop) = F(X,) = FI(X,)ATX,
s€DxN[0,T)

S F BN X+ V(s) = VF(s))).

Here, the set Dx of stochastic discontinuities of X is at most countable and
both sums converge absolutely in (L%).

Note first that, under the assumptions of Theorem 5.1, X is weakly regu-
lated by Corollary 2.3 and has at most countably many stochastic disconti-
nuities by Proposition 2.6.

We prove Theorem 5.1 by an S-transform approach, which originates in
the work by Kubo (1983) on Itd’s formula for generalized functionals of a
Brownian motion in the setting of white noise analysis. It has since then be
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succesfully applied to wider classes of (stochastically) continuous Gaussian
processes, see e.g. Bender (2003a,b); Alpay and Kipnis (2013); Lebovits and
Vehel (2014); Lebovits (2017). In a closely related development, the Malli-
avin calculus approach to Itd’s formula, replaces the S-transform (and, thus,
the pairing with Wick exponentials) by pairings with Hermite polynomials,
see Alos et al. (2001); Mocioalca and Viens (2005); Kruk et al. (2007); Lei
and Nualart (2012).

The key idea of the S-transform approach to It6’s formula is the following;:
While the process F'(X;) may lack good path regularity, its S-transform
t — S(F(X:))(n) is typically more regular and may be expanded via a
‘classical’ chain rule. In a second step, the resulting terms, which appear
after application of the chain rule, must be identified as the S-transforms of
the different terms in the Gaussian It6 formula. The main contribution to
this technique of proof in the present paper is to deal with the jumps that
occur at the times of stochastic discontinuities and to make this technique
applicable under the very weak regularity assumption (H) on the Cameron-
Martin space.

Expanding the S-transform of F'(X;) via the chain rule in Theorem A.1 for
the Henstock-Kurzweil integral leads to the following result.

Proposition 5.2. Let all assumptions of Theorem 5.1 be in force. Then, for
every h € Awy, fOT(S F'(Xs))(h) dh(s) exists as Henstock-Kurzweil integral
and

(S F(X7)(h)
T 1 T
= SFE)) + [ (SPEDM ) +5 [ (P v

+ Y ((SPX)DB) = S(wr(V(s=) = V™ (s), X, ) (R)

SEDxﬂ(O,T]

(S F/(X.)Ah(s) — 5(S F/(X.)AV(s))

Y (S(rV(sH) = VE(s), Xes)) (B) = (S F (X)) (h)

SEDxﬁ[O,T)

(S F/(X)AYA(s) ~ 5(S F/(X)ATV(5)),

where the two sums converge absolutely.

Proof. Recall that, by (7),
(SE(X1))(h) = ¥r(V(E), A(t)).

21



So, we first check that v p satisfies the regularity requirements of Theorem
A.1. By the subexponential growth condition (6), we can interchange dif-
ferentiation and integration and obtain, for every z € R, t € [0, A]

2

0 0
%wF(ta .f) - wF’(tvx)7 @?ﬁF(t?l’) = 1/1F”(757$)~ (17)

As ¢pr is continuous on [0, A] X R, the Lipschitz condition in the first line
of (32) is clearly satisfied. Moreover, for ¢t € (0,\] and x € R, integration
by parts yields

0 2
Guetta) =5 [ Pl Vi e iy = et (1)

Y
2 V27t
This identity is also valid at ¢ = 0, because for every € > 0, by a Taylor
expansion,

7/)F(€7 ‘73) - ¢F(O’ x)

_ 1 yr e
= Fl(z)—d_ev*/2g +/F”$ eV 2dy + Ry(e
| P@ e Ry 5 | )2 g+ R

. %F”(az) + Ro(e)

with remainder term

2
_w e 4w 1 —y2/2
//1 F(+\fy)F())dr dy,

2T

and by dominated convergence R, (€) tends to zero, as € goes to zero, for
every x € R. In order to show the Holder-type condition in the second line
of (32), we define

|9 pr (t,2) = pr (8,2)| " 7& s
K . R X [0, )\] X I:O’ )\] — RZO’ (ﬂf,t, S) —> |t_gl/2 ) , 9
) = S.

Then, by (17),

o vr(ta) = gor(s,a)| = Kool = o 2

and it suffices to show that K is continuous. However,

Y (t,z) — Pri (s, x)

/ /z-i-\fy F,/ 1 _y2/2d (\/E \/’)
e Yy = — /s
/5y V 2m

X "z s(l—wv v — F'(x ULG_Q/Z .
[ [ (P st =0+ o) = Fw) oy

™
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Thus, for t # s,
It — s|'/2
Vi+ /s
F”(w +y(V3(1 = v) + 0VD) - F' () dv—pe "y

™

K(z,t,s) =

which, by dominated convergence, implies that K is continuous at every
(w0, to,50) € R x ([0,A]2\ {(0,0)}). In order to show continuity at (0,0, 0)
for xy € R, let (x,,ts, sp) be as sequence converging to (xg,0,0). Then,

|K T, ln, sn)‘

< [ ]I =0 B - )| dole

™

which tends to zero by dominated convergence.
We can, thus, apply the chain rule in Theorem A.1 to ¢¥r(V(t),h(t)) for
h € Awg, and obtain, in view of (17)—(18),

V(T),MT)) = ¢r(V(0),h

_ / — / b (V(s), h(s)) dV (s)

+ > Wr(V(s),h(s) = ¥r(V(s=), h(s=)) — ¥ (V(s), h(s)) A7 A(s)

s€(0,T]
—5¥rr(V(s),h(s)) ATV (s)
+ Y Ur(V(s+),h(s+)) = vr(V(s), h(s) = ¥ (V(s), A(s)) AT h(s)

_7¢F”(V(S)7h(3))A+V<3)7

including the existence of the integral with respect to h as Henstock-Kurzweil
integral and the absolute convergence of the two sums. As h and V are
continuous at s, if X is stochastically continuous at s, the two sums can
be restricted to (0,7] N Dx and [0,7) N Dx, respectively, without changing
their values. Finally, each term in the above identity can be rewritten in
terms of the S-transform by an application of Example 2.4, which yields the
assertion. 0

We are now in the position to prove the Ité formula in Theorem 5.1.
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Proof of Theorem 5.1. We first treat the term, which involves the jumps
from the right. For s € Dx N[0,T), we consider

J& = pp(Vs+) = VT(s), Xop) — F(X,) — FI(X,)ATX,

S P (BIAT X,V 4 V() = VE(s)).

Note that the subexponential growth condition (6) ensures that each J
belongs to (L% ). In order to compute the S-transform of J;", we note that,
for every h € Hx,

S(F/(X)ATX,)(h) = E[F'(X, + h(s)) (A X, + ATh(s))]
—  B[F/(X, + h(s)) X, E[X, AT X,]/V(s) + E[F/ (X, + h(s)| A A(s)
—  E[F'(X, + h(s))|E[X, A" X,] + E[F'(X, + h(s))] A" h(s)
= S(F'(X) (W E[X, A" X,] + S(F'(X,)) (R)A*h(s). (19)

Here, the first equality is due to (5), the second one follows by projecting
ATX; on {yXs; y € R}, the third one by rewriting the expectation as
integral with respect to the Gaussian density and by integration by parts.
Note that this well-known identity can alternatively be derived from the
relation between Wick product and Malliavin derivative, see Nualart (2006,
Proposition 1.3.4). As

EX;ATX ]+ B[(AT X)) + V(s+) = VT(s) = V(s+) = V(s) = ATV (s),

(20)
we obtain, for every h € Hx
SN = S(r(V(s+) = VT(s), Xs))(h) — (S F(Xy))(h)
—(S F'(X4))ATh(s) — 5(5 F"(X)ATV(s). (21)

We next show that the sum of J; converges absolutely in (L%) as s runs
through Dx N[0,7). To this end, we decompose J; = J; 1 2 where

TP = V() = VE(s), Xap) - F(X,) — F/(X)ATX,,
TP = FXEIATX) 4 V(s4) V()
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Taylor’s theorem yields for s € Dx N[0, 7T)
JhHt
S

_ /R (F(Xor + VV(sH) = VF(s)y) - F(X,)

€_y2/2
—F (XA X +/VsH) = V)~ dy
= [ [ W Ve
R Jo
67y2/2
x(1—u)F"((1 —u)Xs +u(Xep +/V(s+) = VH(s)y))du Nor dy.

We now define € := ((4a\)™! — 1)/2, where a is the constant in the subex-
ponential growth condition, let €* := 1/¢, and abbreviate

(s, 1) = (1= 0) Xy + u(Xos + /V(s5) = VF(s)p):

Then, by Jensen’s inequality, Fubini’s theorem, and Hélder’s inequality,

Bl
' + ¥ 4 pn 2, € V)2 v
< ( [ B X TG = V) P s ) Pl mdy>
1 e—y2/2 ﬁ
< ( / /0 E[IF”(l(s,y,u))lz(”e)]dumc&y)

+ A(1+€) e v /? e
X El|ATX 4+ /V(s+) = VT —=d
| EIATX. + VG = VR Ty

The second factor is the square of the L*(*€")-norm of a centered Gaussian
random variable with variance E[(AT X;)?] + V(s+) — VT (s). Hence, there
is a constant d.« such that

e /2

V2r

R
< de(B[(ATX)H + V(s+) = VT(s)).

The first factor is bounded by a constant K, independent of s by the subex-
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ponential growth condition. Indeed, by convexity,

! 1" 2(1+¢) € v/
El|F"(l(s,y,u ldu dy

o7 e Y2/2
2049 [ ax E [62(1+e)a|l(s,y,u)| } ¢

R ue{0,1} V2m
c2(0+<) < E [62(1+e>awxs|2]

—y?/2
+ | B le20+0alXar+/V(sH)-VF(s)yl?| £ 4
Lzl Y |7 )

IN

dy

IN

—22/2
C2(1+E) sup / e2(1+e)aV(t)22 + 62(1+e)aV(t+)22 e dz
te[0,T) R< ) V2T

=: KE(H'E) < 00.

IN

Thus,
E|JFYAY? < Kede (E[(AT X)) + V(s+) — VH(s)). (22)

Moreover, we clearly observe that
1
B2 < ¢ ( sup E[IF”(Xt)\]”2> (BIAY X+ V(st) — V().
te(0,7
(23)
We can now deduce from (22), (23), and (16) that the sum > . o7 JF
converges absolutely in (Lg() In particular,

S( i J:)(h) Y SN, heAw;,

SGDxﬂ[O,T) SEDxﬂ[O,T)

Let us summarize the foregoing: The sum

S (6r(Vis+) = VH(s), Xop) = F(X,) = F/(X,)ATX,
s€DxNI[0,T)

1
— S P (X)(EI(ATX)" + V(s+) = V+(8))) (24)
converges absolutely in (L% ) and, due to (21), its S-transform is given by

> (S(er(V(s+) = VH(s), Xe))(h) = (S F(X,))(h)

s€DxN[0,T)

(S F/(X.)ATh(s) — 5(S F(X.)ATV(5)) (25)
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for h € Awy. The jumps from the left can be treated in the same way. The
only difference is that we apply

2F[XA™ X, — E[(A™ X)) = (V(s—) =V (5) = V(s) = V(s—) = A"V(s)

instead of (20), which explains the change of sign in front of the second
derivative term compared to the corresponding term resulting in the case of
the jumps from the right. We finally obtain that

3 (F(Xs) —pp(V(s—) — V7(s), Xo_) — F'(X,)A™X,
s€eDxN(0,T]

1
FSE G EA X)) 4 V(s=) =V (s))  (26)
converges absolutely in (Lg() and its S-transform is given by

S ((SFXD(B) = S(vr(V(s—) = V= (s), X, ) (h)

s€DxN(0,T]
(S F/(X.)Ah(s) ~ 5(S F'(X:)AV(s)) (21)
for h € .AW2*

We next discuss the integral with respect to the variance V. The subexpo-
nential growth condition (6) again ensures that

T
/0 E[[F"(X.)d[V](s) < oo,

where |V| denotes the total variation of V. Thus, by Fubini’s theorem and
Holder’s inequality,

T
| v e @k
0
Another application of Fubini’s theorem then yields

s(f ' eIV ) i = [ LS mavs), @9

for every h € Aw;.
We can finally combine (24)—(28) with Proposition 5.2 in order to show
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that the S-transform of

1 r /!
F(Xr) = F(X0) =5 [ F(Xav(s
- ¥ (F(Xs) —pp(V(s—) = V7 (s), Xs_) — F'(X,)A™X,

s€DxN(0,T]
P (X)(EIATX)] + V(s-) = V™ (s)

-3 (¢F(V(s+) —VH(s), Xoy) — F(X,) — F'(X AT X,
s€DxN[0,T)

S FX)(E(AY X+ V() = VF(s))

at every h € Ay is given by the Henstock-Kurzweil integral

T
/0 (S F/(X.))(h) dhs).

Hence, the Wick-Skorokhod integral fOT F'(X;)d° X and the asserted Itd
formula is valid. O

We close this section with a simplified version of the It6 formula in Theorem
5.1 as announced in (2). To this end, we assume that X is stochastically
RCLL, i.e. for every t € [0,T) and every sequence (t,) converging to ¢
from the right, Xy converges to X; in probability, and, moreover: For every
t € (0,T) there is a random variable X;_ € (L%) such that for every sequence
(tn) converging to t from the left, X; converges to X;_ in probability. By
Gaussianity, both limits also hold strongly in (L%). In particular, X is
weakly regulated with Xy = X;.

Corollary 5.3. Suppose the centered Gaussian process X satisfies the fol-
lowing assumptions: X s stochastically RCLL, Awy is dense in Hx, the
variance function V of X is of bounded variation, and

Y El(AX,)?] < .

SGDX

Assume F € C2(R) and F, F', F" satisfy the growth condition (6) with \ =
supyepo,r) V(t). Then, foﬁ- F'(Xs-)d° X5 exists and the following Ito formula
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holds in (L%):

T T
PXr) = 0+ [ PO g [P

Y (F(X) - F(X,o) - FI(X,0)AX,
s€DxN(0,T]

+F”(XS_)E[XS_(A_XS)]>.

Here, V¢ denotes the continuous part of V', the set Dx of stochastic discon-
tinuities is at most countable and the sum converges absolutely in (L3).

Note that F[Xs_(A~X,)] =0, if X is martingale. Hence, in view of The-
orem 4.7, Corollary 5.3 contains the classical It6 formula (3) for Gaussian
martingales as special case. (Recall that the pathwise jumps of a Gaussian
martingale occur only at the deterministic times of stochastic discontinu-
ities).

Proof of Corollary 5.3. As X is stochastically right-continuous, the rational
span of
{Xe; t€([0,7)NQ)U{T}}

is dense in Hy. Hence, condition (H) holds for X. Moreover, VE(t) =
V(t+), because X is stochastically RCLL, as already observed at the end
of Example 2.4. Finally, ATX; = 0 for every t € [0,7]. Consequently,
Theorem 5.1 is applicable and simplifies in the following way:

F(Xr1) — F(Xo)
L B
— /0 F'(X,)d Xs+2/0 F"(X,)dV(s)

Y F(X) - F(X, ) - F(X)A X, + %F”(XS)E[(A_XS)Q].
s€DxN(0,T]

As V is rightcontinuous, py has no atom at 0. Hence,

T T
L prxavis) = % /0 XAV (s

- = F”(XS_)dVC(s)—i—% > FI(X)ATV(s).
s€DxN(0,T]
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Noting that 3(E[(A™X,)?] + A™V(s)) = E[X;A™X,], we obtain

1 T 1! C
F(Xr) ~ F(Xo) ~ 5 /0 PV
- Y (X)) - F(Xe) = FI(X)A™X,
s€DxN(0,T7]

+F”(XS,)E[XS,(A—XS)])

_ /TF’(XS)CPXS— 3 ((F’(XS)—F’(XS_))A*XS
0 s€DxN(0,T]

—(F"(X,) E[X,AX,) = F'(X, ) E[X,-A”X,])),

where, by the local Lipschitz continuity of F’ and the growth condition on
F”, the sum on the right-hand side can be seen to converge absolutely in
(L%). We now compute the S-transform of the right-hand side at h € Ap;.
Applying the rightcontinuity of h and the analogue of (19), we observe that
it is given by

T
/()(SF’(Xs»(h)dh(s)— S S(F(Xs) - F(X.))(h)A™h(s)

+ s€DxN(0,T)

T
= [ SFE) W dus).
0+

Again, we may conclude that the Wick-Skorokhod integral foi F'(X-)d° X
exists and that the asserted It6 formula holds. O

6 Subordinated fractional Brownian motion

In this section, we consider processes of the form X; = Bf{t where B is
a fractional Brownian motion with Hurst parameter H € (0,1) and A is a
Lévy subordinator independent of B¥ see Sato (1999), pp. 137-142, for
background information on Lévy subordinators. The resulting process X
has stationary increments and features jumps (unless the subordinator is
deterministic, which we rule out for the remainder of the section). If the
subordinator A is a Gamma process, then Bft is known as fractional Laplace
motion and has been applied, e.g., as a model for hydraulic conductivity
(Meerschaert et al., 2004) and sediment transport (Ganti et al., 2009).
Apparently, subordinated fractional Brownian motion X; = Bft itself is
not a Gaussian process, but X becomes Gaussian after conditioning on the
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path of the subordinator. This fact can be used to extend our integration
theory to subordinated fractional Brownian motion and to derive an Ito
formula for this class of processes. Of course, this reasoning applies to a
much wider class of conditionally Gaussian processes.

Exploiting the independence of BH and A, the obvious generalization of
the Wick-Skorokhod integral is the following: We first condition on the
paths of the subordinator A, then integrate in the sense of Gaussian Wick-
Skorokhod integration, and finally evaluate the integral along the paths of
the subordinator. This formally leads to the definition

T T
/ 2(s, X)d° X5 = </ 2(s, X%) dQXg>
0 0 la=A

where X? := Bf(s) for a deterministic nondecreasing function a with right-
continuous paths.

In order to define the integral rigorously, we denote by D([0,7]) the space
of RCLL real-valued functions on [0,7] and equip it with the Borel-o-field
(generated by the Skorokhod topology). For every RCLL nondecreasing
function a : [0,7] — R, we consider the Gaussian process X; = Bﬂt),
t € [0,T]. Since,

Cov(X{, X5) = %(a(t)2H +a(s)*" —la(t) — a(s)[*") (29)

(cp. Example 3.1), we observe that the covariance function is, for fixed s,
a bounded variation function in ¢t. In particular, each of the processes X
satisfies condition (H).

Definition 6.1. Suppose that Z; = z(¢, X) for a measurable function z :
[0,7] x D([0,7]) — R and A is a set of RCLL nondecreasing functions
such that P({A € A}) = 1. If fO (s, X%)d°X¢ exists for every a € A
and there is a measurable function I, D([O T]) x D([0,7]) — R such that
fo (s,X%)d° X% =I,(X%, a) for every a € A, then we define

T
/ Zod° X, = L(Xs, Ay).
0

A routine application of Fubini’s theorem shows that the integral is (in case
of existence) uniquely defined up to modification.

We can now state an Itd formula for subordinated fractional Brownian
motion in our framework. In the statement of the formula, we apply that
any Lévy subordinator can be represented as

Ap=ot+ > (AAy)

0<s<t
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for some constant o > 0 and has only positive jumps, see Sato (1999),
Theorem 21.5. We denote the Lévy measure of A by v.

Theorem 6.2. Suppose H > 1/2 or f01+ 2?0y (dr) < co. If F € C*(R) and

F, F', and F" are bounded, then f(;‘i F'(Xs_)d° Xy exists and the following
Ito formula holds P-almost surely:

F(Xr) = /F’ )d° X, —i—aH/ F'(X, )A2H=1gs

+ Z (F(X,) = F(Xo) = F/(X,)AX,
s€(0,T

1
5 (X ) (AR — 2T — (A A,))).

Here, the sum runs pathwise over the set of jump times of A (which in-
cludes the jump times of X ) and is absolutely convergent P-almost surely.
Morever, o is the constant slope of the continuous part of A, and the term
ocH foz F"(X,_)A2"=1ds is to be read as zero, if o = 0.

In the Brownian motion case H = 1/2, the processes of the form X; = B 1/ 2
are Lévy processes and, in particular, include the class of CGMY-processes
which were introduced in financial modeling in Carr et al. (2003) and are
among the most popular stock price models with jumps. As expected, our
1t6 formula takes the same form as the classical one for Lévy processes, if
H = 1/2. We again emphasize that the covariance function of fractional
Brownian motion is visible in the additional second derivative term of the
jump component.

Proof. We first define A as the set of nondecreasing RCLL functions on [0, 7]
of the form a(t) = ot + 3 _y_,;(Aa(s)) such that ZO<SST(ACL(S))2H < 00.
We claim that P({A € A}) = 1. To this end, we decompose

(A4 = 3 (A4 L pean <y + Y (AA) T au sy
0<s<T 0<s<T 0<s<T
(30)
As A; has only finitely many jumps of size larger than one, the second term
is finite P-almost surely. The first term is nonnegative and satisfies

1

B 3 (AP M peaney| =T [ aulds)

0<s<T 0+
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by the definition of the Lévy measure. The right-hand side is finite for
H < 1/2 by assumption and for H > 1/2, because any Lévy subordinator
fulfills

1
/ zv(dr) < oo,
0

+

see Sato (1999), Theorem 21.5. Hence, the first term in (30) is also finite
P-almost surely.

We next consider the set A’ of RCLL functions such that Y, (Az(s))? <
oo, and define the functional

T

I(z,a) = lysepynfeecary (F(&C(T)) —F(0)—0cH . F(z(s—))a(s) 1 tds

— Y (Flals)) - Fla(s—) - Fe(s=)Ax(s)

s€(0,T
5 F (s als)" — a(s—) - <Aa<s>>2H>))-

Note that the assumptions on F' ensure that the sum over the jumps and
the integral (if o > 0) converge. We emphasize that P({X®* € A’}) =1 for
every a € A, and P({X € A’}) = 1. The first identity holds, because

E| Y (AXD?* = > ElBg,—Bi[1= ) (Aa(s)* <.

s€(0,7T] s; Aa(s)#0 s€(0,T]

The second identity is a consequence of Fubini’s theorem and the first one,
since

PUX € A'}) = /AP({X“ € AV)Pa(da) = 1.

It, thus, remains to show that, for every a € A,

T T
/ FI(X{)d°XE = F(X%)—F(O)—UH/ F'(X% )a(s)H1ds
0 0+
- > (F(x9) - F(XE) - FI(XE)AXS
s€(0,T7

P (XE) ()™ — a(s-)" — (Ba(s)™).

This equation can easily be reduced to Corollary 5.3. To this end we note,
that by continuity of B, Dy« = {s; Aa(s) # 0} D {s; AX? # 0}.
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Hence, the (pathwise) sum over s € (0,7] can be replaced by the sum over
s € Dxa N (0,T]. Moreover, by (29),
1
E[X{(AX)] = E[X{_(AX))] = S(a(s)™ = a(s=)*" = (Aa(s))*"),

and so the sum over the jumps coincides with the corresponding sum in
Corollary 5.3. We finally note that the variance of X® is given by V,(t) =
a(t)?". Hence, by the chain rule in Theorem A.1, the continuous part of V,
is zero, if 0 = 0, and otherwise equals

a

t
Ve(t) = 2H0/ a(s)* = 1ds.
0

Hence,
T 1 T
oH / FY (X )a(s)2H~1ds — - / P (X )ave(s),
0+ 2 Jot
which finishes the reduction to Corollary 5.3 and the proof. O

Ezample 6.3. (i) One of the best studied subordinated fractional Brownian
motion is fractional Laplace motion, where the subordinator is a Gamma
process A, i.e. a pure jump Lévy process whose Lévy measure has the
density
p(@) = Lpq(@)ea e

with respect to the Lebesgue measure, for positive constants ¢ and A. The
integrability condition on the Lévy measure imposed in Theorem 6.2 holds
for every H € (0,1), and so our It6 formula applies to the full range of
Hurst parameters. Fractional Laplace motion has heavier tails than a normal
distribution and features a stochastic self-similarity property. It has long-
range dependence if and only if H > 1/2, and its distribution is infinite
divisible, if and only if H > 1/2. For a proof of these properties we refer to
Kozubowski et al. (2006).

(ii) If A is an inverse Gaussian subordinator, i.e. a pure jump Lévy process
whose Lévy measure has the density

73/267/\:1:

p(x) = 1,00 (¥)cx
with respect to the Lebesgue measure (¢, A > 0), then X; = B is known
as fractional inverse Gaussian process. It can be obtained as scaling limit of
continuous time random walks with correlated jumps (Kumar et al., 2011),
has long-range dependence for H > 1/2 (Kumar and Vellaisamy, 2012), and
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fails to have an infinite divisible distribution for H < 1/2 (Wylomanska
et al., 2016). The integrability condition on the Lévy measure imposed in
Theorem 6.2 holds for H > 1/4, and so our It6 formula applies to this range
of Hurst parameters.

7 Regularity in the Cameron-Martin space

In this section, we study the regularity of the elements of the Cameron-
Martin space of X as required in condition (H). We provide sufficient con-
ditions in terms of the mixed planar variation of the covariance function,
the quadratic variation of X, and finally consider the case, when X has an
integral representation with respect to a Gaussian martingale.

The first criterion is formulated in terms of the mixed planar variation and
is taken from Friz et al. (2016).

Theorem 7.1. Suppose that the covariance function of X is of finite (1, p)-
planar variation for some p > 1 in the following sense: There is a constant
K > 0 such that for every partition m = {0 =ty <t; < --- <t, =T}

> (Z |E[(Xy, = X, ) (X — thl)n) <K
1 \i=1

j=
Then, X is W3 -regular.

Proof. By the proof of Theorem 1.1 in Friz et al. (2016), every element of
the Cameron-Martin space of X then belongs to W, for ¢ = 2p/(p+1) < 2.
(Note that continuity of the paths of X is assumed in Friz et al. (2016), but
the proof of their Theorem 1.1 does not make use of this property). Hence,
by Remark 4.9 (i), X is W5-regular. O

Theorem 2.2 in Friz et al. (2016) provides sufficient conditions for the planar
(1, p)-planar variation to be finite, if X is stochastically continuous. See also
Examples 2.4-2.16 in the same reference. In particular, we may derive from
their Example 2.12 that bifractional Brownian motion is Wi -regular for
every choice of the parameters H € (0,1), K € (0,1].

The next theorem states that an RCLL centered Gaussian process is W3-
regular, if the continuous part of the quadratic variation is deterministic and
it has fixed discontinuities only. Here is the precise statement.

Theorem 7.2. Suppose X has RCLL paths and that jumps of the paths of
X only take place at the times of stochastic discontinuities s € Dx. If

> E[AX)Y < oo

SEDXr](O,T]
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and there is a deterministic function v : [0,T] — R such that for every
te[0,7)

S (Xine = Xim)? = o) + ) (AXL)?

i=1 s€(0,t]

in probability as the mesh size of the partition m = {0 = tp < t; < -+ <
tn, =T} tends to zero, then X is Wi -regular.

Proof. The assumptions guarantee that
do(AX)’ = ) (Ax)?
s€(0,¢] s€(0,tjNDx
and that this sum converges absolutely in (L% ), because
Y BIAX)PIP=V3 ) E[(AX)?) <.
s€(0,tjNDx s€(0,6jNDx
As |Ah(s)]? = E[(exp®(h) — 1)(AXS)2] due to (5), we, thus, obtain,
= Y |Ah(s) > JAR(s)]? < 0.
s€(0,77 s€(0,TINDx

Let (m) be a sequence of partitions of [0, 7], whose mesh size tends to zero.
Then, by Theorem 3.50 in Janson (1997)

Z (Xti - Xti—1)2 - Z (AXS)2 - U(T>
t;em\{0} s€DxN(0,T]
in (L%) as k goes to infinity, which in turn implies,
Y. Blled®(h)-1)(Xy, =X, )= Y Ellexp®(h)-1)(AX,)*] = 0.
tiem\{0} s€DxN(0,T]
By (5), the left-hand side equals,
Y () = h(ti-)? = Y |AkGs)P
tiem\{0} s€DxN(0,T]

Thus,

im S (k) —h(ti)’ = 3 |AKGS) = oo(h).

— 00
tiemp\{0} s€(0,7T

This convergence along the mesh size clearly implies convergence along the
direction of refinement of partitions, as required in the definition of W3. [
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We finally assume that (M;)¢cr is a a two-sided RCLL Gaussian martingale
with variance function Vj; and X has an integral representation of the form

X = /+oo g¢(s)d Mg, (31)

—00

where g; € L%(R,dVys) for every t € [0,7T] and the integral is under-
stood in the It6 sense. In particular, Hyx is then a closed subspace of

= {[f(s)dMy; § € L*(R,dVy)} and we denote by mpg, the orthog-
onal projection on Hx. We also extend g; to t € R by setting g; := gr for
t>T and g; := go for t <O0.

Proposition 7.3. Suppose A is a dense subset of L*(R,dVys). Then, the
functions of the form

0,7] 5 R, t— E {Xt/f(s)dMs], feu
R

constitute a dense subset of the Cameron-Martin space CMx of X.

Proof. For § € A let f := 7wy, ([f(s)dM). Then, E[X. [f(s)dM,] =
E[X. f] is indeed an element of the Cameron-Martin space of X. However,
{[§(s)dMs; S, f € Ql} is dense in H) by the Ito isometry, which implies that
{7 ([§(s) ); f € A} is dense in Hy. This completes the proof. O

The following theorem provides a simple sufficient condition for X to be
W5-dense in terms of the integral kernel g; in the representation (31) and
the adjoint of the densely defined linear operator

K : L*(R,dVar) = L*(R,dVi), L(ap = 86 — G-

Theorem 7.4. X is Wy -dense, if the adjoint operator K* of K is densely
defined, i.e.: The set D(K*), consisting of those { € L*(R,dVy;) such that
there is an K*§f € L?>(R,dVyy) satisfying

/ (8:(5) — g0(5))f(5)dVau (s / K*(s)dVas (s)
R

for every t € [0,T), is dense in L*([0,T),dVas).

Note that by Theorem VII.2.3 in Yosida (1995) the sufficient condition in
Theorem 7.4 is equivalent to the closability of the operator K.

37



Proof. By the previous proposition, the functions of the form

fos /0 K (s)dVa(s) + /R 90(5)§(8)dVar ()

are then dense in C'Mx, because by It6’s isometry,

g% [ fonn] = [ i

These functions are clearly of bounded variation, and, hence, members of
Wi O

8 Comparison to the literature

We finally explain how condition (H) can be verified in the literature on
1to’s formula for Gaussian processes in the Skorokhod sense. In all the cases
discussed below, the authors assume or show that the variance function V'
of X is of bounded variation and continuous:

1. Alos et al. (2001): The authors assume an integral representation of
the form (31) with respect to a Brownian motion M = W (on the
interval [0,77]). In the more general ‘singular’ case (Alos et al., 2001,
Theorem 1), condition (K3) entails that ¢ — E[X} fOT f(s)dW] is con-
tinuous and of bounded variation for every step function §f. Hence,
by Proposition 7.3, X is W3-dense and, moreover, X is stochastically
continuous (Janson, 1997, Theorem 8.21). In particular, condition (H)
is satisfied.

2. Mocioalca and Viens (2005): Again an integral representation of the
form (31) with respect to a Brownian motion M = W on an interval
is supposed. Proposition 15 in Mocioalca and Viens (2005) shows that
the assumptions of Theorem 7.4 are satisfied. Hence, a dense subset of
the Cameron-Martin space of X is absolutely continuous with respect
to the Lebesgue measure with square integrable density. This again
implies that (H) holds and X is stochastically continuous.

3. Nualart and Taqqu (2006): In this reference X is supposed to have con-
tinuous paths. The key assumption is that X has zero planar quadratic
variation along sufficiently uniform partitions. It6’s formula can be re-
covered by our techniques under their assumptions, if the notions such
as W3-regularity are also formulated in terms of these sufficiently uni-
form partitions only. However, in our general framework of Gaussian
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processes with stochastic discontinuities it does not seem to be possi-
ble to restrict to sufficiently uniform partitions as suggested in Nualart
and Taqqu (2006) in the continuous case.

. Kruk et al. (2007): The authors assume that X is stochastically con-
tinuous and has a covariance measure. By their Remark 3.1 the latter
property is equivalent to the property that the covariance function of
X has finite planar (1,1)-variation. By Theorem 7.1, X is Wy -regular
and, in particular, satisfies (H).

. Nualart and Taqqu (2008): Here the authors assume that X has con-
tinuous paths and satisfies the quadratic variation property in our
Theorem 7.2. Hence, X is stochastically continuous, Wy-regular, and
satisfies (H).

. Lei and Nualart (2012) and Hu et al. (2013): The assumptions in
these two references include that, for every s € [0,7], the covariance
function t — R(¢, s) of X is absolutely continuous with respect to the

Lebesgue measure. Thus, X is stochastically continuous and satisfies
(H) by Remark 4.9 (ii).

. Alpay and Kipnis (2013): The authors consider a class of Gaussian
stationary increment processes and show in their equation (5.1) that
the S-transform ¢ — (SX;)(h) of X is absolutely continuous with
respect to the Lebesgue measure for a dense subspace of Hx. Hence,
by (4), X is W3-dense and satisfies (H), because it also is stochastically
continuous.

. Lebovits (2017): X is defined in terms of an integral representation of
the form (31) with respect to a two-sided Brownian motion M = W.
The conditions on the kernel g; are such that ¢ — E[X; [ fdW)] is
absolutely continuous with respect to the Lebesgue measure for every
Schwartz function f, see Remark 1 in Lebovits (2017). As the Schwartz
functions are dense in L?(R, dt), Proposition 7.3 again implies that X
is stochastically continuous and that (H) is satisfied.

We emphasize again that in all these references, the Gaussian process X is
stochastically continuous and, hence, It6’s formula has the form (1) without
jump terms, while the main contribution of the present paper is to un-
derstand the influence of the stochastic discontinuities on the Gaussian It6
formula.
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A A chain rule for the Henstock-Kurzweil integral

In this appendix, we prove a chain rule for the Henstock-Kurzweil integral.
The general lines of proof closely follow the arguments in Norvaisa (2002).
We have, however, to deal with a case of ‘mixed’ regularity which is not
covered there. Here is what we are going to show.

Theorem A.l. Suppose u; € W5([0,T]), uz € W1([0,T]) (i.e, of bounded
variation), and let u := (u1,u2). Denote

S; = | inf w(t), sup wi(t)|, i=1,2.
t€[0,7] te[0,T)

Suppose G € 61(5’1 x S9;R) and such that there is a constant K1 > 0 and

a continuous function K : Sy x Sy x So — Rxq satisfying K(x1,x2,22) =0

and

oG oG

87331(951,902) - 87561(3/1,962) < Kilz1 —u1]

oG oG

’83:1(1:1’@) - a—zl(xl,yg) < K(x1,22,52) |22 — yo|/? (32)

or every x1,y1 € S1 and xo,y2 € Sa. Then, T oG (s duyi(s) exists as
0 Oz
Henstock-Kurzweil integral and

G(u(T)) = G(u(0))

T oa
-/ 8m( ) dua (s / e () dus(s)
_ oG _
+ Y Gluls) — Gluls—)) — g () A (s) = 5o (u(s)A (o)
s€(0,T
+ Y G<u<s+>>—G<u<s>>—§§<u<s>wu1<s>—§Z<u<s>>A+u2<s>.
s€[0,T)

Here, both sums converge absoulutely.

Note first that the integral with respect to uo exists as Lebesgue-Stieltjes
integral, because uo is of bounded variation and the integrand is regulated.
The chain rule above, thus, holds as a consequence of Theorem 4.2 (with
a = 1) in Norvaisa (2002) under the stronger Lipschitz condition

aﬁ(x m)_%( )+8£(x x)_aﬁ( )
o971 1,722 o1 Y1, Y2 07y 1,22 D29 Y1, Y2

< Ki(lvr =yl + [z2 — y2)),
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which is not satisfied in our application of this chain rule in Section 5.

As in Norvaisa (2002), we shall show that the chain rule is valid in the
sense of Young-Stieltjes integration and then exploit the relationship be-
tween the Young-Stieltjes integral and the Henstock-Kurzweil integral as
stated in Dudley and Norvaisa (1999, Part I, Theorem F.2). We, thus, first
recall the construction of the Young-Stieltjes integral.

A Young-tagged partition T := {((si-1,8:),yi); i = 1,...,n} of the interval
[0,T], by definition, satisfies 0 = sg < s1 < ...s, = T and y; € (s;—1, si),
whereas in a tagged partition the tag point y; lies in the closed interval
[si—1,si]. Given such a Young-tagged partition 7 and regulated functions
u,r : [0,T] — R, one considers the Young-Stieltjes sums

n
Sys(u,r,7) = Zu(si_l)A+T(si_1)—l—u(yi)(r(si—)—r(si_l—i—))—i—u(si)A*r(si)
i=1
The Young-Stieltjes integral of u with respect to r is said to exist, if there is
a real number [ such that, for every € > 0, there is a Young-tagged partition
x such that for every refinement 7 of x

|Sy5(u,7“,7') — I| < €.

In this case, I is defined to be the value of this integral. In the above, a
Young-tagged partition 7 = {((s;—1,:),9i); ¢ = 1,...,n} is said to be a re-
finement of a Young-tagged partition y, if the partition (1) := {so,...,sn}
is a refinement of the partition x(x), i.e. k(1) D K(x).

Proof of Theorem A.1. Define S := S; xS, S’ := S1 x Sg x S5. We consider
for every Young-tagged partition 7 := {((si—1,$:),%i); i =1,...,n}

N n—1 oG N
VEE) = 3 Glalsit) - Gluls) - 5 (u(si)A ua(s)
=0
oG
e (uls)) A un(s)
V) = DGl — Glulsi)) - 5 (u(s)A ()
=1
oG _
o (uls) A ua(s)
R() = 3 Glu(sim) — Glulsi1t)) — o (uly)
i=1
x(un(si=) = wa(si14) — P (uloi)) (wa(si-) — wa(sio1+))



Then,

oG

Sys (Gotnr) = GOT)) = Glu(0) - Svs ( o ) ua.7 )

~VT (1) =V~ (1) — R(7). (33)
We fix an arbitrary € > 0. As g—g(u) is regulated and wug is of bounded vari-
ation, the Young-Stieltjes integral of g—g o u with respect to uo exists and
coincides with the Henstock-Kurzweil integral and the Lebesgue-Stieltjes in-
tegral by Theorems 1.4.2, I.F.2 and Corollary I1.3.20 in Dudley and Norvaisa
(1999). Hence, there is a Young-tagged partition x of [0, 7] such that for all
refinements 7 of x

T
Sys <§Z(u),u2,7) -, gi(u(s))dUQ(s) < €/4. (34)

We next treat the jumps from the right. Suppose s € [0,7") such that
ATu(s) # 0 for I = 1 or I = 2. Note that the set of such time points s
is at most countable, since u; and wuo are regulated. By the mean value
theorem there are 0; € [u;(s) A ui(s+),u(s) V w(s+)], I = 1,2 such that for
6 = (61,65)

G(u(s+)) — G(u(s)) = £(9)A+U1(8) + gi(G)A+uz(s).
Define
V"= Glu(s+)) — Glu(s)) - gz(u(s))ﬁml(s) - gg(u(S))A+u2(8)-

Let Ky 1= max(y, 4, 5,)es K (71,72, T2) and K3 := 2max(y, 4,)es ]g—g(xl, x9)].
Then, by (32) and Young’s inequality,

VH < [ATug (8)|(Kqui (s) — 01| + Kalua(s) — 02]'/2) + K3|ATus(s)]
S (Kl+K2/2)’A+U1(8)‘2+(K3+K2/2)‘A+u2(8)’.

Hence, for some constant K >0

SRS At Y At | <,

s€[0,T) s€[0,T) s€[0,T)

because u; € W3 and us is of bounded variation. Thus, the sum over the
jumps from the right in the asserted chain rule converges absolutely. We
can, then, find a finite subset p C [0,T") such that

SVt <e/

SE[OvT)\N
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By passing to a refinement, if necessary, we can assume without loss of
generality, that u C k(x). Then, for every refinement 7 of y

V) - D Gluls) — Gluls) — 50 (uls)ATun(s)
s€[0,T) 1
—gG(u(s))A+u2(s)‘ < e/ (35)
T2

By the same argument, the sum over the jumps from the left converges
absolutely and for every refinement 7 of x

oG

‘V_(T) — ) G(u(s)) - Glu(s—)) - 671(“(8))&_%(5)
s€(0,T]
—gﬁ(u(s))A—uQ(s)‘ < e/4. (36)
)

It remains to treat the remainder term R(7). Again, by the mean value
theorem, there are 6;; € [u;(si—) A wi(si—1+), wi(si—) Vu(si—1+)], { = 1,2,
i=1,...,n, such that for 6; :== (01,;,02;),i=1,...,n,

RO = Y (500 g 0) o)~ mlsir)

8951 ! 6(131

+Z<3$2 ' g:i( (yl))>( 2(si—) — uz(si-1+))
= (1) +(II).

In order to estimate these two terms separately, we need some extra notation.
We write

Osc(u, E) = max sup{|ui(s) — w(t)|; s,t € E)}, FE C[0,T],

for the oscillation of u over the set E. We denote the total variation of us
over [0, 7] by vi(u2) and the 2-variation of u; over the open interval (s;_1, $;)
by va(u1, (si—1,8:)), i.e.

va(u1, (Si-1,5i))
= sup{Z|u1 ) —uq(t )|;m€N, si_1<t0<t1<---<tm<si}.
Noting that, for every [ =1,2 and ¢ =1,...,n and p > 1,

[y (yi) — 0147 < max{|u(s;—) — w(yi)|?, |wi(ys) — w(si—1+)[P},
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we obtain, by (32) and Young’s inequality,

(D] < D Kalfri — wa(gi)l|ua(si—) — wa(sia+)]
=1

K (014, 02,3, ua(yi)) 02,5 — wa(yi) [V (si—) — u(si-1+)|

i=1
n
K+ K K
< Zl %]ul(si—) —uy(sim14)° + 71|91,i — ()|
1=
"1
i Zl S B (O3, 02,6, u2(yi)) 102 — uz(yi)]
1=
2K, + Ko
< % Z va(ut, (si—1,5:))
i=1
v (uz) 7
— sup{ K (z1, 2, T2);
<$17$27i'2) S Sl: ’xQ - -%2‘ S 'HllaX OSC(“’ (Si—l’ 874)))}
J=1...,n
Moreover,

D] < vl sup{l 5 () - g ()l

21,22 €5, ’Zl - 22‘00 < jgaxn OSC(U, (Si—hsi)))}v

where |- | denotes the maximum norm in R?. By uniform continuity of g—g
on S and of K on §’, there is a § > 0 such that

oG oG . .
—(x1,22) — —(Z1,22)

maX{K(ml,xz,ig), D3 Dg

€
R —
} - 16’1)1(U2)
for every (z1,x2), (Z1,Z2) € S with |(x1,z2) — (Z1,%2)|cc < d. As uy and ug

are regulated, there is a partition A = {t¢, ..., %y} of [0, T] such that

~max  Osc(u, (tj—1,t;)) < 9.

J=1,....m

Finally, by the equivalent characterization of W3 in Lemma 4.1 of Nor-
vaia (2002), there is a partition A of [0,77] such that for every refinement
{z1,..., 2} of A

r €

;UQ(uh(x] laxj)) = 8K1 +4K2
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We may and shall again assume that A\UX C k(x), by passing to a refinement
of x, if necessary. Then, for every refinement 7 of y,

[R()| < (37)

N

Gathering (33)-(37), we observe that fo 836 (u(s)) dui(s) exists as Young-
Stieltjes integral and satisfies the asserted chain rule. By Theorem F.2
in Part I of Dudley and Norvaisa (1999), this integral exists as Henstock-
Kurzweil integral and coincides with the Young-Stieltjes integral, provided
the integrand belongs to W5([0,T7]), i.e. has finite 2-variation over [0,T].
However, by (32), there is a constant K > 0 such that for every m € N and
O=to<t1 < - <tmo1 <tm:T,

- oG 2

; 8:(:1 aTgl(u(tj—l)) < K(v2(ur) +v1(ug)) < oo,
recalling that the p-variation was defined in Remark 4.9. O
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