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Abstract

The classical stochastic integral [ HdX is defined for real-valued
semimartingales X. For processes with values in a Banach space FE,
the stochastic integral [ HdX is defined for summable processes X.

We prove that for certain Banach spaces E, there are E-valued
summable processes which are not semimartingales. This shows that
the stochastic integral with respect to summable process is more com-
prehensive than the stochastic integral with respect to semimartin-
gales.

1 Introduction

The purpose of this paper is to solve the problem whether there are locally
summable processes which are not semimartingales. A positive solution of
this problem would mean that the stochastic integrable integral [ HdX with
respect to locally summable process is more comprehensive than the classical
stochastic integral which is defined for real-valued semimartingales X, as pre-
sented, for example, by Dellacherie and Mayer, in [D-M], chapter viii. In this
paper we solve the problem for locally summable processes with values in an
infinite dimensional Banach space F, with ¢y ¢ F and with Radon-Nikodym
Property (Theorem 18), by constructing an example of a predictable process
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with integrable semivariation — hence summable, but with infinite variation
— therefore not a semimartingale (Theorem 15).

The problem of finding an example of a real-valued locally summable
process which is not a semimartingale, is still open.

In [K], Theorem 12.3, Kussmaul proved that a predictable, real-valued,
locally summable process (in the sense of Definition 1 below) is necessarily a
semimartingale.

In the first part of the paper, for the convenience of the reader, we state
the definitions and the theorems which will be used in the proofs of the
theorems in the second part, devoted to prove the existence of a locally
summable process which is not a semimartingale. For the proofs of the
theorems in the first part we refer the reader to [D].

2 Preliminaries

In this paragraph, we present the notations that will be used throughout the
paper and state the definitions and the theorems that will be needed for the
proof of the main results in the following paragraph.

2.1 Notations

(2, F, P) is a probability space; (F¢)icr, is a filtration satisfying the usual
conditions; R is the ring generated by the semiring of predictable rectangles
of the form {0} x A with A € Fy and (s,t] x A, with 0 < s < ¢ < oo and
A € Fg; P is the predictable o-algebra generated by the ring R.

We denote M = B(R,) x F. Processes measurable with respect to M
will be called, simply, measurable processes.

E, F,G are Banach spaces with E C L(F,G); for example, F = L(R, E),
E C L(E*R), E = L(E,R) if E is a Hilbert space.

For any Banach space M we denote by | - | its norm, by M* its dual and
by M its unit ball.

2.2 Summable processes

Let X : R, x Q — F be a cadlag, adapted process, with X; € L} for
every t > 0. We define the additive measure Iy : R — L C L(F, L),
first for predictable rectangles, by Ix({0} x A) = 14Xy, for A € Fy and



Ix((s,t] x A) = 14(X; — Xy), for A € F;, and then, extended by additivity
to R.

Definition 1. We say that X is summable relative to the embedding
E C L(F,G) or relative to the pair (F,G), if Ix has a o-additive exten-
sion Ix : P — Ly C L(F, L) with finite semivariation relative to the pair
(F,L{). We say that X is locally summable relative to (F,G) if there is an
increasing sequence (T),) of sopping times with T,, 1 oo, such that, for each
n, the stopped process X' is summable relative to (F,G).

For a detailed account of integration with respect to measures with finite
semivariation, see [D], §5.

If X is a locally summable process, one can define the stochastic integral,
denoted by H - X or f HdX, for certain predictable, F-valued processes H.
For the construction of the stochastic integral the reader is referred to D],
chapter 2.

For the definition of the classical stochastic integral [ HdX with respect
to real-valued semimartingales the reader is referred to [D — M|, chapter viii.

In this paper we shall not be concerned with the stochastic integral, but
only with the summability.

Example of (locally) summable processes are: (locally) square integrable
martingales in Hilbert spaces, processes with (locally) integrable variation
and processes with (locally) integrable semivariation.

2.3 The variation and the semivariation of a function

Let g: R — E C L(F,G) be a function.

Definition 2. a) For any interval I C R we define the variation var(g,I) of
g on I and the semivariation svarrc(g,I) of g on I, relative to the embedding
E C L(F,G), or relative to the pair (F,G), by the following equalities:
var(g,I) = sup 331 [g(tit1) — g(t:)]
and
svarpa(g, 1) = sup | X0, [g(tian) — (8,

where the supremum is taken for all finite divisions d : t; <ty < -+ < t,41
consisting of points from I and all finite families (x;)1<i<n of elements of F}.
b) The variation function |g| is defined by

|9|(t) = var(g, (—o0,1]), fort € R,

|9|(c0) = var(g, R).



b’) The semivariation function gr g is defined by
gra(t) = svarpa(g, (—oo,t]), fort € R,
grc(00) = svarpc(g, R).
c) We say that g has finite (resp. bounded) variation if |g|(t) < oo for
t € R (resp. |g|(c0) < 00).
¢’) We say that g has finite (resp. bounded) semivariation if §rc(t) < 0o
fort € R (resp. gra(oo) < 00).

For a detailed account of the variation and the semivariation of a function
see [D], §§18 and 20. We mention here the following properties which will be
used in the paper.

Proposition 3. We have gre < |g| and |g(t)| < gra(t), fort € R.
Proposition 4. If E C L(F,R), then svarprg = varg.
(See [D], Proposition 20.4).

Proposition 5. Let Z C G* be a closed subspace, norming for G. For each
z € Z, define the function g, : R — F* by (x,9.(t)) = (9(t)x, z), fort € R
and x € F.

a) For any interval I C R we have svarpg(g,I) = sup,c,, var(g.,I).

b) For every interval I C R we have svarpa(g,1) < oo iff var(g,,I) < oo
for every z € Z.

For the proof of a) see [D], Proposition 20.7; for b) see [D], Proposition
20.9.

The jump Ag(t) of g at t is define by Ag(t) = g(t+) — g(t-). If ¢ is right
continuous, then Ag(t) = g(t) — g(t-).

Proposition 6. Assume g is right continuous.
a) If g has finite variation |g|, then Alg|(t) = |Ag(t)|, fort € R.
b) If co ¢ E and g has finite semivariation gr g, then Agr g(t) = |Ag(t)|.
c) We have |Ag(t)| < gre(t), fort € R.

For assertion a) see [D], Theorem 18.20; for assertion b), see [D], Theorem
20.14; assertion c¢) follows from |g(t) — g(s)| < svar(g, (—o0,t]), by taking
the limit as s 1 ¢.

The following theorem associates to g a Borel measure.



Theorem 7. Assume g is right continuous and has bounded variation |g|
(resp. ¢o ¢ E and has bounded semivariation grc). Then there is a unique
o-additive Borel measure m, : B(R) — E with bounded variation |m| (resp.
with bounded semivariation mp ) such that my((s.t]) = g(t) —g(s), fors <t
in R.

For the proof, see [D], Theorems 18.19 and 20.13.

Under the hypothesis of Theorem 7, we denote the space L'(m,) of m,-
integrable functions f : R — F by L%(g). For every function f € LL(g) we
define the Lebesgue-Stieltges integral [ fdg by [ fdg = [ fdm,.

2.4 Processes with finite variation or finite semivaria-
tion

Let X : Ry x Q — E C L(F,G) be a process. We consider X automatically
extended to R x Q by X;(w) =0 for t < 0 and w € Q.

Definition 8. a) The variation process | X| is defined by the equalities

| X |¢(w) = var(X.(w), (—o0,t]), fort € R and w € Q,
| X |oo(w) = var(X.(w),R), forw e Q.

a’) The semivariation process XRG 15 defined by

(Xra)i(w) = svarpg(X.(w), (—oo,t]), fort € R and w € Q,
(Xra)oo(w) = svarpg(X.(w),R) for w € 9,

b) We say X has finite variation |X| (resp. finite semivariation Xpq )
if | X]/(w) < 0o (resp. (Xpa)i(w) < 00), for everyt € Ry and w € Q.

c) We say X has integrable variation (resp. integrable semivariation) if
E(|X|x) < 00 (resp. E(Xpg)oo) < 00.

d) We say X has locally integrable variation |X| (resp. locally integrable
semivariation XFL,*) if there is an increasing sequence (T,,) of stopping times
with T,, 1 oo, such that for each n, the stopped process X™™ has integrable
variation | X ™| (resp. integrable semivariation (X')g ).

The following theorem states the local summability of the processes with
(locally) integrable variation or semivariation.



Theorem 9. Assume X is a right continuous, adapted process.
a) If X has (locally) integrable variation | X|, then X is (locally) summable
relative to any embedding E C L(F,G).

b) If co ¢ E and if X has (locally) integrable semivariation Xg g, then X
is (locally) summable relative to the embedding E = L(R, E).

For a) see [D], Theorem 19.13; for b) see [D], Theorem 21.12.
The following theorem gives sufficient conditions for two processes to be
indistinguishable. For the proof see [D], Corollary 21.10 b’).

Theorem 10. Assume c¢g ¢ E and let A,B : Ry x Q — FE be two pre-
dictable processes with integrable semivariation relative to (R, E). If for ev-
ery stopping time T we have E(Ay — A1) = E(Bs — Br), then A and B are
indistinguishable.

The next theorem gives examples of processes with locally integrable vari-
ation or semivariation. For the proof see [D], Theorems 22.15 and 22.16.

Theorem 11. Assume X is right continuous and has finite variation |X|
(resp. finite semivariation Xpyg). If X is either predictable or a local mar-
tingale, then X has locally integrable variation |X| (resp. locally integrable
semivariation Xp).

2.5 Dual projections
Let X : Ry x Q — E C L(F,G) be a right continuous, measurable process.

Definition 12. a) Assume that X has integrable variation | X| (resp. ¢ ¢ E
and X has integrable semivariation XR,E ).A right continuous, predictable
process Z : Ry x Q — E with integrable variation |Z| (resp. with inte-
grable semivariation ZRE) 1s called the predictable dual projection with in-
tegrable variation (resp. with integrable semivariation relative (R, E)), if,
for every real-valued, bounded, measurable process ¢ we have E([ ¢psdZs) =
E(fpgbsts). where P is the predictable projection of ¢ and the integrals
are Lebesgue-Stieltjes integrals. We denote Z = XP.

b) Assume X has locally integrable variation |X| (resp. c¢o ¢ E and X
has locally integrable semivariation XRE). A right continuous predictable
process Z : Ry x Q — E with locally integrable variation |Z| (resp. with
locally integrable semivariation ZR g) is called the predictable dual projection
of X , if there is an increasing sequence (T,,) of stopping times with T, 1 oo,
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such that for each n, X™ and Z™ have integrable variation (resp. integrable
semivariation relative (R, E)) and Z™ is the predictable dual projection of
XTn. We denote Z = XP.

A similar definition is stated for the optional dual projection.
The existence of the dual projection is stated by the following theorem.
For the proof see [D], Theorems 22.8 and 22.13.

Theorem 13. Assume that E has the Radon—Nikodym Property and that
X has integrable (resp. locally integrable) variation |X|. Then X has a
predictable dual projection with integrable (resp. locally integrable) variation.

3 Existence of summable processes that are
not semimartingales

In this paragraph we construct an example of a predictable process with
integrable semivariation and infinite variation (Theorem 14), and prove that
such a process is not a semimartingale (Theorem 17)

Theorem 14. Let E be an infinite dimensional Banach space. There are
FE-valued predictable processes with finite, integrable semivariation relative to
(R, E) having infinite variation.

Proof. Using the Dvoretzky-Rogers theorem, we can find a sequence
(1) 1<n<co Of elements of E, such that the series Y | z, is uncondition-
ally convergent but not absolutely convergent.

Denote sg = 0, 81 = x1,---,8, = Zi?mi,---.Then Ty = Sp — Sp—1,
limy, o0 S = ooq i and > 7 |s, — 1| = 00.

Consider the function g : Ry — E defined by ¢(0) = > 2, z, and

9(t) = D 1cncso 1[#17%)@)3”, for t > 0. We define the deterministic process
X Ry xQ = E by X = glg, e, Xy(w) = g(t) for t > 0 and w € Q.
We shall prove that X is a right continuous predictable process with finite,
integrable semivariation XR, g and with infinite variation.

The proof is divided into several steps.

a) From the definition of g we deduce that g is right continuous; therefore
X is right continuous.



b) ¢ has infinite variation on R, ; hence X has infinite variation on Rj.
In fact, we have g(t) = s, if —5 <t < . We have then for each &,

k

k k
> 1) = o) = D st = sal = D el
n=1 n=1

n=1

It follows that var(g, Ry) > sup, S.°_, 9(3) — 9(:57)| = sup, S|
= et |Ta] = 0.

c) ¢g has bounded semivariation § = gr g on Ry; In fact, let z* € E*.
The jumps of z*g are at 0, equal to *g(0) and at %, equal to z*s,,_1 — z*s,.
Therefore
var(w*g, Ry) = [2°9(0)| + 5252, [0%5n 1 — 2°5n

< D |7 (@) [ 22000 27 (snm1—sa)| = 23202 |27 ()| < o0
Then, by Proposition 5b) we have svarg g(g,R;) < co; hence the semivari-
ation § is bounded. From X;(w) = §(t) we deduce that X has bounded
semivariation X.
d) X has integrable semivariation X = XR, g. In fact,
E(Xw) = [ XoodP = [ svarg g(X,R})dP = svarg p(g,Ry) < .
e) X is adapted since it is deterministic.

f) X is predictable since the sets {0} x Q and [=7, £) x Q are predictable.
U

Proposition 15. Let X : Ry X Q — E be a process with finite variation.
If X has locally integrable semivariation Xg g, then X has locally integrable
variation.

Proof. Assume X has locally integrable semivariation X relative to (R, E).
Then there is an increasing sequence S, of stopping times with S5, 1 oo
such that E(Xg,) < oo for each n. For each n define the stopping times
T, by T,, = S, A inf{t| | X|; > n}. It follows that | X |7, < n. Since X has
finite variation, by Proposition 6 we have A|Xr, | = |AXy,| < X7, From
A|X|Tn = |X|Tn_|X|Tn— we deduce that |X|Tn = |X|Tn—+A|XTn| S n—I—XTn,
Therefore E(|X|z,) < n + E(Xz,) < oo; hence X has locally integrable
variation. O

Proposition 16. Let E be a Banach space with the Radon-Nikodym prop-
erty and with co ¢ E ( for example, E can be a reflexive space). Let
X Ry xQ — E C L(F,G) be a right continuous, predictable process with
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finite semivariation XRE.
If X is a semimartingale, then X has locally integrable variation, outside an
evanescent set.

Proof. We remark that since X is predictable and has finite semivariation
X’R, g, by Theorem 11, X has locally integrable semivariation. XR, E-

a) We assume first that X has integrable semivariation XR, g and that X
is a semimartingale of the form X = M + A where M is a right continuous,
uniformly integrable martingale with integrable semivariation MR, g and A is
a right continuous process with integrable variation |A|.

Let z € E*. Then (X, z) = (M, z) + (A, z). The processes (X, z), (M, z),
(A, z) are adapted, right continuous and have integrable variation; (X z)
is predictable, and (M, z) is a uniformly integrable martingale. Consider
the o-additive stochastic measures with finite variation jux ., th(ar,2), fhea,z) -
M — R, defined for any real-valued, bounded, measurable process ¢ by
[ bduixey = E(f¢d(X,2)), [ddppesy = E(f¢d(M,2)), [ddpaz =
E([ ¢d(A,z)). (see [D — M], vi.64). Then pix.) = fm.z) —I— JA(A,z)- Slnce
(M, z) is a uniformly integrable martingale with integrable variation, we have
pzy (B) = 0, for B € P. It follows that p(x .y = fi(a,.) on P. Let ¢ be a real-
valued, bounded, predictable process and let P¢ be its predictable projection.
Then [P¢duix.y = E([Poduay), ie. E(fPod(X, z) z = E( fpgbd (A, 2)).
Since (X,z) is predictable, we have E([?P¢d(X,z)) = E([¢d(X, z ))-
It follows that E([¢d(X,z)) = E([P¢d(A,z)), or (E([¢dX),z) =

E([P¢dA), z), where the integral are Stieltjes integral Wlth respect to func—
tions with finite semivariation.

Since z € E* was arbitrary, we deduce that E([ ¢dX) = E([?¢dA). It
follows that X is the predictable dual projection with integrable semivariation
XR g of the process A with integrable semivariation AR 5.

Since E has the Radon Nikodym Property and A has integrable variation,
by Theorem 13, A has a predictable dual projection Y with integrable varia-
tion, satisfying, E( [ ¢dY) = E([?¢dA), where the integrals are Stieltjes in-
tegrals with respect to functions with finite variation, which are also Stieltjes
integrals with respect to the same functions, considered with finite semivari-
ation relative to (R, E). It follows that E( [ ¢dX) = E([ ¢dY). If T is any
stopping time , we take ¢ = 17 ) and we obtain F(Xo —X7) = E(Yoo—Y7).
Since both X and Y are predictable processes with integrable semivariation
relative to (R, E), by Theorem 10, X and Y are indistinguishable. It follows
that X has integrable variation except on an evanescent set.



b) Assume now that X is right continuous, predictable, with finite semi-
variation XR g and that X = M + A where M is a right continuous, local
martingale and A is a right continuous process with finite variation.

From M = X — A we deduce that M has finite semivariation MR, E. Since
co ¢ E, by Theorem 11, the martingale M has locally integrable semivaria-
tion ]\NJR, g- Then, from A = X — M, it follows that A has locally integrable
semivariation flR,E; therefore by Proposition 15, A has locally integrable
variation.

Let T}, be an increasing sequence of stopping times with 7;, 1 co such that
for each n, X and M have integrable semivariation relative to (R, E'), M1
is a uniformly integrable martingale and A" has integrable variation. For
each n we have X' = MT» 4 AT» By the first part of the proof, for each n,
X" has locally integrable variation, except on an evanescent set of the form
R, x N,, with P(N,,) = 0. The union N = U, N,, is P-negligible, and outside
the evanescent set R x N, each process X' has integrable variation. It
follows that X has locally integrable variation outside R, x N. O

Combining Theorem 14 and 16 we deduce the following corollary:

Theorem 17. Let E be an infinite dimensional Banach space with co ¢ E
and having Radon-Nikodym Property. Then there are E-valued summable
processes which are not semimartingales.

Proof. By Theorem 14 there is an E—valued, right continuous, predictable
process X with finite, integrable semivariation relative to (R, E) and with
infinite variation. By Theorem 9, X is summable relative to (R, F). If X is
a semimartingale, then by Theorem 16, X has locally integrable variation;
hence finite variation outside an evanescent set. It follows that X is not a
semimartingale. O
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