MARTINGALE INTEGRALS

BY
P. WARWICK MILLAR(")

1. Introduction. Let (Q, F, P) be a probability space, and let {F(¢),t€ T},
where T is some (possibly infinite) interval on the real line, be an increasing family
of sub-sigma-fields of F. Let X={X(¢), F(¢),te€ T} be a martingale, and v
={v(t), te T} a stochastic process where v(t) is measurable F(t) for each ¢.
Stochastic integrals of the form [, v(t) dX(t), A<T, have long been studied under
various hypotheses on v and X. Early studies considered such integrals in the case
where X was Brownian motion, while a general theory of such integrals was begun
by Doob in [4]. More recent contributions to the theory may be found, for example,
in Meyer [6] and in Courrége [3]. Common to these, and to other published
works on the topic, is the hypothesis that the martingale X be square integrable.
In the present paper, we remove the hypothesis of square integrability and develop
a theory of stochastic integrals where the martingale may be only L, integrable,
1<p<oo. An independent study of stochastic integrals for nonsquare integrable
martingales has been made by P. A. Meyer [8] using other methods.

The approach presented here depends on the concept of a martingale transform,
discussed by Burkholder [2], and defined as follows. Let {F,,n=0, 1,...} be.an
increasing family of sub-sigma-fields of F, f={f,, F,,n=1,2,...} a martingale,
and v={v,, n=1, 2, ...} a stochastic process (called a multiplier sequence) with v,
measurable F,_,. Let d\=f,, do=fo—f1,.... Then g={g,, n=1,2,...} is the
transform of f under », provided that g,=> v.d,. Suppose now we are given a
continuous parameter martingale X={X(¢),0<t<o}, and v={v(¢),0<t<0} a
step function defined by

(t, w) =0, t < ay,
t= U(j, w)s a; £t <@,
= 0, a, =1,

where a, < - - - <a,, and v(j) is measurable with respect to F(a,). Then the stochastic
integral [ v(t) dX(¢) may be defined in this case to be

z v(N[X(a;+1)— X (a))).
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This expression, of course, closely resembles the martingale transform just defined.
The basic idea of the present paper, then, is to regard the stochastic integral as,
more or less, a species of martingale transform. This point of view makes available
for us the martingale transform theory developed in [2].

In §2 we establish the existence of [ v(t) dX(¢) as a limit in L, norm, 1<p <o,
whenever the martingale X satisfies sup,.r E|X(?)|? <oo, and v satisfies certain
other hypotheses. In §3, an analogous result is established for L, martingales, the
integral this time being a limit in probability, and, in general, not necessarily an
element of L,. Extension of this theory to interval parameter sets other than [0, co)
is routine.

§4 discusses the processes Y={Y(t),0<r<oo} where Y(r)=[; v(s) dX(s).
Under certain hypotheses on v, it is shown that if 1 <p <o and if the martingale X
satisfies E|X(¢)|?<oo for each ¢, then the process Y is also a martingale with
E| Y(t)|? < . It is worth pointing out that, although results of this nature have been
known for p=2, they have not been established even for p>2. In case X is an L,
martingale, the Y process satisfies an upcrossing inequality, and, in fact,
lim,, Y(¢) exists a.s. and is finite. In §5 the results of §§2, 3, and 4 are extended to
include stochastic integrals defined by more general step functions than the ones
previously introduced, and a much wider class of processes that may serve as
integrands is thereby found. If 1 <p <o, and X is an L, martingale, a norm on the
step functions is found with the property that the step functions converge in the
sense of this norm if and only if the corresponding stochastic integrals converge in
L, norm.

§6 considers martingales X={X(¢), ¢ € [a, b]} which have continuous paths.
Let (w,), where mp={tmc : @<Itm <--- <tm<b} be a sequence of partitions of
[a, b] with lim,, ., ,, max, [t, ;.,—tn ;]=0, and define S,(X), the quadratic variation
of X corresponding to =, by

SAX) = [X(tm)P + [X(tma) — X (@m) P+ - - - + [ X (tmg) — X (I, DI

Then, if 1<p<oo, we show lim,., S.(X)=S(X) in L, norm, if X is an L,
martingale, and as a limit in probability if p=1. This generalizes part of a result
known to be true if X is Brownian motion. In fact, it is even true that there exist
positive constants M, and N,, depending on p only, such that if 1 <p <co, then

M,ES(X)* < EX(b)® < N,ES(X)".

A result of Fisk [5] to the effect that, if X has almost all paths continuous and of
bounded variation, then P{X(¢)= X(0), t € [a, b]} =1, follows from this inequality.
§7 develops a theory of quadratic variation for martingales having a.s. right
continuous paths. This theory is applied in §8 to give a martingale integral which in
some ways improves that of §2, 3, and 5.

Throughout this paper a stochastic process X={X(t), z € T} will be called L,
bounded if sup, E|X()|* <co. If X(¢) is measurable F(t) for each ¢, the process X
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is said to be adapted to the F(¢) family. It will be assumed that T, the parameter
set for the martingales discussed below, is the interval [0, o), unless specified
otherwise.

2. Stochastic integrals for L,, 1<p<o. We define an extended t—w step
function v={v(z), t € [0, o)} as follows. If 0 < gy <a, < - - -, (Where a, may approach
), then

o(t) = v(j) fora; £t <a;y,

where v(j) is measurable F(a;). The integral of the step function v with respect to
the martingale X={X(¢), F(¢),0<t<oo} is

1) > (DX (a41)— X(ay)]

which will be denoted by [ v(t) dX(¢). If X is L, bounded, and super |v(2)| <o,
then the expression (1) is well defined almost surely by Theorem 1 of Burkholder
[2]. If X is L, bounded for some p, 1 <p <o, and if v is uniformly bounded, then it
is well defined as both an a.s. and L, limit by [2, Theorem 9].

If z={z(¢), t € T} is a real, separable process, we define the e—s norm of z by

|z]le-s = EX® sup |2(t, w)|*.

An important special case is z(f, w)=2z(t), where the e—s norm reduces to the
supremum norm.

The space of bounded, extended ¢ — w step functions is a vector space. We shall
be interested in the completion of this vector space under the e—s norm. In this
vein, we state without proof the following simple proposition.

PRrOPOSITION 2.1. If v={uv(t), t € [a, b]} is a uniformly bounded stochastic process
adapted to the F(t) family and having a.s. continuous paths, then v is in the e—s
completion of the t— w step functions.

All theorems in §§2 through 4 will be proved for processes v in the e—s com-
pletion of the space of ¢ — w step functions. In §5, more general step functions will be
introduced with the purpbse of extending the class of processes v which can serve
as integrands in the stochastic integrals.

LEMMA 2.2. Let X={X(), F(t),te€T} be an L, bounded martingale. Let
v, ={v,(t), t € T} be a sequence of t — w step functions converging in e—s norm. Then
the sequence of integrals [ v,(t) dX(t) converges in L, norm.

Proof. Let the step functions v, have the representation
l),,(t) = vn(j) for Qny § t < An,1+1s

and let 6, be the integral of v, with respect to X. Then
E[6n—0,F = E[2, {0a())— va(DHX(@+1)— X(a}]*
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where the partitions of the line corresponding to v, and to v, have been inter-
meshed and relabeled. This is equal to

E[2, ()~ on(}HX (@)~ X @))’]
< E[sup |0.() - oa(DI* 2, (X (@)~ X (a))¥’]

< EYPsup |0,(j) — oD EYP[D {X(ay. 1) X (@]
é 1\,4"01'._vm"g—sEulz)l"Y(w)l4

where the last inequality follows from Burkholder’s Theorem 9 [2], with p equal to
4, and where X (o) is equal to lim,_ , X(¢).

REMARK. While Lemma 2.2 may appear weaker in certain respects than the
known results for L, martingales, it nevertheless has the virtue that the properties
of the step functions v, are formulated independently of the martingale. This will
be important for the following theorems.

If, in Lemma 2.2, v, — v in e—s norm, we will denote the limit of the sequence of
integrals [ v,(t) dX(t) by [ v(t) dX(¢). This random variable, as a limit in L, norm,
is defined uniquely (except for an w-set of probability zero) and is independent of
the sequence of v, chosen, since two sequences converging to v in e—s norm can be
combined to form a single sequence which converges to v, with the corresponding
sequence of step function integrals converging in L, norm. This lemma thus allows
the definition of stochastic integral to be extended to all processes v of finite e—s
norm, which are limits in e—s norm of ¢—w step functions. By Proposition 2.1,
the uniformly bounded, adapted, a.s. continuous processes belong to this class
whenever the martingale is restricted to a compact interval.

THEOREM 2.3. Let 1<p<oco. Let X={X(t), F(t),teT} be an L, bounded
martingale, and let v={v(t), t € T} be in the e—s closure of the t—w step functions
with |u(t, w)| = 1. Then [ v(t) dX (t) exists in the sense of an L, limit. More precisely,
if v, is any sequence of t—w step functions converging to v in e—s norm, then the
integrals | v,(t) dX(t) converge in L, norm to a (unique) limit, denoted by [ v(t)dX (t).

REMARK. The condition |v(¢, w)| <1 can be weakened, as Theorem 2.4 shows;
the price paid for this is that convergence of [ v,(t) dX(¢) takes place in a weaker
sense.

Proof. We recall the following fact, due to Burkholder [2, proof of Theorem 9]:

there is a constant N, depending on p only, 1 <p <o, such that if f=(f,, f,...) isa
martingale, and v= (v, v, . ..) is any multiplier sequence with sup, |v,| 1, then

@ E|g.|” = NE|f]

where g=(gy, g3, - - .) is the transform of f under v.
Assume first that 1 <p < 2. Since X is L, bounded for some p, 1 <p <, it follows
that X has a last element X(c©), and in fact, X(¢t)=E{X(c0)|F(?)}. For each
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integer n, let I, be the indicator of the interval [—n, n], and set X™(c0)= X(c0)I,
o X(c0), where “-” denotes composition of functions. Define, for each n, a uni-
formly bounded martingale X*={X"(t), te T} by X"(¢)=E{X"(0)|F(t)}. Let v,
be a sequence of step functions, |v.(t, w)| =1, converging to v in e—s norm; let
{tm}, such that 0=1¢,; <t.,< - -, be the partition of [0, o) corresponding to v,,.
Let 0% be the integral of v,, with respect to X™*:

3 05 = 2 Ontmi)[ X" (tm e+ 1) — X"(tme))-

k

Since X™ is uniformly bounded, it follows from Lemma 2.2 that
©)) lim 6% = f u(t) dX(t) = 6"

in L, norm, for each n. Here we have used the fact that the e—s norm convergence
of the v, does not depend on the particular martingale being transformed.Moreover,
since 1 <p <2, the convergence takes place in L, norm as well. However,

(52) lim 6 = 2 onltm) X (1) = X ()]

exists in the sense of L, convergence, and in fact, the convergence is uniform in m.
For

E|6h— 0417 = E| 3 onltm[X (i +1) = X' (tmi)] = 2, 0mltmi) (X (bt 1) = X))

= E| 2, on(tm[E{X}(20) = X/(0)} F(tmc+1))
— E({X(c0) — X (@)} F(tme))] |-
The expression under the summation sign is just the transform, under v,(?y), of
the martingale Y={Y,, k=1, 2,...}, where
Y, = E{[X'(0)— X"(c0)]|F (tms)}-
Hence, by (2),
E|6L,—6%|° = N,E|Y(0)|?
(5b) < N,E|X'(c0)— X?(c0)|?

IIA

N, | X (0)|7, (assuming I > j)
(UX()|>$)

which is independent of m, and approaches zero as j and / increase, since X (o) is
L, integrable.

It follows that, if v, is a sequence of t—w step functions bounded by 1 and
converging in e—s norm, then the sequence of corresponding integrals with respect
to X converges in L, norm. For if 0, is the integral of v, with respect to X, we
have

Her" 0,“,, = "01" 0?“9'*' "02—0:"1»"' “0:—08"9
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where || f]l,=[E|f|?)*/®. Pick n so large that the first and third terms on the right
are each less than ¢/3. This can be done since (5a), (5b) imply that lim,_,, [p]0F =6,
occurs uniformly in r. With n so chosen, pick r, s so large that the second term is
less than &/3, justifying this choice with the argument following equation (4). This
establishes the theorem for the case 1 <p=2.

Suppose next that X is an L, bounded martingale, 2 <p <oo. If, for each n, X"
is defined as before, and if 67 is defined by (4), then X™ is a uniformly bounded
martingale, and lim,,_. , 0% = 6" exists as an L, limit, and thus as a limit in probabil-
ity. If p’ > p, then it follows from (2) that E|6p|” < N, E| X"(c0)|”’, whence for each
n, the sequence |0%|” is uniformly integrable. Hence, for each n, lim,_ . 05=0"
occurs in the sense of convergence in L, norm. We now have statement (4) for
2<p<oo; the rest of the proof now proceeds as in the case 1<p=2 already
discussed.

Next we will examine conditions under which the stochastic integral with respect
to an L, martingale, 1 <p <o, may be asserted to exist as a limit in L, norm, when
the condition |v(¢)] <1 is not assumed. To do this we will need the following
lemma.

LEMMA 2.4. Let 1<p<oo, and let f=(f, /3, ...) be an L, bounded martingale.
Let v=(vy, vs, .. .) be a multiplier sequence satisfying

E(*)7*4 < oo,

where v* =sup, |v,|, (1/p)+(1/q)=1, and 8 is some positive number. If g=(g,, 8, . - .)
is the transform of f under v, then there exist constants p’, r, R, depending on p and &
only, with p’ > 1, such that

© lgals = l&allsr = RIo*[Gsollfulo-

Proof. Let p’ =[p?(1 + 8)— &p)/[ p%+ 8p— 8]. It is easily checked that if p> 1, then
p'>1; and that we can assume & so small that p’ <p. By Theorem 9 of Burkholder
2]

E|ga|” = N ES.(8)" £ NyE[W*)”S\(f)"]
é Np,[E(v*)ﬂ'q"](1Ic")[ES“(.f)P'ﬂ"](llﬂ”)
where (1/p")+(1/g")=1. Set p"=p[p’, so that ¢"=p"/(p"—1)=p/(p—p’), which
implies that p'q"=p'p/(p—p")=p/(p—1)+ 8. This yields
E| gnln' < N’,[E(v*)uo](p-—p')lp[ ES,,(f)"]”""
S [(Np [ MPPNE@*) P> P[E| £l T,
which implies the result.
The lemma obviously implies that the transform of an L, (1 <p <) bounded

martingale under a multiplier sequence satisfying the given condition is uniformly
integrable.
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THEOREM 2.5. Let 1<p<oo. Let X={X(t),t€T} be an L, bounded martin-
gale, and let v be a process in the closure of the step functions under the norm
E®129 gup, |o(t, w)|29, where (1/p)+(1/g)=1. Then [ v(t) dX(t) exists as an L,
limit.

Proof. The proof follows the method of Theorems 2.2 and 2.3, and will therefore
only be sketched. First, with notation as in Theorem 2.2, one proves that

E[0n— 6, < NppEM'? sup [va(j) — vn(J)|*EVP| X (20)|7,
i

which establishes the result for L,, bounded martingales (and, in particular, uni-
formly bounded ones). One then replaces statement (2) of the proof of Theorem 2.3
by statement (6) of Theorem 2.4, with 8=g¢, and proceeds as before.

ReMARK. For a different method of extending the class of v which can be
integrated, the reader is referred to §5, and to §8.

ReMARK. The integral developed in this section (and also the integrals of §§3 and
5) will not necessarily be countably additive. For an integral that does better in this
respect, the reader is referred to §8.

3. Stochastic integrals for L,. In this section we consider under what conditions
and in what sense stochastic integrals may be developed for martingales X which
are L, bounded. Attempts to obtain them as L, limits will be frustrated by the fact
that Theorem 9 of [2] does not hold in the present situation. In fact, there exist
a martingale X and a uniformly bounded sequence of ¢ —w step functions v, which
converge to v in e—s norm, with the property that [ v(z) dX(¢) exists as a limit
(a.s.) but the limit is not integrable (see [2, p. 1495]). This is true even if X is assumed
uniformly integrable. Thus, for the general L, case, we must seek another type of
convergence instead of L, convergence. We develop here a theory of stochastic
integrals wherein the integral is defined as a limit in probability.

THEOREM 3.1. Let X={X(¢),t € T} be a martingale with a last element X (o0),
so that X(t)=E[X()|F(t)). Let v, be a sequence of step functions converging to
v in e —s norm, and satisfying |v,(t, w)| £ 1. Then the sequence [ v,(t) dX(t) converges
in probability to a (unique) limit denoted by [ v(t) dX(t).

ReMARK. Choose s satisfying 0 <s<oo. Let X be any martingale with param-
eter set [0, ), and let v, and v satisfy the hypotheses of Theorem 3.1. Then
{X(¢t), t € [0, 5)} is a martingale having a last element X (s~). If I(s) is the indicator
of [0, 5), then I(s)v,(2) is a step function which converges to I(s)v(¢) in e—s norm.
The proof of Theorem 3.1 implies that [ I(s)v,(z) dX(¢), which will be denoted by
{5 va(t) dX(t), converges in probability to  I(s)v(t) dX (¢). This establishes for each
s the existence of [ v(t) dX(¢). If 1 <p <oo, and if X is a martingale in L,, then by
Theorem 2.3 [j v(t) dX(t) exists as a limit in L, norm. Although, in general,
fo v(t) dX(¢) may not be integrable, nevertheless it is proved in §4 that if X is L,
bounded, then lim,_.» [ v(t) dX(¢) exists, and we denote this limit by [ v(£) dX(r).
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Proof. As in Theorem 2.3, define for each » the uniformly bounded martingale
Xr={X™t),teT} with X"(t)=E{X(c0), o X(0)|F(t)}=E{X"(0)|F(t)}, and
let 63 =3 vn(tm)[X*(tm k+1)— X*(tmi)]. Since X™ is uniformly bounded, it follows
from Lemma 2.2 that

1) lim 6 = f o(t) dX(t) = 6°

m-—s
exists as a limit in probability. Furthermore, for fixed m,

@ lim 6 = 2 0n(tw X (tm.e+ )= X (tm)] = 6

exists as a limit in probability, and the convergence is uniform in m. To see this, we
calculate

P{|0—04] > X} = P{| 3, onltm)[ X (tm1c4 1) = X (1]
= Oaltmd[ Xt )= X'(tm))| > A}
= P{|S onltm)[E{X*(c0) = X(0)| F(tmc+ )}
— E{X"(c0) — X'(0)| F(tmo}}| > A}
The expression under the summation sign is just the transform under vp(fp) of the
martingale Y={Y,, k=1, 2, 3,...}, where
Y. = E{X"(00)— X"(00)| F(tmi)}-
Hence, by [2, Theorem 6],
AP{|0,,— 65| > A} £ ME|Y(0)|
< ME|X'(0)— X’(0)|

=M | X (e0)| assuming / > j.
(X >}

For fixed A, the latter approaches zero as j, / increase, independently of m. There-
fore, if 6, is the integral of v, with respect to X, we have

P{|6,—6,] > X} S P{|6,— 0% > N3}+P{|62— 02| > N3}+P{62 =6, > A/3).

Pick n so large that the first and third terms are each less than ¢/3; this can be done
independently of r and s. After this is done, pick r and s so large that the remaining
term is less than /3. Since A is arbitrary, 6, is Cauchy in probability, completing the
proof.

If one imposes slightly stronger conditions on the martingale X, then one can
actually obtain the existence of [ v(t) dX(¢) as an L, limit. To see this, we prove the
following lemma.

LEMMA 3.2. Let f=(f1,f2 ...) be a martingale which is L log? L bounded;
(i.e. sup, E|fy|llog* |fa]]?<0) and let v=(v,, v3,...) be a multiplier sequence
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satisfying sup, |v.(w)| £1. If g=(g1, 82, - . .) is the transform of f under v, then the
sequence {g,} is uniformly integrable (and converges in L, norm).

Proof. Referring to [9, Theorem 4.32, Vol. II, p. 118], let x(x)=0 for u<1, and
x()=ulog u for u>1. Then

$w) = u fl " [dog 1)jt] dt = (1]2)u log? u.

Therefore, by the theorem just cited, if T is a quasi-linear operator,

[imriog* 1171 5 K [I710g* 171+

Using the method of proof of [2, Theorems 9 and 10], we have

[1gd 108 16al = K [1fullog* 71+,

which implies the lemma.

Actually slightly stronger results are possible. For example, if one takes x(x)=0
if use®, and x(u)=u log log u, if u> e°, then one can obtain an analogous result
assuming only that fis L log L log log L bounded.

THEOREM 3.3. Let X be an L log? L bounded martingale, and let v be in the e—s
closure of the step functions, satisfying |v(t)| < 1. Then [ v(t) dX(t) exists as an L,
limit.

Proof. If v, is a sequence of step functions converging to v in e—s norm, with
lva(t)| £ 1, then [ v,(t) dX(t) converges to | v(t) dX(¢) in probability, by Theorem
3.1. Since the sequence J"v,,(t) dX(t) is uniformly integrable, by Theorem 3.2, the
theorem is immediate.

We close this section by giving an alternate proof of Theorem 3.1 which may be
of some interest. Here we impose the additional hypotheses that X have right
continuous paths, and that the family {F(¢)} be right continuous. The proof rests
on the Krickeberg decomposition of martingales, and on the Meyer decomposition
of continuous parameter supermartingales [6]. Assuming that X is an L, bounded
martingale with right continuous paths, we prove [ v(t) dX(¢) exists as a limit in
probability. Since X is L, bounded, we can write X=X'— X", where X’, X" are
each nonnegative martingales (the Krickeberg decomposition). Therefore, in
proving the theorem, it suffices to consider only nonnegative martingales, since if
this case is proved we can obtain the general case by linearity. With these assump-
tions, define X™(¢) by X"(¢)=min [X(¢), n]. Then X"={X™(¢), ¢t € T} is a uniformly
bounded, right continuous supermartingale and, as such, has the decomposition

X(t) = M"(0)+ A1)

where M"() is an L, bounded martingale, and 4"(¢) is an L, bounded increasing
process (consult Meyer [7, Chapter VII]). Let v, be as in Theorem 3.1, and let
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6, B, of, denote respectively the integrals of v,, with respect to X, M", and 4".
Then 6% =8+« From Theorem 2.3, lim,., B%=p" in L, norm; and since
A™t) is L; bounded and increasing, lim,,_, . o, =c" in L, norm whenever v, — v
in e—s norm, |v,| < 1. Hence, 0 — 6" in L, norm. Also, by the definition of X™,
65, =0% on the set {sup, | X(t)| <j}, assuming k>j. Therefore, lim,_, 0%=0, in
probability, and, in fact, the convergence is uniform in m, since

P{|0,— 0] > &} < P{s?p | X(@)| > k} < sup E|X()|/k.
Also,
P{|0n,—0,| > e} < P{|0,— 05| > ¢/3}+P{|0n— 05| > &/3}+P{|05—0,] > ¢/3}.

One then chooses & so large that.the first and third terms are each arbitrarily small;
and, with k so chosen, one then finds m and n so large that the middle term is
arbitrarily small. Thus {6,,} is Cauchy in probability, which establishes the result.

4. Martingale transforms. The preceding sections establish, among other things,
the existence of [, v(s) dX(s) for every #, 0 <t < oo, under various hypotheses on X
and v. The process Y={Y(t), 0Sr<oo} with Y(¢)=[{ v(s) dX(s) will be called a
martingale transform; in case the martingale X is a discrete parameter martingale,
this definition coincides with that of [2]. In this section we examine some properties
of these processes.

THEOREM 4.1. Let 1<p<oo. Let X={X(t),0=t<o} be a martingale with
E|X(t)|? <oo for every t. Let v={uv(t), 0t < oo} be a process in the e—s closure of
the step functions, with |v(t, w)| £ 1. Then

(@) Y is a martingale in L,,

(b) E|Y(t)|P< M,E|X(t)|?, M, depending only on p,

(©) Yis L, bounded if X is.

Proof. (a) Let v,={v,(¢), 0=t <0} be a sequence of step functions bounded by
1 and converging to v in e—s norm. Then lim,_., Y*(s)= Y(s) in L, norm, where
Y™s)=[; va(t) dX(2). If A€ F(s), and s<s,, then [, Y(s) dP=[, Y(s,) dP. Let
n— o to obtain [, Y(s) dP=], Y(s,) dP, which implies Y is a martingale. The
bound in (b) is true if v is a step function, by [2, Theorem 9], and so is true for Y
by the L, convergence of Y*(¢t) to Y(¢). Finally, (c) follows from (b).

In case X is an L, martingale, the process Y.may not be integrable, as discussed
in the beginning of §3. However, we do have the following theorems, wherein we
assume throughout, as we may, that we are dealing with a separable modification
of the Y process.

THEOREM 4.2. Let X={X(¢), 0=t <} be a martingale, and v={v(t), 0 <t <0}
a process in the e—s completion of the step functions, satisfying |«(t, w)| £ 1. Then

AP{sup [Y(0)| > X s Msup E | X ()]

where M is independent of the martingale X and the process v.
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Proof. In view of the assumed separability of 7, it suffices, by well-known argu-
ments, to prove that for any finite sequence #; <t,< --- <ty, we have

(A) AP{lzlégN]Y(tkﬂ > )\} < Ms:xp E|X()|.

Let v,={v,(t), 0=t <00} be a sequence of step functions converging to v in e—s
norm, and let Y"(t)=j'§, v,(s) dX(s). Then, to prove (A) it suffices to prove

(B) "P{,i‘,‘,g,,“’"(’k” > )\} < MSttlp E|X()|

for each n, because sup; <isw | Y™(tx)| = supysksw | Y(#)| in probability, by virtue
of Theorem 3.3 and the fact that we are considering only a finite number (in fact,
N) Y(2,)’s. But (B) is true by [2, Theorem 6], and the theorem follows.

THEOREM 4.3. If X={X(t),0=t<oo} is an L, bounded martingale, and if v
satisfies the hypotheses of Theorem 4.2, then lim,_,, Y(t) exists and is finite a.s.

Proof. If the limit exists, then it is finite a.s. by Theorem 4.2. To show that the
limit exists, let U,, be the number of upcrossings of the interval [a, b] by the process
Y={Y(t), 0=t<oo}. It will then be sufficient, in the light of well-known arguments,
to prove

(A) AP{(b—a)Uy—a* > A} £ Msxtlp E|X(2)|.

To prove (A), let t;<t;<--- <ty be given, and define U,y (t,, ..., ty) to be the
number of upcrossings of [a, b] by Y(¢,), ..., Y(ty). We will first prove

(B) AP{(b—a)Uy(ty, ..., ty)—a* > A} MSltlp E|X(2)|.

To do this, consider step functions v, converging to v, and set Y*(¢) = f, va(s) dX(s).
Foreach k, k=1, 2,..., N, Y*(t,) = Y(t,) in probability. By a standard theorem
and an elementary argument, we can find a subsequence of the Y*(¢,), which we also
index by n, such that Y"(z,) > Y(#) a.s., for each k=1, 2, ..., N. Therefore, if
Ut . . ., ty) denotes the number of upcrossings of [a, b] by Y™(¢,),..., Y™(ty),
then UZy(ty, .. ., ty)(w) = Uy(ty, - - -, ty)(w) a.s. Hence, to prove (B), it suffices to
prove

© AP{(b—a)Uly(ty, ..., ty)—a* > A} < Mslxp E|X(1)|.

Since this is true by Burkholder’s Theorem 7 [2], (B) is also true. The inequality
(A) then follows from (B) upon taking the set {s,, s, ...} to be a separant for ¥,
since in this case Ug{s,, . . ., Sy} (w) = Uzp(w).

THEOREM 4.4. Let X={X(t),0<t<oo} be a sample continuous martingale, and
let v satisfy the hypotheses of Theorem 4.2. Then the process Y is also sample
continuous.
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Proof. It suffices to prove the theorem for ¢ restricted to [0, ], where 0 <b <0
is arbitrary. The theorem is true if v is a step function. It is also true if X is an L,
martingale, and v satisfies the hypotheses of Theorem 4.2. To see this, choose a
sequence of bounded step functions v,, converging to v in e—s norm, in such a
way that |o—uv,],-,<1/n% Define Y"(r) by Y™(t)={; v.(s) dX(s). The process
Y*={Y™t), t€[0,b]} has continuous paths and the process Y(t)— Y™(¢)
= ¢ [0(s)—v,(s)] dX(s) is a martingale. Therefore, by a standard martingale
theorem,

P{sup [Y()— Y™(t)| > l/n} < n?E|Y(b)— Y"(b)|?
1) *

< Mnn?|v—v,||2-EY?| X (b)|* £ constant/n?,

(

using the proof of Lemma 2.2. By Borel-Cantelli, we conclude | Y(¢)— Y™(t)| £ 1/n,
0 <t < b, for all sufficiently large n, with probability one. Therefore, with probability
one, Y™(t) converges uniformly to Y(t), proving the result for L, martingales,
since Y™*(¢) is continuous for each n. To treat the general case, let

T, = inf{t:|X@)| > n}

(or T, =b, if there is no such ¢). Let X"={X"(t), 0<t=<b} be a martingale, with
XY (t)=X(T,At), and set Y"(t)=jf, v(s) dX™(s). Since X™ has contimuous paths,
so does Y"={Y™(¢), 0<St<b}, by the result just proved. Moreover, on the w-set
{sup; | X(¢)| <n}, Y™(t)=Y(t), as can be seen by considering step functions and
passing to the limit. Therefore, if w € {sup, | X(¢)| <n} the trajectory Y(-, w) is
continuous (except in a null set). Since {sup, |X(t)| <n} increases to Q as n
approaches oo, the proof is complete. The part of the proof concerning L, mar-
tingales is modeled on a proof by Doob [4, p. 446], the change being the use of
Lemma 2.2 in (1).

5. Stochastic step functions. The completion of the space of #—w step functions
under the e —s norm provides a reasonably wide and useful class of integrands v for
the integrals | v(¢) dX(¢). However, it may sometimes be important to know that an
even wider class of integrands can be obtained. To effect this generalization we will
use the notion of a stochastic step function introduced by Courrége in [3].

We will make the following assumptions which will be assumed to hold through-
out this section. We assume that the probability space (Q, F, P) is complete with
respect to the measure P, that each of the sigma fields F(¢) contains all the null
sets, and that the martingales labeled X have right continuous paths. A non-
negative random variable = on Q is a stopping time relative to the family F(¢) if
{r <t} € F(¢) for each t. We will denote by F(r) the sigma field

{AeF:AN{r S t}eF(@1),0 =t < 0}

The above assumptions imply the fact (convenient below) that if Z={Z(t), 0 < t < oo}
is any process adapted to the F(t) family, and having a.s. right continuous paths
(in particular, if Z= X), then the random variable Z(r) is F(r) measurable.
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Let0<+,S7,5---, 7,1 00, be an increasing sequence of stopping times. Then
v={v(t), 0=t <o} is an extended stochastic step function if

o(t) = v(ry) on[ry, Tnyy), n=12..,

where v(,) is F(r,) measurable. The stochastic integral of v with respect to the
martingale X may then be defined to be

() > ()X (n41) = X (7))

If the martingale X has a last element X(c0), then E[X(c0) | F(7,)]= X(,), so that
in particular, sup, E|X(7,)| <oo. It follows from Burkholder’s Theorem 1 applied
to the martingale { X (), X(r5), . . .} that the expression (1) is well defined and finite
on the w-set {sup, |v(r,)| <o}. If 1 <p<oo, and if X is further assumed to be L,
bounded, then {X(r,), ...} is also an L, bounded martingale, so that (1) exists as a
limit in L, norm as well, whenever v is uniformly bounded. If each 7, is taken to be
identically constant, the stochastic step function reduces to the ordinary t—w
step function discussed in §§2 and 3.
Let v={v(r), 0 <t < oo} satisfy the following conditions:

(a) v is uniformly bounded,
(2) (b) for every stopping time 7, v(7) is F(r) measurable,
(c) v has right continuous paths with left limits.

THEOREM 5.1. If the process v satisfies the conditions (2), then v is in the e—s
completion of the (extended) stochastic step functions.

Proof. For v satisfying the given conditions, and for any ¢>0, there exists an
increasing sequence of stopping times r,, depending on &, such that r, — oo, and

3) sup |v(t)—uv(s)| <& as.

Siteltnstn+1)

For eachm, m=1, 2, . . ., consider the sequence of stopping times 0 <7 <3< ..,
r® — o0 as n -> o0, obtained from (3) by setting ¢ equal to 1/m. If the stochastic
step function v, is defined by v,(t) =v(+7) on [}, 77, 1), then sup, |v,(t)—v(t)| < 1/m
a.s., and so approaches zero as m —>co. Since {h, : hp=sup, [v,(t)—v(?)|} is
uniformly bounded, the dominated convergence theorem applies to show that
Eh% —0; i.e. v, —> v in e—s norm.

Next we indicate to what extent the theorems of §§2 through 4 continue to hold
when ¢ —  step functions are replaced by the more general stochastic step functions.
Few changes will be needed. Recall that if 1 <p<oo, and if X is an L, bounded
martingale, and if {r,} is an increasing sequence of stopping times, then
{X(7y), X(7v),...} is an L, bounded martingale satisfying X (7,)=E{X(c0) | F(r,)}
and sup, E|X(7,)|? < E|X(c0)|?. With this observation, the proofs of Theorems 2.3,
2.5, and 4.1 are easily seen to hold in the more general situation, there being only
notational adjustments required. If X has a last element, X(c0), then the martingale
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{X(7y), X(7g),...} is uniformly integrable, X(7,)=E{X ()| F(7,)}, and
sup, E|X(r,)| £E|X(0)|; therefore, we see that Theorem 3.1 also continues to
hold. To extend Theorem 4.2, note that, in the light of the preceding remarks, the
proof of Theorem 4.2 establishes for each b, 0 < b <0, the inequality

< <
AP{os;:gb |Y(@)] > )\} < ME|X(b)| £ M sup E|X(@)|-

The right-hand side is independent of b, and {sup,s;s, | Y(#)| > A} increases as b
increases. Hence, letting b — oo, one obtains the desired result. A similar argument
establishes Theorem 4.3 in the general case.

Since the argument of Theorem 4.4 holds in the general case, it remains only to
verify that Theorem 3.3 holds. If the martingale X satisfies

sup E|X(1)|llog* |X(1)|P?,

then the nonnegative submartingale
Y(t) = |X(1)] log* | X(2)| log log* | X ()]

is uniformly integrable. Therefore, from Doob’s optional sampling theorem, it
follows that if  is a stopping time (finite or infinite), then EY (7)< EY(c0). Apply-
ing the remark after Lemma 3.2, the extended theorem is obtained.

Thus we conclude that the theorems of §§2 through 4 can be extended virtually
without change to the case where 1—w step functions are replaced by extended
stochastic step functions.

The condition (2a) can be weakened considerably. Let v satisfy (2b), (2c), and
let 0<c. Define v, by v.(t, w)=0(t, w) if |0(, w)|<c, and v,(t, w)=c otherwise.
Then v, satisfies all of the assumptions (2), and so the integral [ v.(¢) dX(¢) exists.
Letting ¢ — oo, one sees that, on the set {sup, |v(t, w)| <o}, [ v(t) dX(¢) exists and
is finite. If Q ={sup, |v(t, w)| <oo}, then it is seen that, in fact, [ v(t) dX(t) exists as a
limit in probability of a sequence of step function integrals.

The equivalent norm property. We conclude this section by constructing a norm n,,
on the (stochastic) step functions with the property that a sequence of step functions
converges in the norm n}, if and only if the corresponding step function integrals
converge in L, norm. Here we assume 1 <p <c0.

Let v={uv(t), t € T} be a stochastic step function with sup, |v(¢)| <co. There may
be many increasing sequences of stopping times {r,} such that v can be represented
in the form

U(t, w) = U(T,., “’) on [Tm Tas+ 1)‘

(For example, consider any refinement of an existing sequence of stopping times.)
We define a norm of v with respect to the L, bounded martingale X by

“) ny(v) = sup { EIZ () [X (a s 1) — X()I? |p/z } 1p
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where here the supremum is taken over all increasing sequences of stopping times
with respect to which » has a representation. A manipulation of Burkholder’s
Theorem 9 yields the following relationship whenever v is a bounded stochastic
step function:

MLE| D o(r [ X (7041) — X ()P

(5) < E “.v(t) dX(t) i < N,,EIZ U(Tn)le(Tn+l)_X(fn)]zlpm-

_ The middle term does not depend on the particular representation chosen for v.
Hence, (4) yields

© M) = | [o0) X)) = Nrs0o)

The inequality (6) implies that the mapping v — [ v(t) dX(¢) from the vector space
of bounded step functions into a subset of L, satisfies an equivalent norm property:
that is, convergence in the space of step functions occurs if and only if there is
convergence of the corresponding stochastic integrals in L, norm. In case p=2,
the mapping v — [ o(t) dX(t) is actually an isometry. It follows from (6) and
Theorem 2.3 that all bounded processes in the e—s completion of the space of step
functions belong to the completion of the step functions under the norm n,. The
n, completion of the step functions will, by virtue of (6), yield the largest possible
class of integrands for which the stochastic integral will exist as an L, limit (pro-
vided, of course, the integral is originally defined in the way we have adopted).
Since the inequality of [2, Theorem 9], is known to fail for L, martingales, a
somewhat different theory must be developed for this case (see §8).

In the form given here, the norm n, is difficult to use and it is not readily apparent
what processes belong to the completion of the step functions under this norm.
In §8, a more satisfying formulation is given for martingales X which are right
continuous. The reformulation depends on the theory of quadratic variation
developed in the next two sections.

6. Quadratic variation.© Let X={X(¢), F(?), t € [a, b]} be a martingale, and
m={m,, m=1,2,...} a sequence of partitions of [a, b] satisfying:

(A) for each m, m,, is given by A<ty <tme<:-: <tm, =b,

(B) m,?x [tm,k+1 - tmk] —-0 asm—oo.

Define S,(X), the quadratic variation of X corresponding to w,, by
©) [S(X)F = [X(tn)P+[X(tn2) = X(tm) P+ - - + [X (tmi) = X (k- )T

In this section, we first study the behavior of S,(X) as m — oo, when X is an a.s.
sample continuous martingale. After this, we develop a theory of quadratic
variation for arbitrary right continuous martingales.
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Certain cases have already been studied. For example, if it is further supposed
that =, , , is a refinement of =, (which we do not assume in this section), and if we
suppose X to be Brownian motion on [a, 5], then lim,_, S,(X) exists in the
sense of a.s. convergence. If f=(f, f5, ...) is a (discrete) martingale, and SZ(f)
=f2+(f2=f1)?+ - +(fn—fn-1)? then lim,_., S,(f) exists in the sense of a.s.
convergence if fis L; bounded (Austin [1]), and in the sense of L, convergence if f
is L, bounded, 1 <p <o (Burkholder [2]).

LEMMA 6.1. Let X={X(2), t € [a, b]} be a uniformly bounded martingale with a.s.
continuous paths. Let {m,} be a sequence of partitions satisfying (A) and (B). Then,

li_{n Z X[ X(tmic+1) — X (tmic)]

exists as an L, limit, 1 <p <co. The limit is denoted by | X(t) dX(t).

Proof. Let X™(t) denote the step function corresponding to the partition
Tt X™(t)=X(tni) ON [tmis tmic+1)- FOr each w (except for a set of probability
zero) X(¢, w) is a continuous function of ¢, and, since the interval is compact,
uniformly continuous. Therefore, sup, | X™(#)— X™(¢)| — 0 as m, n — oo, for the
particular « chosen. Hence, sup, | X"(t)— X™(¢)] =0 a.s., and since this is uni-
formly bounded, Esup, |X"(¢)—X™(t)|* —0, by the dominated convergence
theorem. Thus, X™(¢) is Cauchy in e—s norm, so the integral [ X(r) dX(¢) exists
as an L, limit, 1 <p <oo, by Theorem 2.3.

THEOREM 6.2. Let X={X(t), t € [a, b]} be a martingale with a.s. continuous
paths. Then

(@) If 1<p<oo and if E|X(b)|* <, then S,(X)— S(X) in L, norm.

(b) If E| X (b)| <0, then S,(X)— S(X) in probability.

(©) If 1<p<oo, there are positive constants M, and N,, depending on p only,
such that

M,ES(Xy < E|X(®)|” S N,ES(X)".

Proof. We remark first that if (a) is true, then (c) is immediate, since the in-
equality of (c) holds for discrete martingales, by [2, Theorem 9], and so holds in
the limit by the convergence in L, of S,(X) to S(X).

We can and will assume for the remainder of the proof that for each partition =,
we have t,,; =a, tn, =b, since the general case follows readily from this one. Define
the stopping time T, by T,,=inf {t : a<t<b, | X(¢)| >n}; T,=b, if this set is empty.
Define the uniformly bounded martingale X"={X"(t),t€[a, b]} by X™(¢)
=X({AT,). By a short calculation (see the remark attributed to Doob in [2,
p. 1497]), one obtains

S2X™) = [X"BO)P -2 D X tm)[ X "(tmic+1) — X" (tmi)]-
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As m — oo, the summation on the right converges in L, norm, by Lemma 6.1.
Therefore, lim,,., S,(X")=S(X") in L, norm. By the definition of T,

Su(X™) = S(X*) = Sa(X)

on the set {T,=oo}={sup, | X(¢)| £k}, assuming k <n. Hence, S,(X™) converges
to S,(X) in probability, uniformly in m, since

PUSKO0=S4X0)] > 8 5 Plsup [X()| >J) s [1X®))
Writing
P{Sa(X) = Sa(X)| > &} £ P{|Sn(X)—Sn(X7)| > ¢/3}+P{|Sa(X’) = Su(X’)| > ¢/3}
+P{[Su(X)) = Sa(X)| > ¢/3},
one now sees that S,(X) converges in probability to a random variable S(X),
proving (b).
To prove the statement (a) concerning L, convergence, 1 <p < oo, it will suffice
to prove that
E|Sp(X™)—Sa(X)|P >0 asn—o0
uniformly in m, since we have already shown that lim,_ o S,(X")=S(X") in L,
norm. We have
E[Sa(X™) = Sn(X)|P £ E|SH(X™) — Sa(X)|*2.
Let A;=X"(ty ;+1)— X"(tn;) and B;=X(tn ;+1)— X(tn;). Then, continuing as
before,
E|Sn(X™) - Su(X)|” < E|, (43— BY[™*
< KE| 2 AlAu-B)["
+K,E|D, Bi(A,— B[

where X, is a positive constant depending on p only. The first term on the right
does not exceed

KoE 3, |4l | 4= Bil™® < KE|[2, 43 [2 (4= B[
< KpE[z Aﬁ]m[z (Ak"Bk):!]pM
< KpEllz[z Aﬁ]me”a[z (Alc"Bk)z] P/2
< K,EV2S,(X")PEV2S, (X*— X)P
s (K, MR)EY 2| X(B)|PE2| X™(b)— X ()|,
using [2, Theorem 9]. Since the last expression approaches zero, uniformly in m,

and since a similar result holds for the second term on the right, the proof is
complete.

THEOREM 6.3. Let X={X(t), t € [a, b]} be a martingale with almost all paths
continuous and of bounded variation. Then P{X(0)= X(2), t € [a, b]}=1.
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This theorem has been obtained by D. Fisk [5], using a different proof.

Proof. We may assume that X (0)=0, for, if not, we just consider the martingale
X(#)— X(0). We prove the theorem first for the case in which X is a square integrable
martingale.

We suppose that if A={w : X(#)#0, t € [a, b]}, then P(A)>0, and derive a
contradiction. Since, for each w, X(¢, w) is a continuous function of ¢, it follows
that if w e A, then [ | X(¢, w)| dt>0; so that [, o |X (¢, w)| dt dP>0. Applying
Fubini, we have 0< [ [, | X(¢, w)| dP dt, implying that for at least one z=t,,
f A | X(to, w)| dP>0. Hence E|X(t,, w)|>0, and since X is a submartingale,
O0<E|X(t,)|SE|X(b)|. By Theorem 6.2(c), 0<E|X(b)|?<N,ES(X)?, which
implies that S(X) is strictly positive on a set of positive probability. If =, is a
sequence of partitions satisfying (A) and (B) of this section, then S,(X)— S(X)
in L, norm, so that there is a subsequence of this sequence of partitions (which we
label as before) such that S2(X) — S%(X) a.s. Hence, for all sufficiently large m,

DAL (CATVED (%) - BV
on a set of positive probability. Therefore,

8/[m’?x IX(tm.k+1)_ X(‘mk)l] s Z 'X(tm,k+1)— X(tmk)l

on a set of positive probability. By the continuity of paths max; | X (¢ k+1) — X (tm)|
— 0 as m — oo implying that for w in a set of positive probability, the paths are not
of bounded variation. This proves the theorem for L, bounded martingales.

To prove the general case, define the stopping time T, by

T,=inf{t:0=t b, |X()| > n},

T,=b if the given set is empty. Let X™(¢) be the martingale X(¢A T,). Then X"
is a square integrable martingale, X*(0)=0. By the result just proved, the path
X"(-, w) is constant, and equal to zero for almost all w. The paths X(-, w) are
the same as X(-, w) when w € {w : sup, | X(?)| <n}=Q,. Since Q, 4 Q, almost all
of the paths of X must also be constant.

7. Quadratic variation in right continuous martingales. The purpose of this
section is to present some results on quadratic variation for martingales whose
paths are not necessarily a.s. continuous. Let X={X(¢), ¢ € [0, b]} be a martingale
having a.s. right continuous paths. For integers m=1, 2, ..., let ¢,>0, ¢, — 0 as
m — oo0. Since X is a process with right continuous paths having left limits, there
exists for each m an increasing sequence of stopping times 7,3 S 7pa S TS - - -,
satisfying

(@) Tm1=0, Tma1 b as n — oo, for each m,

(b) SUP:,setsma,tmns ) [X(t)— X(s)| S em.

If desired, it may also be assumed that supy |7pm,x+1— Tmk| — O as m increases, and
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even that {7, .11, Tm+1.2s Tm+1,3 - - -} i a refinement of {7y, 7y, . . .}. However,
we do not make these assumptions. Define S(X, 7,,) by

1 SHX, 7n) = [X(rm) P+ [X (7m2) = X (rm) P+ - -«

S(X, 7,), the nonnegative square root is finite a.s. for each m by Austin’s theorem
[1], and Doob’s optional sampling theorem.

THEOREM 7.1. Let X={X(t), t€ [a, b]} be a martingale with right continuous
paths, and {tp :m=1,2,...,k=1,2,...} a family of stopping times satisfying
(a) and (b) for some sequence {&, : e, >0, e, — 0}. Then

@) lim, ., S(X, r,)=S(X) exists as a limit in probability.

(i) If 1<p<, and E|X(t)|? <o, then lim,. »S(X, 7,)=S(X) exists as an
L, limit, p’ <p.

(iii) Under the hypotheses of (ii), there are positive constants M, and N,, depending
on p only, such that

M_ES(X)* £ E|X()|* £ N,ES(X)*.

The limit S(X) is independent of the collections {r,,} and {e,} as long as they
satisfy (a) and (b).

ReMARK. If X is an a.s. sample continuous martingale, then the S(X) obtained
by considering stochastic partitions satisfying (a) and (b), and the S(X) obtained
by considering the ordinary partitions satisfying (A) and (B) (at the beginning of
§6) will be equal a.s. Therefore, the concept of (stochastic) quadratic variation
developed here can be considered a generalization of the concept introduced
in §6.

Proof. As before, we have

S%X, ) = [XOP =22 X(rmlX (mes ) = X (i)}
However,

@ lim 3 X)X ()= X)) = [ X dX(0)

exists as a limit in probability. For, define X° by X°(¢)=X(¢), if | X (¢, w)| ¢, and
X¢(t)=c otherwise. Then X° satisfies the conditions of (2), §5, and so X(7,)
— X°(?) in e—s norm as m — oo, by Theorem 5.1. Hence, by the extended version
of Theorem 2.3 or 3.1,

o) S, X)X (mee ) = X(rmd] > [ X0 aX @)

Moreover,

P{IS*(X, )= S*(X, )| > 7}
< P{|3 X)X (tnis) = Xl = 2, X(md[X (rmics )= X(rm)]| > 13}
+P{|5 X(md X (s ) = X(rmd] =3, X(ru)[X (7 0) = X (]| > 913}
+P{|2 XCwdlX (Taies )= X(70)]= 2, X (7w X (T ) — X (70| > ¥/3}.
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From the definition of X,

P{|2, X (tml X (mse+ ) = X (] = 2, X (e[ X (ra 4 ) = X(ra)]| > #/3}
< Plsup [X(@)| > c} < (1/cPE|X()P.

Choose ¢ such that the first and third terms on the right are each less than ¢/3;
and then choose m, n so that the middle term is less than /3. This establishes
equation (2) and hence (i). Note that if X is a uniformly integrable martingale on
[0, ), then we can obtain S(X, r,) — S(X) for the interval [0, o) instead of
[0, b].

If it is supposed that 1<p<oo, then, since M,ES(X, 7,)* < E|X(b)|?, it follows
that S(X, 7,,) — S(X) in L,. norm, whenever p’ satisfies 1 <p’ <p, and for such p’,
[2, Theorem 9] yields

M,ES(X)” < E|X(b)|” £ N,ES(X)".

By a straightforward argument using monotone and dominated convergence, one
obtains, letting p’ 4 p,

MJES(X)* < E|X(b)|? £ NES(X)*
where M;, N, are positive constants depending only on p.

8. Integrals for right continuous martingales. The stochastic integral constructed
in §§2, 3, and 5, using the e—s norm, is perhaps limited in certain respects. It was
convenient to consider such an integral in order to obtain the quadratic variation
theory of §7. Now that this theory has been developed we are in a position to rede-
fine the integral in a more satisfactory manner. In the following we shall use the
phrase “right continuous martingale” as an abbreviation for ‘martingale with a.s.
right continuous paths.”

If X={X(t),0St<o0} is a right continuous martingale, the theory of §7 implies
that for each ¢, 0 <t < oo, we may obtain

S¥X), = X3(t)-2 J: X(s)dX(s),

which we will denote by S2(t). The process S2={S?(¢), 0 <t < oo} thus obtained is
an increasing process with a.s. right continuous paths. A process v={v(t), 0 <7< oo}
is a left continuous step function if there is an increasing sequence of real numbers
0<a,<---<a,<oo, such that

v(t) = 0’ t § ah
0y = v(j), a; <t S a4,
= 0, a, <t

where v(j) is measurable with respect to F(a,). The integral of v with respect to the
martingale X is then defined by equation (1) of §2. The reason for adopting left
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continuous step functions in the present section will appear shortly; right con-
tinuous step functions were, of course, particularly convenient in proving Theorem
7.1.

If v is a left continuous step function (or, for that matter, any process integrable
dS?), and if X is a right continuous martingale in L, for some p satisfying 1 <p < oo,
then we define the norm n, by
/2

@ ny(v) = E

f o(t) dS(t)

where, for each w, [ v%(t) dS*(t) is the Lebesgue-Stieltjes integral. If v is given by
(1), then it follows from the right continuity of S2(¢) and the left continuity of v
that, for each w,

@ [#@ dse) = 12 RG)Sa;41) — S%a)].

Using Theorem 7.1 and formula (3) above, together with such considerations as
appeared in the last part of §5 (especially the fact that | v(f) dX(¢) does not depend
on the step function representation of v), one obtains for bounded step functions v:

P

“ Myny(v) = E S Npny(v)

f o) dX (1)

where M, and N, are positive constants depending on p only. Note that if we had
not considered left continuous step functions, then (3) would not hold as stated,
and thus (4) would not follow. The inequality (4) implies that a sequence of step
functions converges in the norm n, if and only if there is convergence in L, norm
of the corresponding step function integrals. Thus the definition of the stochastic
integral is extended to the completion of the space of bounded left continuous step
functions under the norm n,. It is easy to see that an analogue of Theorem 4.1 holds
in the present case.

In the case X is only a right continuous martingale in L,, the preceding theory
must be modified. One obtains S?(¢) as before; and if it is known that S(¢) exists
as an L, limit for each ¢, one defines the norm of a bounded left continuous step
function v by

1/2

®) nm) = E

f o(r) dS*(r)

Using Theorem 8 of [2], one may then obtain

©) AP{

j o) dX(1)| > A} < Mny(),

where M is a positive constant not depending on v, X, or A. Thus, if v, is a sequence
of step functions converging in the norm n,, then [ v,(t) dX(t) converges in
probability. (As a partial converse [2, Theorem 8], also implies that if v, is a sequence
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of step functions such that [ v,(¢) dX(z) converges in L, norm, then [ v3(t) dS*(z)
converges in probability.) A simple hypothesis guaranteeing that S(¢) exists as an
L, limit for each ¢ is that X be L log? L bounded, as may be verified using an
argument similar to those of Lemma 3.2 and [2, Theorem 10]. It is easily verified
that Theorems 4.2 and 4.3 continue to hold whenever v satisfies |v| <1 and belongs
to the n, completion of the space of left continuous step functions.
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