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Abstract

This paper forms a sequel to [4] where a family of conditional expec-
tations Ey, for t € R, are constructed on the von Neumann algebra, V,
generated by the creation, annihilation and gauge operators acting on the
full Fock space over £2(Ry). The aim here is to take the account a lit-
tle further and to investigate some aspects of stochastic integration with
respect to the ‘basic’ processes of creation, annihilation and gauge and to
compare this with what one obtains if one adopts the ‘abstract’ Belated
integral described in [3]. We were surprised at the outcome! Along the
way we adapt the representation theorem, [9], due to I.F. Wilde to this
context.

1 Introduction

Our aim was to write a complete account of our work on this subject, however
it soon became clear that we needed a S.A.L.T. ! in order to proceed. The
problem is that even the proofs of the elementary results below are unavoidably
long if the details are included. Accordingly, in an earlier version, we excised
much routine material. We are grateful to Professor R. L. Hudson, who read this
earlier version, he convinced us that we should go much further. The reader
will have to decide if we have struck the correct balance between detail and
brevity. In any event the details remain in [8]. We have also employed the font
size "scriptstyle” in order to scale down some of the displayed mathematics, this
makes the appearance of some arrays uneven, we hope not ugly.

We recall that the full Fock space, F over £L2(R.), is defined as follows

F=Coei,L2(Ry)™"
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it has the usual scalar product. Note that all scalar products are linear in the
left argument. 2 will denote the vector (1,0,0,...).

We define the annihilation operator, I(f) and creation operator, I*(f), for
f € L2(R,), as follows

l(f)fl®®fn = <flaf>f2®“'®fn
FiHNhe.of. = 8.0 fh
e = 0
rHe = f

here n > 1 and fi,..., f, are in £2(R,). The operators I(f) and I*(f) are
bounded and mutually adjoint. Furthermore,

IO = 1N = 11f |2
Given any 7 € B(L2%(R,)) we define the operator p(7) by;

PTH®.Ofh = TH®..Ofn
p(T)2 = 0

for f; € £L2(R,),1 < i < n. The operator p(7) is bounded with ||p(7)|| = ||7]||
and p(7)* = p(T*). For g € L>®(R), g will be considered to be the element of
B[L£2(R )] obtained by letting g act by multiplication on £2(R ). This makes
the meaning of p(g) clear. Moreover the following identities hold:

Wg)l"(f) = <fg>T

p(T)p(T2) = p(T17T2)
p(DI(f) = (T))
Hg)p(T) T g)

Let D° C F be the set consisting of A\Q with A € C and |A| < 1 and vectors of
the form u1 ®...Quy with k € N, u; € L2(R4)NL®(Ry), luslla < 1, [lujlloo <1
for 1 <j<k. Fork=0,u1®..®0u,=5. Weuse D to denote the linear span
of D° It is known that D is dense in F, and that F is separable. This leads
to a useful fact about the strong topology, 75, on B(F), the bounded operators
on F. The strong topology is metrisable on bounded subsets of B(F) and the
metric is given by a norm. This follows because F is a separable Hilbert space

and so there exists a countable base (¢,)52 ;. So for z € B(F) we define

o0

1 3
lalls = {3° gllacal?}

n=1

Then ||.||s is a norm and ||z — y||s provides a metric for the strong operator
topology on bounded sets.

Definition 1 We define A to be the *-algebra generated by the annihilation and
gauge operators I(f),p(g) respectively and T, where f € L2(R,),g € L®(R,).



We shall denote by V the Von Neumann algebra, A in B(F). Similarly, for
any t € Ry, Ay is defined to be the *-subalgebra of A which is generated by T
and the operators I(f), p(g) with g € L>([0,t]) and f € £2([0,t]). V; will denote
the strong-operator closure of Ay.

We note that any element of 4 can be written as a sum of basic elements of the
form AZ or

() (fr)p(g)l(ha). L (hs)

or
U(fr)- I (fr)l(hy)...l(hs)
with the convention that r = 0 (respectively s = 0) denotes an element with

no creation (respectively no annihilation) operators. Here 7,5 € N U {0} and
fishj € L2(Ry) and g € L2*(Ry),0<i <0< j<s. Furthermore if

supp fi, supp h;, supp g C [0,¢] Vi, j

as above, then we get basic elements for A;. Indeed, for a basic element x, of
A, with, say,
z =1 (f1)....°(fr)p(g)l(h1)...L(hs)

we can define

Ey(z) =" (f1X[0,6)) - (frX[0.6))P(9X[0,6))I(P1X[0,6)) L (PsX(0,1))-

A similar definition holds for the other basic elements. The map E; extends to a
conditional expectation of V onto V; with all of the usual properties, see Lemma
7 of [4]. We note in particular that E; is strongly continuous on bounded subsets
of V.

For A € A we introduce the notations, Ay and A_. The first of these denotes
the sum of those basic elements of A containing only I and creation operators
while the second term denotes the sum of those basic elements containing only
annihilation operators.

Definition 2 We define a process F(t) to be a function
F:R" — { unbounded operators with domain containing D }

A V-adapted process is a process such that F(t) € V; and similarly for A-adapted
processes. We shall call a process simple if it can be written in the form

n
S OF)X e With 0=t <ty Stjp1 < oo < bpgy = 00,
j=1

1<5<n F(tj)G.Atj



2 Prerequisites for a stochastic integral

In this section we will develop some of the prerequisites for a further development
of the stochastic integrals with respect to the basic processes. We begin with a
summary of definitions and elementary results.

If {w, }3° ; is a countable base for £2(R ) the set of vectors &, = wgi) ®...®
w,(j()i),i € N k(i) € N and wj(-i) € {wp 2, for 1 < j < k(i), are orthonormal
and can be chosen so that ||w,||2 = 1 for each n € A/ (we assume this hereafter).
If we write

DY = {0} U{w’ ®...@wl, i€ N k(i) € N}

Then D is a countable base for F.
Let d € D° and ®4 : B(F) — C be defined by:

Dy(z) =< xd,d >,

the vector state for d. Recalling the vectors &, identified above, define a state

d: B(F)—Cby
=1

Both ® and ¢, are normal faithful states on V. We introduce an inner product
on B(F) by:
<,y >=P(y*z)
This inner product defines the norm:

1

=1 3
ol = {37 gllegal®}” < Jal

n=1

which, as we noted in the introduction, when restricted to S gives the strong-
operator topology on S.

With this norm B(F) becomes a pre-Hilbert space. In order to get a Hilbert
space structure we shall consider those possibly unbounded operators x, with
domain containing D’ which satisfy:

[ee)

1
S 5ol < oo

n=1

We identify two such operators, x and y, if y D x, that is; dom(x) C dom(y)
and zh = yh for h € dom(z). We shall denote this space by Lo{B(F)}. We
have

Lemma 1 £? (B(]—')) is a Hilbert space , with inner product:

%)
1
<zT,y>= E 27 < xgnvygn >
n=1



See [8] for the proof.

Definition 3 For a simple process, F', we define

/Fdl = > Pt ty00))
Jj=1
and

T n
/ Fdl = Y F(t;) - UXt, 4540 - Xo) VT € Ry
0 =1

Replacing [ with [* and p above yields the corresponding integrals with respect
to the creation and gauge processes. These integrals are linear functions from
the space of simple processes into V and the processes f(f Fdi, f(f Fdl*, f(f Fdp
are martingales with respect to the conditional expectation E;. The following
is easily proved.

Lemma 2 For any simple process F,

/Fdl:/ Fdl
0

T
ET/Fdl =

forr >t,41 and

Fdl

XoryFdl VT € R

—

With identical results for dI* and dp.

See [8] for the proof.
We remind ourselves of the definition of ay for a € A.

Definition 4 For an operator A with a =

define
ay = Z a;

i€eJ

i1 @i » and a; basic elements, we

where

J = {z el:aq :l*(ff)...l*(ffi),ri eNora,=MNI, )\ € C}
Summarising Lemmas 3.10 and 3.11 of [8] we have;
Lemma 3 Let a € A then

lat |l = [la2l} < o]



For basic elements, a and b with

a=1(f). . (f)p(g)l(he) ... 1(hy)

and
b= (f]) .. (FOIRL) ... 1(R,)
with r # s and each of the vectors &, we have:

D¢, (a) = P, (0) =0

See [8] for the proofs.

We can now prove some of the basic inequalities which will drive our inte-
gration theory. The philosophy here is that we arrive at an inequality, the left
side of which is the integration theory we want to develop while the right side is
something altogether more familiar. This allows us to ‘bus’ results across from
the right to the left.

Theorem 1 Let F a simple processes and d € D°. Recall the definitions of ®,
O, and || -||. The following hold:

@d{| /Fdl \2} g/HF(t)HZdt
|l = [ o

For I* we get something very similar

vaf] [Far P} = [eafir o< [|ro|

| rarl - [l

For gauge process we get

va{l [ Fap P} = [@{ o) Paua < [ [P0 at

where if d =u1 ® ... @ uy then (recalling that ||u;|leo < 1)

and

and

jdt < / HF(t)Hth.

mmmammwmﬁﬁmw%séw

while poy = 0. We also have

| el - [ e

= flroffa




where i(E) = Y07 | s e, (E). The isometries that follow are nice.

wu{ (| [ Fat) 7= [@ufl Py
(f Fa)[ = [ 0
P:‘i{(/ Fjl')*( g*“fl)E <[[(f Far) (f ra)]| = (f Py
e =|[(f pa) - (f Py

I(f #a)y
)

2

SO

D P ) (it F (1)

=1

Ms

I(f ra)y

<.
I
—

Il

<
I
—

F()F () (b~ 1)
The last step follows from the relation for II*. It is now clear that

HZF (t)" (tj41 = Z t(tj 41 — t5) /||F )||2dt.

2
Applying this to the expression for H JF le gives the second inequality.
S

We turn to the integral with respect to [*:

/Fdl* = ZF X[tj7t1+1)
> FL ) (X 0) + D F ) = Falt) b1 (s 10)
j=1 j=1

We now observe that any basic element of F'(t;) — F1(¢;) is a product of an-
nihilation, gauge or creation operators. The last of these is either [(h) or p(g)
with h and ¢ supported in [0,¢;).

Moreover

tjiv1
UR) - U (X[t t500)) = / h(t)dt =0
t

J



and
p(g) : l*(X[t]‘,t]’+1)) = l*(X[tj,tj+1) ) g) =0
Consequently:
{F(tj)_F+(tj)}.l*(x[tjvtjﬂ)) =0 I<j<m
Hence:

/Fdl* = Fr(t) (Xt ty0)) /F+dl*
j=1

At this point we introduce some notation to ease the presentation. We are going
to adopt the (dangerous) practice of giving the same object different names
according to the level of detail required in the proof. So, for example, a typical
term in the expression for Fy (¢;) will have the form;

* j .k
Y
and there will be N(j), say, of these. We will write

* * k * i,k
s =L = () ().
So we can write F (¢;) in the following ways

J N@)
* k
)= Lip+X\ —ZL (FE0) + AT

Returning to the proof

2
@d( / Fdl*

The right side above can be written

m m N(j) N (i)
Z Z q)d{l(x[tjvtjﬂ)) {Z (Lr )" +ij] ' [Z Ly i+ )\iz} ’ l*(X[tithl))}'

j=1i=1 k=1 k'=1

m

) = (I)d{ Z Z(X[tj,tjﬂ))F ( DL ()1 (X[tiﬂfiﬂ))}

1,j=1

Some of the terms are zero;

k) ]
‘Pd{/\il(X[tj,tHl)) (fr(zj )l (X[ti,ti+l))} =

Jk ;
N < Xt S > 0afixe, 00) 1) 1)}
= 0



which follows from Lemma 3. In a similar fashion
N (i)

3 * ik * ik *
Q)d{Ajl(X[tthl)) Z l (fl(z )) el (fr(zm%)l (X[tivtiJrl))} =0
k'=1

So <I>d<UFdl*|2) is equal to

m _ N(j) N(i)
Z q’d{)‘inl(X J+1>) Xt 1) +Z Z X[t,j.t_7+1))(L;,k)*L;k/l*(X[ti,ti+1))}-
i,j=1 k=1 k/=1
and this in turn is equal to
N(G) N(@) ) o
Z CI>d{)‘ Aidij(tj41—t;)T+ Z Z 6r(] k)r(i, k’)H <f(l ) f(J k)>6lj(t.7+1 tj )}

i,j=1 k=1 k/=1

Here we have used Lemma 3 on the terms for which r(j, k) # r(4, k') (they are
zero) and

tj+1

Z(X[twtgﬂ)) : l*(X[tmtiH)) = / X[ti,tul)(t)dt = 6ij(tj+1 B tj)‘
tj

This leaves us with

N(j) N(j)

Z@d{{z L( ffﬁi +XjI] - {Z L*( fgﬁj +)\jI]}(tj+1 —t5)

k'=1

Z@d{ LRt )}.(tﬁl —t;) :/<I>d{F+(t)*.F+(t)}dt

/ 1F2) - el = [ 1F 0P < [ 150

We have used the fact that ||d|| < 1, that V is a C*- algebra and the initial
conclusions of Lemma 3. Using Monotone convergence and Lemma 3.

| rarl; = o [ el =G o frar])
> g0 [ e {imor = [o{rr )
[1Ecka < [1plPa< [ |Fo)Pa

Turning to the integral with respect to p, the proof follows what we have just
done for [* initially, with the same justification. Following these steps we arrive

at
/ Fdp =" Fy(t)p(xp, ey 10) = / Fydp.

J=1

IN




Writing F', (t;) as before we retrace the argument for [* noting that ,as before,

some of the terms are zero. After some work we get that ®4 (| | F dp’ ) is equal
to

N(]) N (i) (i,k") £(j,k) (i,k")  ¢(5.k)
{[IA P sy o <IN ,C>>]I}-<I>d{p(>qtj,tj+l>)}

But now
‘I)Q{p(X[tj,tj+1))} =0= /J(Q){[tjvtj—i-l)}

and ford=u1 ® ... ® up.
©d{p(X[tj,tj+1))} = <Xt ity00) W) @ @Ug,ul @ up >
= [ a®Pdt fuelf
[tj,ti+1)
I ){[t tm)}

And hence @d{ (f de)* . (f de)} is exactly

m N N ’ j ik’
> {l)‘ P4+ s (J) o )1<f11 a )’fl(J’k)>"'<f7(-7<il,€k2>’f(u k) }'”(d){[tj’tj+1)}
_ m = NG) (k) N () (k)
= ijl%{ |:>‘J'I+Zk:1 L (frfj %)) } [A I+y o L fT{J W} }'#(d){[tjvtj+1)}
Z:l:l¢d{F+(tj)*'F+(tj)}'”(d){[tjvtj+l)}

/‘I)d{F+(t)* ' F+(t)}du(d)
/ 1P () 2dpay < / | () dpgay < / P02 dpscay

Using what we have just proved above

2
| Fra| = oy ral?) =, deve (] Farl") =, e 1 onane,

Yo Z _ IER DS Msn{[twhﬂ)} o |\F+(tj)\|§u{[tj:tj+1)}
JIFL@2dp< [ 1P @2 dp< [ |1F@)|2du< [ |F ()] dt.

QED
The isometries which conclude the statement of the theorem are easily proved,
the second requires the Monotone convergence theorem. We remark here that
the restriction to adapted processes is unnecessary in this case, so our integrands
can be non-adapted.

10



3 Integrals

Let (N, - ||) be a Banach space, f : Ry — N and v a positive measure on
R. We define f to be a step function if f(s) = Z;;l J(55) * Xisj,s;40) (8) with
0<sj <...< 8pt1 < co.Define P(|| -||,v) to be the space of (v-equivalence

classes) of functions which are the limit in v-measure and v almost everywhere
of a sequence of step functions and which satisfy

[P < .
The norm on P is the L?-norm:

TiE {/ | () |2 dv}t

One can show that P(]|-||,») is a Banach space. If (N, ||-||) has a Hilbert space
structure then P(]| - ||,v) is also a Hilbert space. We shall now define stochastic
integrals for integrands belonging to a case of the space P. We take N = V),
the von Neumann algebra generated by the creation, annihilation and gauge
operators equipped with the standard operator norm on B(F). The class of
functions we shall be interested in are those which are adapted to the filtration,
(Vy). So the step functions above are now the simple (V;)-adapted processes.

Definition 5 A process F is integrable if F € P(|| - ||,dt) and there exists a
sequence (Fn)zozl of simple processes in P(||-|],dt) converging to F in the |- ||,
norm. We denote by I the set of integrable processes.

Note: Since F,, — F as n — oo in the || - ||, norm, then it is a routine

argument to show that F,, — F in dt-measure, and that there is a subsequence
o0

(Fnk)k:17 of (Fn):;l, such that F,, — F, as k — oo, dt-a.e.

Lemma 4 Let F' be an integrable process with F,, a sequence of simple processes
converging to F in P(|| -||,dt). Then each of the sequence of integrals

(f ) o (f 2ar) L ([ o)

converge in L? (B(f))

So now we can make
Definition 6 For an integrable process F' we write:
(i) [Fdl =lim, e [Fodl in L2(B(F)
(1) [FdlI* =lim, e [ Fndl* in L2(B(F)
(iii)  [Fdp =lim,_.oo [Faodp in L2(B(F)

11



One can show that these integrals are well defined, and lie in £? (B (F )), see [8]
for details.

Lemma 5

(i) The set of integrable processes forms a vector subspace J in P(]| - ||, dt)
and the maps: F +— [Fdl,F — [ Fdp,F — [ Fdl* are linear

(i) Any integrable process is V-adapted, dt-a.e.

(iii) If F is integrable then so is F*.

o0
(iv) For an integrable process F' with simple processes (Fn) converging to

n=1
Fin P(|- |, dt): if

sup,, /Fndl* < 00
sup,, /Fnle < oo
sup,, /Fnde < 0

then [ Fdl*, [ Fdl, [ Fdp are bounded operators, and

/ Fdl* — / Fdl*
/ Fodl — / Fdl
/ F.dp — / Fdp

in the strong operator topology Ts.

(v) We can extend our definition of del to processes F' that are limits in
P(|| - |I, dt) of not necessarily adapted step functions f : RY — V, and
[ Fdl € B(F) for any such F.

The proof of this Lemma is ‘almost’ routine. The details are in [8]. Recalling
that Z is the space of integrable processes we have,

Lemma 6 Suppose F' € T. Letting M denote any of the processes, 1, I*, p.

Then 2
| [ramt] < [ipepar

Moreover T is a closed subspace of P(|| - ||, dt).

12



Again we refer to [8] for the details. Once again denoting by M any one of the
basic processes, then for an integrable process F' we define

T
0

We observe that this definition agrees with our earlier one for simple processes
and that each of the integrals exist. It is a short argument to show that x(o 1) -
F € P(]| - ||, dt). As one might expect this ‘local’ integrability for every T' > 0
does not imply integrability.

We shall now prove martingale properties for our integrals; in order to do
that we need to extend the definition of our conditional expectation Ej, as
follows:

Definition 7 For x a possibly unbounded operator with domain containing D,
such that there exists a sequence (x,)32, in A with x,d — xd Vd € D° then
define:

(Eyx)d = lim (Eyx,)d, Vde D°

n—oo

The limit defining (E;x)d exists. This is proved in Lemma 5 of [4] which
shows that ((Eyzy)d) is Cauchy in F. The same theorem may be used to show
that (Eix)d) is well defined. We extend to D by linearity. Finally, we note that
for © € V this definition agrees with definition 6 of [4] where it is shown that
for a sequence (a,,)22; in A such that a,, — x in the 75-topology:

Eix = lim FE,a,

n—oo

in the 75-topology. Which of course implies

= (Eix)d = lim (Eia,)d Vd € D°

n—oo

But a, — x 75-on D°, and so the two definitions agree.

Lemma 7 For an integrable process F' we can extend the operators

/Fdl*,/Fdl,/de

to have domain containing D.

Proof

Suppose (F,)22, is a sequence of simple processes with F,, — F in
P(]| - ||, dt) . Hence, Ve > 0 IN(e) such that:

nym > N(e) = || Fy — Fillp < €

13



and using Theorem 1

%{(/(Fn—Fm)dl)*'(/(Fn—Fm)dl)} < /IIFn(t)—Fm(t)|\2dt<e2
<I>d{(/(Fn—Fm)dl*)*~(/(Fn—Fm)dl*)} < /IIFn(t)—Fm(t)|\2dt<e2
%{(/(Fn—Fm)dp)* : (/(Fn—Fm)dp)} < /||Fn(t)—Fm(t)H2dt<62

o > 300 o [(1 )] [(1 )] (1], o

Cauchy sequences in F and so we can define N
( / Fdl)d = 1im ( / Fodl)d
(/Fdz*)d = nlingo(/Fndl*)d

( / de)d = lim ( / Fndp)d
in F,¥d € D°.

This defines the operators [ Fdl, [ Fdl*, [ Fdp on D° and by linearity, on
D. One can prove that these operators are independent of the particular se-
quence, (F,), of simple processes. We can define the extension of the stochastic
integrals fOT Fdl, fOT Fdl*, fOT Fdp above and these will now denote the opera-
tors [ F - xjo,mdl, [ F-xpo,rydl*, [ F-Xjo,r)dp with domain containing D. Since
span D’ C D° we note that the above operators are extensions of those defined
previously. QED
With this understood we have

Theorem 2 For [ Fdl, [ Fdl*, [ Fdp described above the following holds;

Etj]‘QTFdz = [JFdl  fort<T < oo
E, [ FdI* = [} Fdl* fort<T < oo
EthTde :fJde fort <T < o0

and also;
t
Et/Fdl = /Fdl
0
t
Et/Fdl* = /Fdl*
0
t
Et/de = /de
0
forte RT.

14



Proof

From Lemma 5, for each integrable process F' there exists a sequence (Fn)zozl
of simple processes for which:

/Fdl = lim [ F,dl 7s-onD

n—oo

T
/Fdl = /F-X[O,T)dz
0

= lim [ Fyxjor)dl 7sonD

n—oo

and

by Lemma 5
Recalling how F; has been defined above, for ¢t < T < co we have:

E, [Fdl =lim, . E; [ F,dl T¢- on D°
and B, [ Fdl =lim, o [ Fp-Xxporydl 75 on D°

Hence:
Et/Fdl = lim /X[o,t)'Fndl T4- on D°
T
and Et/ Fdl = lim [ xp4 - Fndl 74 on D°
0 n—oo
by Lemmas 8 and 14
t
orEt/Fdl = / Fdl
0
T
= Et/ Fdl
0
The other cases are similar. QED

We conclude this section by using the isometry properties of Theorem 1
to define three integrals I;, I, I;«. In the next section we shall use these to
represent certain operators as stochastic integrals.

First we shall denote by || - ||s+ the norm on B(F) given by ||«

with V° and Lo(V) the completions of V according to || ||s< and ||-||s respectively
and, as described at the start of this section, we can define the Banach spaces
P(|l - lls=, dt) and P(|| - ||, dp) and P([[ - [|s, dt).

*
s = [lz*|s-

Definition 8

Let F be a function F : Rt — V" in P(||-||s,dt). We call F l-integrable
iff there exists a sequence of step functions (Fn):olen : Ry — V such
that: F,, — F in P(|| - ||s+, dt).

15



Let
I(F)= lim [ F,dl

*

in B(}")S ,the completion of B(F) with respect to the || - ||s<-norm.

((i) Let F a function F: Ry — V in P(|| - ||s,dp). We call F p-integrable
iff there exists a sequence of simple processes (Fn):ozl with : F, — F in

Pl lls» dp).
Let

I,(F)= lim [ F,dp
in L2 (B(]—")).

(i1i) Let F' a function F': Ry — V in P(|| - ||s,dt). We call F I*-integrable
iff there exists a sequence of simple processes (F,L):O:1 with: F, — F in
P - Ils, dt).
Let
I«(F)= lim | E,dl”

in L2 (B(]—')).

The above integrals are well defined by virtue of the isometries of Theorem
1.

These integrals are linear maps on the corresponding space of process and
furthermore they are extensions of the stochastic integrals of Definition 6 since:

if F'is an integrable process with (Fn)n:1 a sequence of simple processes
such that F,, — F in P(]| - ||, dt) then,

F,—F in  P( s dp)
and in  P(]| - ||s,dt)

and also F, — F in P(|| - ||s=, dt)
since
/HFn(t)—F(t) 2dt = /||F:;(t)—F(t)* 2dt
< /HF:;(t)—F(t)* %t

= / | Fa(t) — F(t)|| dt
Hence F is p-integrable, [*-integrable and [-integrable and:

JFdp =Timy- [ Fodp in £2(B(F))
= 1,(F)
J =l oo [ Fudl in £2(B(F))
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Finally,

n—oo

/ Fdl = lim | F,dl

in the 7,-topology of B(F).[by Lemma 5 (v)] and so

[ ea) = ([ )

in the 7,-topology in B(F).

But
L(F)* = lim (/ Fodl)* in | -||s- norm
suan(/ F,dl)"|| < oo by Lemma 5 (v)

and so

L(F)* =limye ([ Fndl)* in 7,-topology
by Lemma 5

= L(F)* =lim, . (f Fndl>* in 7,-topology in B(F)

Combining we get

I(F) = / Fdl.

4 A representation result

The result proved below was inspired by the proof of the representation result
offered by I.LF.Wilde in [9]. Indeed it is fair to say that our result is simply a
reworking of his argument in this context.

Definition 9 Let A; be the *-subalgebra of A generated by basic elements of

the form:
F(f1) - 5 (fr)p(g)l(ha) - U(Rs)
F(f) - ()R - U(hs)
AT
where fi,hj € L2(R4),9 € L2(R4) r,s>1and A €C.

Now consider the strong closure of A;. Because the strong operator topology is

in this case metrisable we see that for z € A;"° there exists a sequence (a,)2;

in A; with;
ap — T in 7s5-topology.

But for z € A;°,z* € A" and so there exists a sequence (b,)3%; in A,
such that:
b, — x* in 7, — topology
=b, — 2 in | |s — topology

because (Banach-Steinhaus): sup,, ||b,] < oo

=b —x in | -|s — topology

17



with (%)%, in A,.

Theorem 3 For any x € A INeC and an l-integrable process F in
P(|| - ||s=, dt) with:

.’L‘=>\I+II(F)

This representation is unique.

Proof

The set of step functions in £2(R ) is dense in £L2(R ). Hence Vf € L2(R )
there exists a sequence of step functions (6(”))20:1 with

160" = flla — 0
SO
2 (@™) = () = 164 = fll2 — 0

and

2™y = 1)l = 116 = flla — 0
so for

() - U (fr)p(g)l(ha) - 1(hs)
or

in Aj;, there are sequences (Egn))zozl and (n§n))?=1 of step functions in £2(R,),
for 1 <i<r, 1 <j < ssuch that: l*(ﬁl(-n)) — I*(f;) and l(n](-n)) — I(h;) in
B(F).

Then

P (™) 1) = () - (F)p(g)U(ha) - U(Rs)

and

D) 0™ ) — () (L) - LR

in B(F).
So any element in A; can be written as a limit in B(F), of linear combinations
of operators of the form:

M MNeC
or I(Xg) - U, P9 (x,,) - Ux )
or (xg) - Vg xg,) - Ux,,)

with J1,..., 7T J{s ..., J. intervals in Ry,g9 € L2(R4), and r,s > 1.

18



What this shows us is that if 2 € A; °, there exists a sequence ()52, of
linear combinations of elements of the form described immediately above and
(An)22, in C with:

MZ + x, — x in || - ||s+-topology

Now a moments thought will convince one that
X)) U p(9lx ) - Ux,,) =
= 0{U 0, 1O PG - U0, X, (0}
with a similar relation for

P ) U0 M) - 1x )

By linearity of I; we have step functions F, : R™ — V with

Ty = /Fndl

Since ()\nI + xn> is || - ||s» Cauchy we get that

{()\nI + xn)*Q}Oo is Cauchy

= {< (AT + x,)82,Q >} ) is Cauchy
= (An)22, is Cauchy
since £,Q =0 Vn e N
Let A = lim, 0 Ay. Then A\, Z — AZ in || - ||s+-norm and so :
Tp = x—AT in || - [|s+-norm
Hence

L(F,) —x—X in|-
By the isometry property (iv) of Theorem 1, (F},)%2 ; is Cauchy in

s*-norm

P(|| - ||s=,dt) and so there exists a function F : R — V° in P(|| - ||s-,dt) such
that: F,, — F in P(]| - ||s~,dt). Hence F is l-integrable and I;(F') = lim,, I;(F},)
in || - ||s=-norm.

Hence

x =N+ I,(F)

and the existence part of this result is proved.
If 3N e |, F' € P(||||s~,dt) such that = N'Z + [;(F’) then

A=NI+L(F—F) = 0
=>A=-MN)IQ = 0
=\ = X

since I;(F)Q? =0 VF which are l-integrable
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Furthermore

0 = ||[L(F-F)

= lim ||/Gndl||§*

2
o*

with G,, simple G,, = F' — F" in P(|| - ||s+, dt)
= Jlim |Ga3
= |F=F,
Therefore,
F=F
and the representation is unique. QED

We make a few observations.

1. Similar results can be obtained for representations of certain classes of
operators, as I~ and I, integrals of I* and p-integrable processes respec-
tively.

2. The *-operator V — V is an antilinear isometry that can be extended to
a surjective antilinear isometry W : £2(V) — VY’ thus providing us with a

concrete representation of the abstract completion V.

5 Belated Integrals

We compare our results of the earlier sections with the outcome of applying the
theory of Belated Integrals to our situation. Belated integrals were developed
by Barnett and Wilde in [3]. It is a vector integration theory derived from the
general bilinear vector integral of R. G. Bartle, [5]. In Bartles’ theory both
the integrand and the integrator are ‘vector’ valued. In order to arrive at a
numerical assay for subsets of a measurable space one employs the semivariation
of the vector measure. This ‘measure’ of the size of sets allows one to develop
a general integral. In the Belated theory one uses the belated semivariation
of the vector measure in place of the usual semivariation. The reason for this
modification is that the usual semivariation is infinite in many cases where the
belated semivariation is finite. We apply this theory to the present situation.

Fix a real number T' > 0. Let ® denote the field of subsets of [0, T] generated
by the intervals. We note that each element of ® can be written as a finite union
of disjoint intervals. For F € ® we define

WE) =I(Ip),"(E) = 1I"(I),p(E) = p(Ig).

Each of these functions is a finitely additive set function on ®. The belated
semivariation of £ € ® with respect to the set function [ is

BN = supll Y ail(Ei)lls
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where the supremum is taken over all partitions of £ in ®, and choices
a; € Aingp, with ||a;]] < 1. The semivariations with respect to I* and p are
defined in exactly the same fashion. We observe here that

Z wl(E;) = /¢dz

where

¢=> ailg,.

and ¢ is a simple process; the simple process associated with the partition F;
and choice of «;’s. Indeed we can assume that the partition of E comprises
intervals E;. With this in mind we have

Lemma 8 For E € ® we have
|2 < A(E)*
where A denotes Lebesque measure. We also have
IEI" = A(E)?

and )
[E|P = n(E)?2

where u(E) =500, Q%Hgn( ) and for &, = wl "e...® w/E:(lT)L)

pen(B) =" ok [ i) P 1t

n=1

Proof
Let (E;) be a partition of F and «a; a choice of elements from the unit ball(s)
of A, sE;. Denote by ¢ the associated simple process. By Theorem 1 (i)

(IE]Y? = sup| / gl < sup / lo(t)] 2t

the last supremum is clearly dominated by A(E). Now for the gauge semivaria-
tion we have

IE|P = sup| / gdp||? = sup / 64 (8)] 2.

Now
JRCI= /Zﬁw (et

Since ¢(t)+ contains sums of basic elements with creation operators

16(8)+ (En)lI* = l6(t)+ () ® &al™ = )+ (D)I*.
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It now follows that if we select ¢(t) = ¢(¢); = Z then the supremum is attained
at exactly pu(E). A very similar calculation proves the result for the I* semivari-
ation. QED
So each of the semivariations associated with the basic processes is finite on
bounded subsets of R. What is more, there is in each case a control measure
and so the results of section 2 of [3] apply here. With the semivariations playing
the role usually occupied by measures we can define the notions of convergence
in dl-measure (respectively di* and dp measure) and convergence dl-almost ev-
erywhere (respectively di* and dp almost everywhere). For a dl (respectively
dl*, dp)-measurable function f with (f,) a sequence of simple processes con-
verging to f in dl (resp’ dl*, dp) measure we say that f is dl (resp’ di*, dp)
integrable if (f,,) can be chosen so that

Ve>030>0: Ec® |E||' < then Vn H/ fudl|ls < €
E

with the appropriate modifications for the other cases. Note that the second
condition, (b), of definition 3.1 of [3] is automatically satisfied because the
semivariation of [0, T'] is finite (in every case). We say that f is belated integrable
with respect to dl (resp’ dl*, dp ). It is natural to ask if a process which is
integrable in the sense of definiton 7 above with respect to one of the basic
processes is belated integrable with respect to that process. The answer is

Theorem 4 The set of processes integrable with respect to dl in the sense of
definition 7 is a subset of the set of processes which are belated integrable with
respect to dl and the two integrals agree.

Proof

Let f € P(]|-]|,dt) and let (f,) be a sequence of simple processes converging to
fin P(||-]|, dt) we can assume that the convergence is in Lebesgue measure and
Lebesgue almost everywhere. In view of the last lemma this means that (f,)
converges to f in || - ||’ measure and || - ||’ almost everywhere. So we must prove

Ve > 030 >0: E € ®and |E||' < then supn”/ fndl||s < e.
E

We argue by contradiction. Suppose that there is € > 0 and a sequence of sets,
(En) in @ with |E||" < 55 and

2'[’7l
supl| fndl||§ > €
E’fﬂ
Define B,, = US_, Ey, then M52 By, = limsupE,,. The sets, B,,, are outer sets

with their semivariation defined by (2.11 of [3])
1B ' timas— ol Unim, Bl
and because the semivariation is countably subadditive (2.10 of [3]) then

> 1 1
1Ball < D7 1Bl < Y () = 3oy

m=n
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Now it is easy to see that

I Umien Bl > 1(0a_ 5,.)lls

and so
1 1
g eI = 3 el s ool =3 g | [ wl g st

And by the dominated convergence theorem

/ w I g, dt — / wi™Ip, dt

so that
1 (n) 2 Z 1 (n) 2
E 27 | wq IUM:nEmdt ‘ — 27 | wq IUB” dt |

as M — oo by the monotone convergence theorem. Therefore

e o) ls — 1B s

and by taking a limit ||B,|" > ||I(B,)|s- Using much the same argument as
above we have
[1(Tiimsupe,,)|ls = lim|[l(Is,,)|ls = 0.

From this we deduce that A(limsupE,) = 0. However, from Theorem 1 and
the assumptions concerning the sequence (E,,) we have

supn/ ||fn||2dt > €

Em

which, since B,, 2 E,,, tells us that

supn/ | fullPdt > .
B

m

But A\(By,,) — A(limsupE,,) = 0 and so
S MalPat< [ N7 = falPdt [, N[, 1 F IRy 1 = falPde} 3.

Now the first of the right hand terms tends to 0 by the hypothesis of the theorem
while the remaining terms are both small once m € N is chosen large enough,
m > M, say. So there is N € N such that for n > N and m > M we have

/ P < c.
B,

m

For n € {1,2,3,..., N — 1} we use the dominated convergence theorem, N — 1
times, to obtain M;j,Ms,....,Mpy_1, such that for m>maz{M; M, ,..My_1,m} We
have

supn/ ||fn||2dt <e.

m
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This is contradiction. So f is belated integrable and it is clear that the two
kinds of integral coincide. QED
We turn to the other integrals now.

Theorem 5 The set of processes which are integrable with respect to I* in the
sense of definition 5 are a subset of the the belated integrable processes and the
two integrals agree.

Proof

If f is integrable in the manner of definition 5 then there are simple processes,
(fn) converging to f in P(]|-]|,dt), and Lebesgue almost everywhere (and there-
fore in measure since T' < c0). The following inequalities hold,

raiz < [ InlPa
E
< U= falPdet [ AP a2 [ 1~ falPdey 2 ([ 1 £12de} 3

the first follows directly from theorem 1 the second from the triangle inequality.
Now the first term can be made small by choosing n € A sufficiently large,
greater than N say, and the second term can be made small by choosing A(E)
small enough. This takes care of the third term also. Now as ||[E|\" = A(E)2
we see that by taking the [* - semivariation small enough then

|| / Fudl*|? < €
E

for n > N. For 1 < N — 1 one chooses the [* semivariation appropriately to
make the s —norm of the integrals small, again using theorem 1. It is then clear
the f is belated integrable and the the two integrals coincide. QED
One can prove a corresponding result for the gauge integral employing argu-
ments parallel to those in the last theorem. We leave the details for the reader
and state

Corollary 1 The collection of p-integrable processes (in the sense of definition
7) is a subset of the set of p-belated integrable processes and the two integrals
agree.

We conclude our discussion with an example. Let [0,7] be the interval [0, 1].
Consider the function

£(9) = ~1(0p.9)

this is an adapted process. Let I(k,n) be the indicator function of the interval

[2=, EEL) and Io(k,n) the indicator function of the interval [0, £ ). Define

fls) = 3 T0m) Iy (k).
k=0
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We note that f, is an adapted process. We consider the [* integral of f. First

we note that "

[ g = > Mt (1)
and the sum on the right is zero because the annihilation and creation act on
functions with disjoint supports. Therefore the integrals of the sequence, (f,,),
will be uniformly small on sets of small [* semivariation. Moreover, it is not
difficult to see that (f,) converges || - ||'" almost everywhere on [0,1]. So f is
integrable with respect to [* in the belated sense and has zero integral. But a

computation shows
RS
[0,1]

So f is not in P(|| - ||,dt). This means that the inclusion refered to in theorem
5 is strict!
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