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Stopping Unitary Processes in Fock Space

By

David APPLEBAUM*

Abstract

Let PT be a stop time in symmetric Fock space over L?(R*). We show that to certain
unitary operator valued processes U= (U(t),t=0) which satisfy a stochastic differential
equation driven by “non-commutative noise” in Fock space tensored with an “initial”
Hilbert space, we can associate a stopped operator U(T). We use these operators to prove
a “stopped cocycle relation” whereby for PT finite the process (U(T+1),t=0) is factorised
as the product of U(T) with a new process UT = (U7 (¢),¢=0) beginning “after time T”.

§1. Introduction

In quantum probability, the analogue of a random variable is an operator in
some arbitrary von Neumann algebra A (so that, in general, random variables
need not commute) and the appropriate generalisation of a filtration of ¢-alge-
bras is an increasing sequence (A;;, t=R*) of von Neumann subalgebras of A.
The extension of the notion of stopping time to various examples of this for-
malism has been discussed by a number of authors ([1], [2], [3]) and is generally
agreed to be at the very least, an increasing projection valued process (P(t), t=0)
with each P(t)E A;.

We consider the case where A=B(4%) and each A,;=B(4%;7) with 4(4,7)
the symmetric Fock space over L*R*) (L*[O0, ¢])). This example is known to
contain a wealth of interesting probabilistic structure (see e.g. [4]) including a
generalisation of the It6-Doob theory of stochastic integration [5]. Building on
the work of Hudson in [1], Parthasarathy and Sinha [6] have recently carried
out a detailed investigation of stop times within this context.

One of the most significant results obtained in [6] is the strong factorisability
of 4. For a finite stop time P7T, it is shown that 4 is canonically isomorphic
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to the tensor product of a “pre-T” Hilbert space 4y and a “post-T” Hilbert
space 4T (In [6], a stop time PT is a spectral measure and T is the associated
self adjoint operator). The latter space is, in fact, the image of 4 under a
certain shift isometry which we denote V7. The strong Markov property for
quantum Brownian motion established in [1] asserts that conjugation of that
process by V7 yields a new quantum Brownian motion process on .%7.

The purpose of this paper is to study the effects of stopping on certain
unitary operator valued processes U=(U(¢), t=0) which were constructed in [5]
as the solutions of quantum stochastic differential equations on 4,®.4 where 4,
is a complex separable Hilbert space in which initial conditions are specified.
The properties of these processes lie at the heart of the application of quantum
stochastic calculus to the construction of dilations of quantum dynamical semi-
groups (see e.g. [5], [7] and [8]). This present work is motivated by the hope
that stopping these processes will be of similar value in the formulation and
solution of the “quantum Dirichlet problem”.

The plan of the paper is as follows. After collecting together some defini-
tions and results in quantum stochastic calculus in § 2, we proceed in §3 to
further develop the main tool of [6], the stop time integral. This enables us
to define the stopped operator U(T) associated to the process U. In §4, we
show that the operators U(T +t) satisfy a “stopped cocycle relation” thus gen-
eralising a well-known result for ordinary “deterministic” time.

We will use the following notation; If 4 is an interval in R*, then 8(4)
denotes the ¢-algebra generated by the Borel sets in 4. If T is a densely
defined, closeable operator on some Hilbert space, the notation 7% will be used
whenever the proposition in which it occurs is valid for both 7 and T*.

If 4, and 4, are Hilbert spaces, the ampliation of an operator T on A; (k)
is the operator TQI (IQT) on 4 Q®k,. For ucsh;, veh, we will sometimes, for
the sake of simplification, denote the vector u®v in 4, ®hk, by uv.
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§2. Preliminaries

Let S denote the set of (equivalence classes of) locally bounded functions
in L*R*). For each feS, ¢(f) will denote the corresponding exponential vec-
tor in 4. We note that {¢(f), f=S} is total in 4. We will denote by 4.,
I, and 4%, the symmetric Fock spaces over L2%[0,t], L% s,t] and L?*[¢, o)
respectively (s, t€R* with s<?) and write

IL:Ilo®~.4[
he=ho@Q
and ll.s,z——_/lu®j{3,;-

We identify the spaces 4 and A,Q.4; :QHL* by means of the canonical isomor-
phism between them which for veh, geS$ maps vR¢(g) to vVRP(g)RP(gXes, ¢>)
Q¢(gh) where go=gXro,s; and g'= gy, .

The shift in L% R*) is given by
@:NO=7@—s) if s<t
0 otherwise.
We will adopt the convention that 6,.=0.

For s=0, let I'(@;) be the second quantised shift in 4 which we identify
with its ampliation to the whole of 4. Note that for veh, g8

(0 0vQP(g)=v&¢(0,g). @2.1)

{I'(8;), s€R*} is a strongly continuous one parameter semi-group of isometries
on 4. Each I'(6;) has adjoint I'(8}) where

@i NHO=f(s+t), s, teR*, feL*(R")

We note the relation

I0)(0vQRp(f)=vRP(f*) 2.2)

for veh, fES, s€R*.

For é= ¢, we will use when convenient, the simplified notation &§=¢(0)§,
where ¢(0) is understood as the vacuum vector in 4(;.

Let A, A' and A denote the annihilation, creation and gauge processes of
[5], respectively and let L, H and W be fixed elements of B(k,) with L arbitrary,
H self adjoint and W unitary which we identify with their ampliations in 4.
From [5] and [7], we can assert the existence of a unique unitary operator
valued solution U=(U(?), 1=0) to the stochastic differential equation (s.d.e)
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dU=U(LdA*+W—1)dA—L‘WdA+(GH—1/2L'L)dt)
uo)=r1 (2.3
with the following properties

(i) Adaptedness

Ut)eBk), teR* (2.4)
(ii) Localisability
Us, D=U(s)*U®)eB(hs,)),  s<teR* (2.5)
(iii) Cocyclicity
U=I'@pu(s*U(s+nl'ls), s,tesR*. (2.6)

Recall that by Theorem 4.1 of [5], we may compute matrix elements of each
U®), teR*, for u, vEhy, f, gES, by means of the formula

WP, UO—1wRH@)>=| W@, UKy, (s w@p(@dds  (2.7)
where
K, )=Ff®L+FO)W—I)gt)— LW gt)+iH—1/2L*L . (2.8)

Note that each K/, (t)eB(k,) and in particular

Sup Ky, (S < oo 2.9

We now recall some definitions from [6]. A stop time in 4 is a spectral
measure PT from R*\U{} to the space of orthogonal projections in 4 such
that each PT([0, t])eB(%,)RI. s=R*\U{x} is said to be a continuity point of
PT if PT({s})=0. We say that PT is jinite whenever oo is a continuity point.
Associated to each finite stop time PT is the (self adjoint) stop time operator T

with spectral decomposition S:sPT(ds).

In the case where PT is finite, a canonical isomorphism was established in
[6] between 4 and the space H,;Q@HT where the pre-T subspace 47 is the

closure of the linear span of {SPT(ds)gb( f9)9(s), feL*R*), ¢ a bounded Borel
function on R*} and the post-T subspace 4T is the range of the isometry V7=
SPT (ds)"(0s). The effect of this isomorphism is to map total vectors in & of
the form [PT(ds)g(f)g(s)(@)7 to [PrasgrassevTy (e,

It is not difficult to verify that this result remains valid when the vectors
f are restricted to lie in S.



STopPPING UNITARY PROCESSES 701

We will denote by 47 the space A, RQ.4(7.

§3. The Stopped Unitary Process

In this section, we aim to associate a stopped operator, which we denote
U(T), to the process U=(U(t), t=0) which we described in §2. Formally, we

may thank of U(T) as S?U(S)PT(ds) (In the terminology of [6], it is U<PT).
We proceed by extending the scheme of stop time integration developed in [6].

Let @ be a partition of [a, bJCTR*\U{ce} so that P={a=t,<t;,< -+ <t <lns
=b} with each #; (0<;7<n+1) a continuity point of PT. We denote by A" the
linear space of (vector-valued) future adapted processes in 4 so f€ AT=E=
(@), te R*) with each &)=, A! will denote that subspace of A" comprising
those processes & for which the map t—£&(t) is continuous from R* to 4.

For fixed veh, ges, E AT, we define Riemann sums for the process U by
WU, v, g &= é‘, Ut+)PT(LE5, 8 DvRP(g:,, )RS W j41) @.1
wherein we have identified P7 with its ampliation to the whole of 4.
Note that by (2.5) and the definition of P?, we have the result
P*([s, DU, yHPT([s", '1)=0 3.2)

whenever s,t, s’, ¢,y and y’ are continuity points of PT with s<t<y and
t<s'<t'<y’ (cf. Proposition 4.1 of [6]).

We define
o(P)= max (£ —t;) 3.3)
wy(@)=sup{[|§N)—E)I*, a=s<t<b, t—s=0(P)} (3.4)
o' @=sup{||g@)I%dr, a<s<t=b, t—s<a@)} (3.5)
M=sup{[§(s)I*, a<s<b}. (3.6)

The following result extends Proposition 4.2 of [6].

Proposition 1. Let @ and P’ be partitions of [a, b] such that P’ is finer
that P then

e U, v, g, §)—12U, v, g, §)I*< ClolP)+'(2)+6(2)) @.7)

where C is a constant depending only on v, g and §.

Proof. Let ¢ be as above and take the points of ¢’ which lie between ¢,
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and tj+1 to be t]1<t12< R <t]77'] (0§]‘§n).

We define

tjo:tj and ¢ :'tj+1.

j"‘j+l
We will use the notation

Ei-"'z[tjr—(»l’ t]] and aj,r:tj+1—t]7.+1-
By (3.2) we obtain

Ie:U, v, g, §)—12U, v, g, I

=1z U, P sy Uy D0y, JE, )
—U(ts)PT ([, tins Doh(ge,, JEC+D}HI?

=2 SNUC, Py L DvgEy, , JEE, L)
—U@)P (5, 1, Do(ge;, JEE DI

= SN P sy Lipn PG, DI X
106(ts,,)—Uts, 1 tivvd(gha,, JEE DI

<C,max max |v&(t;,,)—U(t;,,,, ti+Dvd(ghe; DI

0sjsn 1sTsSnj

where C,=¢'¢" and we have written U({;+,)=U(;,, ) U(;,,,, tj+:) and then used
%‘; ET]IIPT(U;-,, tir i PG, DI
=5 SQ@), Pl by, Dpl@De e
=C,.
Now for each 0=7<n, 1<r<n;
165, ) —U(ts, 4y tis)vd(ghe;, JEE )

Z2|vllPwe(P)+2M [vh(0)~U(t;,, ,» tis)vd(ghs,, I
and
lvgp(0)—-U;,,,, tj+1)U§b(ngj, lI?

=lvli+ vt exp {[, 16(0)1%de} —2Re p(0), Uty tinplels, )
Whence, by (2.6), (2.1) and (2.7) we obtain
WO), Ults, ., tyol8ls, 2>
=Cp(0), IOy, ey, AT(6L, (g, )
=Cug0), Ulay, (0}, 8Wroay )

Kjrrl
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= lol+{7 70O, U Ka oe+ts,, J0p((0L,,, 8co.a,, ).

Furthermore

[ 7<), UK e+, 001, B)ew oy, W0dT |
Z|vlPCo0(P)+ Cso' ()
where szo ssup | Ko, g(z+2;,, )l is finite by (2.8) and C; is a constant depend-
=T ajr

ing only on g. The result now follows on combining together all the above
inequalities. [

By directly analogous arguments to those of Proposition 4.3 of [6], we
conclude that Ie(U, v, g, §) converges strongly to a unique limit in 4 as o(2)—0.
We denote this limit by I7([a, b1, U, v, g, £).

Proposition 2. For u, veh, f, g8, & n= Al and a, b continuity points of
PT with 0<a<b<oo we have,

KI™([a, b], U, u, f, &), I"([a, b], U, v, g, 7)»
zgie"”’%: OXP(S), PT(ds)P(g)><E(s), (s)>- (3.8)

Proof. This proceeds along the same lines as that of Proposition 4.5 in [6],
that is approximate both stop time integrals by Riemann sums, use (3.2) and
the unitarity of each U(f) ((cR*) and then let the mesh of the partition tend
to zero. [

Let Al r denote the subspace of A" comprising those §= A} for which

[T1ecs g, Prasp<eo (3.9)
for all fes.

For ¢ A} r we may now proceed as in [6] and use Proposition 2 to extend
the definition of I%([a, b], U, v, g, &) to all a, be R*\U{co} with 0=Za<b=Zco.
The argument is almost exactly the same as that of [6] and we recommend
the reader to find the details there.

We define an operator U(T) on the dense subspace of 4 comprising finite
linear combinations of vectors of the form v@¢(f) (ush,, f=S) by linear ex-
tension of the prescription

U(Tw&(/)=I*([0, =1, U, v, f, &) (3.10)
where §€ A; r is given by &(s)=¢(f*), s€ R*\U{oco}.
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U(T) is clearly well defined. Furthermore, it follows from Proposition 2
that U(T) acts isometrically and thus extends uniquely to an isometry on the
whole of 4. We will also denote this latter operator U(T). We call U(T) the
stopped operator associated to the process U.

§4. A Stopped Cocycle Relation

In this section, we will require the stop time PT to be finite and regard
the operator V7, defined above in §2, as a unitary isomorphism from 4 onto AZ.

We define a new unitary process
UT=UT®), t=0) on 4T by
UT)=VIU@) vyt 4.1

It is not difficult to establish that U” is the unique solution of the following
stochastic differential equation in A7:

dUT=UT(Ld A" +(W—1)dAT— L' WdAT+GH—1/2L*L)d¢t) 4.2)
Uro)=I.
Where L, H and W are as in (2.3) and

AT#=VT A%V T)?
}. (4.3)
AT=VTAWVT)?
Now define the stop time P7*! on 4 (¢>>0) by the prescription
PT+(E)=0 for E< 3([0, £]) } 4
. 4)
PT+Y(E)=PT(E—1) for E< B((t, <))

whence the stop time operator associated to PT+¢is T+tI. By the construction
of §3, we can associate to the process U the stopped operator U(T +¢).

Theorem 3.
U(T+)=U(TU*(t) (4.5)
for teR*.

Proof. Let P={a=t,<t,;< - <t,<tn+;=0>} be a partition by continuity
points of [a, b]C[f, ). We thus obtain a partition @'={a—t=s,<s,< - <5,
<Sps1=b—1t} of [a—t, b—t] where each s;=t,—t (0<j<n+1).

Using (2.6) and the fact that I'(8,)U@®)I(0Y)e B(h*) for r=R*, we obtain
for veh, gES$
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jél U(t]+1)PT+L<[t], tj+1])y¢(gtj+l)¢(gtj+1)

JZZ]I U(S]+1+t)PT([Sj, s]ﬂ])ygb(gs]H)Sb(gs]g)

I

3 U O, JUOT O3, JP™ s,y 550D, PG ™)

(B UGP o0 504D ) B O JUDT (B, )

PT(Csks 5501080, ")

The required result now follows on letting d(2)—0 and extending the stop time
integrals as in §3 and [6]. O

(4.5) clearly generalises the cocycle relation (2.6) in “deterministic” time.
We would now like to proceed along the lines of [8] and use (4.5) to construct
strongly Markov processes in 4. However the same arguments [9] that show
that the stopped Weyl operators constructed in [6] are not adapted to the algebra
B(4)Q®I will also apply to the operators U(T'). This leads us to make the
conjecture that the quantum Markov process [8] {j;, tR*} given by

J(X)=UMXU®* (4.6)

where X< B(h,), will not satisfy the strong Markov property.
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