PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 133, Number 3, Pages 891-898

S 0002-9939(04)07769-X

Article electronically published on October 7, 2004

0-FUNCTION OF AN OPERATOR:
A WHITE NOISE APPROACH

CAISHI WANG, ZHIYUAN HUANG, AND XIANGJUN WANG

(Communicated by Richard C. Bradley)

ABSTRACT. Let (E) C (L?) C (E)* be the canonical framework of white noise
analysis over the Gel’'fand triple S(R) C L2(R) C S*(R) and £ = L[(E), (E)*]
be the space of continuous linear operators from (E) to (E)*. Let Q be a
self-adjoint operator in (L?) with spectral representation @ = [p A Po(d)). In
this paper, it is proved that under appropriate conditions upon Q, there exists
a unique linear mapping Z : S*(R) —— L such that Z(f) = [z f(A) Pgo(dX)
for each f € S(R). The mapping is then naturally used to define §(Q) as
Z(8), where § is the Dirac §-function. Finally, properties of the mapping Z
are investigated and several results are obtained.

1. INTRODUCTION

Let § be the Dirac §-function, which is a Schwartz generalized function, and @
an observable, i.e., a self-adjoint operator in a Hilbert space. Then §(Q), called
the o-function of @, is of physical significance (cf. [1]). However, from the math-
ematical point of view, it is a very singular object. What is the mathematical
meaning of §(Q) which is both reasonable and rigorous? In [I]], the authors gave
an interpretation in the context of Hilbert space theory.

On the other hand, white noise analysis initiated by Hida [2], which is essentially
an infinite-dimensional analogue of Schwartz generalized function theory, has been
considerably developed and successfully applied to many fields including stochastic
analysis and quantum physics (see, e.g., [2, 3, [4, 5], [7, 8], [I2] and references cited
therein). The mathematical framework of the theory is the Gel'fand triple

(E) C (L*) C (B)

over S(R) € L*(R) C S*(R), where (E) (resp. (E)*) is known as Hida testing (resp.
generalized) functional space. Let £ = L[(E), (E)*] be the space of continuous
linear operators from (E) to (E)*. Elements of £ are usually called generalized
operators, which are significant generalizations of bounded operators on the Hilbert
space (L?).

The main purpose of the present paper is to define §(Q) reasonably and rigorously
in the context of white noise analysis. The paper is organized as follows. In Section[Z]
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we recall some necessary notions, notation and facts in white noise analysis. In
Section [3, we first prove that for a self-adjoint operator @ in (L?) with spectral
representation ) = fR A Pg(d)), under appropriate conditions upon @ there exists
a unique linear mapping Z : $*(R) — £ such that Z(f) = [; f()) Pq(dX) for each
f € S(R). We then naturally use the mapping Z to define 6(Q) as Z(¢). Finally,
we show that the mapping Z : S*(R) — L is continuous and positivity-preserving.

2. FRAMEWORK OF WHITE NOISE ANALYSIS

In this section we briefly recall some notions, notation and facts in white noise
analysis. For details see [2], [5], [7] and [9].

We first fix some general notation. Throughout the paper, R and C stand for
the real line and complex plane, respectively. For any real locally convex space V,
we denote by V¢ the complexification of V. Let (-, ) be the canonical bilinear form
on V* x V; then the canonical bilinear forms on V¢ x V¢ and (V(C@")* X VC®" are
still denoted by (-,-). Similarly, if V' is a real Hilbert space with norm | - |, then the
norms of V¢ and V" are also denoted by the same symbol | - |.

Now let H = L?(R,dt;R) be the Hilbert space of real-valued square integrable
functions on R with norm | - |o and inner product (-,-). Let A = 1+t — d?/dt?
be the harmonic oscillator. Then A has a self-adjoint extension in H, which is still
denoted by A.

For each integer p, let E, be the completion of Dom AP with respect to the
Hilbertian norm | - |, = |AP - |o. Then E, and E_, can be regarded as each other’s
dual if we identify H with its dual. Let E be the projective limit of { E, |p > 0}
and E* the topological dual of E. Then F is a nuclear space and E* is the inductive
limit of { E_, | p > 0}. Hence we have a real Gel'fand triple E C H C E*. It is
known (cf. [2]) that E and E* coincide with Schwartz rapidly decreasing function
space S(R) and generalized function space S*(R), respectively. We denote by (-, )
the canonical bilinear form on E* x E, which is consistent with the inner product
of H.

Let u be the standard Gaussian measure on E*, i.e., its characteristic function
is

(21) [ e utan) =48, per,

The measure space (E*, ) is known as white noise. Let (L?) = L?(E*,u;C) be
the Hilbert space of complex-valued p-square integrable functionals on E* with the
inner product ((+,-)) and norm || - ||o. Then, by the well-known Wiener-It6-Segal
isomorphism theorem, for each ¢ € (L?) there exists a unique sequence (f,,)5%,
with f,, € HZ" such that ¢ = >°°  I,(f,) in norm || - ||o and

(o]
(22) lellg =D nllfals

n=0
where I,,(f,) denotes the multiple Wiener integral of order n with kernel f,,.

Note that the harmonic oscillator A also has a self-adjoint extension in H¢, which

is still denoted by A. Let I'(A) be the second quantization operator of A defined
by

(2'3) F(A)SO = Zln(A®nfn)
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where ¢ = 37 [ I,(fn). Then I'(A) is a positive self-adjoint operator with Hilbert-
Schmidt inverse in (L?2).

Similarly, for each integer p, let (E,) be the completion of DomI'(A)P with
respect to the Hilbertian norm || - ||, = [|[T'(A)? - ||o. Then (E,) becomes a complex
Hilbert space. In particular, (Ep) = (L?). Let (E) be the projective limit of
{(Ep) | p >0} and (E)* the inductive limit of { (F_,) | p > 0}. Then (F) and
(E)* can be regarded as each other’s dual. Moreover, (E) is a nuclear space and
we come to a complex Gel’fand triple

(E) € (L?) c (B)",

which is known as the canonical framework of white noise analysis. Elements of
(E) (resp. (E)*) are called Hida testing (resp. generalized) functionals. In the
following, we denote by (-, ) the canonical bilinear form on (E)* x (E).

For £ € Ec, the exponential functional ¢¢ associated with £ is defined as

e}

1
_ (x,6)—(&8)/2 _ . ®n ®n *
(2.4) Pe(x) =€ —nE:0<-x Htd ), ©€E"

It is known that the set { ¢¢ | £ € Ec } is total in the Hilbert space (E,) for each
integer p. Hence Span{ ¢¢ | £ € Ec } is a dense subspace of (E).

Continuous linear operators from (E) to (E)* are usually called generalized op-
erators. The space of all generalized operators is denoted by £ = L[(E), (E)*]. For
X € L, its symbol X is defined as

(25) X(&m) = (Xo¢, on), &n€ Fe.
The next lemma (cf. [8] and [9]) will be used later.

Lemma 2.1. Let { X, }n>1 C L be such that

(1) V&, n € Eg, the sequence {)/(;(f, N) tn>1 is convergent in C,
(2) there exist constants a,k,p > 0 such that

(2.6) sup | X (&,m)| < aexp{k(€2 + nl2)}, & n € Be.

Then there exists a unique X € L such that X,, — X in L.

3. J-FUNCTION OF AN OPERATOR

We first make some necessary assumptions. Let B(IR) be the Borel o-field of the
real line R and P[(L?)] the set of projections in (L?).
Let @ be a given self-adjoint operator in (L?) with spectral representation

(3.1) Q= [ Apgan.

where Py : B(R) — P[(L?)] is the spectral measure of Q (cf. [10]). It is well
known that for a Borel measurable function f on R, f(Q) = [, f(A) Po(d\) makes
sense as a densely defined operator in (L?). Moreover, f(Q) is a bounded operator
in (L?) if f is a bounded Borel measurable function (see [10] for details).

For each &, 1 € E¢, define Vgn : B(R) — C as

(3-2) vd () = (Po(S)de, 6y), S € B(R).
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Obviously l/gn is a complex-valued measure on (R, B(R)). Throughout the section,
we make the following hypothesis.
Hypothesis. For each &,n € E¢, there exists a function p?_n € E¢ such that

(3.3) ve (S) = /S pg,(NdX, S € B(R).

We call the function pgn the spectral density of the operator ) associated with
£,1.

Proposition 3.1. The spectral density pgn is positive definite in the sense that for
eachn >1 and any z; € C, § € Ec, i1 =1,2,--- ,n,

n
= Q@ ;
(3.4) Azl ZZjPE ¢, >0 as a function on R.
0=

Proof. Let ¢ = Y"1 | z;i ¢¢,. Then for each S € B(R), we have

/SZ ziz_jpg’g—j(/\) dA Z Ziz_j”g,{j(s)

ij=1 ij=1

= ) 5 (Pa(S) 6,6
(Pa(S) 2. 7)

1Po(S) g
> 0

where | - |0 denotes the norm of (L?). Hence 2?3:1 2Z5 p? g =>0asa function
s LRI

on R. O

Proposition 3.2. Let Dom Q™ be the domain of Q™, where n > 0. Then { ¢¢ | £ €
Ec} C DomQ™.

Proof. Let € € E¢. By Proposition Bl and the Hypothesis, we have

0< / N2 pdd(A) dX < o0,
i ,

Hence
[P (Pa@Nse,de) = [ 3 (Potdnse, )
R R
= /}R N (N
= /}R N2 pde(A) dA
< o0,
which implies that ¢¢ € Dom Q". O

The above propositions show useful properties of the operator ). Now we use
them to define Schwartz generalized functions of Q.
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Theorem 3.3. Assume that the spectral density p?,n satisfies that for each g > 0
there exist constants a, k, p > 0 such that

(3.5) pela < kexpla(€l} + Inl3)}, & n € Ec.

Then for each Schwartz generalized function w € E* = S*(R), there exists a unique
generalized operator XS € L such that

(36) )/(wa(gan) = <w7p§7]>7 Ev n S E(C-

Proof. Obviously (3.6) implies the uniqueness of X&. Now we prove the existence.
Let w € E*. Then there is ¢ > 0 such that w € E_;. Since E is dense in E_,, we
can take a sequence { fy, }n>1 C E such that f, — w in the norm |- |_,. For each
n>1, fn(Q) = [ fn(A)Pg(d)) is a bounded linear operator on (L?) since f, is a
bounded function. Hence f,(Q) € £ for all n > 1.
We assert that the sequence { f,(Q) } satisfies the two conditions of Lemma 2T
In fact, for each &, n € Ec, we have

lim F(Q)€m) = lm [ fu )7, ()

n—oo R

_ : Q
= (o pen)
= <w7 p§n> °

On the other hand, by the assumption we have

[(Fas £
[ Falal €l
ak exp{a(|£|,2, + |77|12>)}

V¢, n € Eg, where oo = sup,,~q |fnl—g < 00 since { f,, }n>1 is convergent in the
norm | - |_g. -

By Lemma ] there exists a generalized operator, denoted by X, such that
fn(Q) — X% in £, which implies

——

/2 (Q)(&:n)]

IN A

-

i 7(Q)(En) = XS(6m). Ve e B,
which implies (B.6). O
Proposition 3.4. Let pgn be as in Theorem 3.3 and f € E = S(R). Then
(3.7) XJ? = f(Q) (as generalized operators)
where f(Q) = [ f(X) Po(dX), which is well known as the f-function of Q.

Proof. f(Q) is a bounded operator on (L?), which means f(Q) € £. For each
&, n € Ec, by a straightforward computation, we find that

— -

F@Q)E&m) = XP(&m),
which implies (B77). O
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Motivated by Proposition [B4] we now give the definition of Schwartz generalized
functions of the operator @) as follows.

Definition 3.1. Let p?n be as in Theorem 3.3. For a Schwartz generalized function
w € E*, we define

(38) w(Q) = X2
and call it the w-function of Q.

Remark 3.1. Let 6 be the Dirac d-function. Then ¢ € E*. Hence, under the above
conditions upon @ and p?n, 0(Q) makes sense as a generalized operator.

In the following, we investigate properties of the Schwartz generalized functions
of ) defined above.

Theorem 3.5. Let p@. be as in Theorem 3.3 and n > 0. Let w, € E* be defined
Pen

by

(3.9) (s £) = / X' (N, f € B
R

Then

(3.10) wn(Q)p =Q"p, @weD

where D = Span{ ¢¢ | £ € Ec } is the linear subspace of (E) spanned by { ¢¢ | £ €
Ec}.

Proof. Firstly, by Proposition B-2, we see that D C Dom Q™. On the other hand,
for each &, n € E¢, we have

N (R R
JRRGHTN)

/}R X (Pg(dN)ge, o)

/R A" p@ (M) dX

— Q
- <wna p§7n>
= {(wn(Q)¢c, o)),
where ((-,-)) means the inner product of (L?). Hence (BI0) follows. O

Remark 3.2. Let p?n be as in Theorem 3.3. Then from Theorem [3.5] we see that

(3.11) Qp=w1(Q)y, ¢€D.

Note that D is not only a dense subspace of (E) but also a dense subspace of (L?).
Hence @ itself can be viewed as a generalized operator.

Theorem 3.6. Let pgn be as in Theorem 3.3. Define a mapping Z : E* — L as
follows:

(3.12) Z(w)=w(Q), weE".

Then Z : E* — L is a continuous linear mapping.
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Proof. Z is obviously linear. We now prove its continuity. Let {w®) }isy € E*
and w € E* be such that w®) — w in E*. Then there exists some q > 0 such that
w, w®) E_,, k>1and

w® (in the norm |- |_4).

With an argument similar to that in the proof of Theorem [3.3] we can get a gener-
alized operator X such that

Z(w*) =w®(Q) — X (inL).
On the other hand, we have

-

X(En) = Jlim Z(w®)(En)
- khjgo<w(k)’p§n>
= <w7p§7]>

—

= w(@)(&n)

—

= Z(u}) (&, "7)7
V¢, n € Ec, which implies X = Z(w). Hence Z(w®)) — Z(w) in L. O

Theorem 3.7. Let p?,n be as in Theorem[ZA and Z : E* — L as in Theorem[3.4.
Then Z is positivity-preserving in the sense that

(3.13) (Zw)p, ) =20, ¢ e (E)

whenever w € E* and w > 0.

Proof. Let w € E* with w > 0. To prove ([BI3), we only need to show that for each
n>1landany 2z, €C, ¢ € Eg,i=1,2,---,n,

<<Z<w>gzi¢gi,g>> > 0.

In fact, we have

<<Z(w)§¢gg>> =Y L2606 )

ij=1
n
- Z ziz_j<w,pg7£—j>
ij=1
n
- (o3 aml)
ij=1
Z O;
where, by Proposition B1], Z?jzl 2iZ; p?_ e =>0asa function on R. O
’ 1583

By Theorem 37 we immediately come to the following proposition.

Proposition 3.8. §(Q) is positive, i.e., {6(Q)p,P) >0, Vo € (E).
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Remark 3.3. The physical meaning of the fact that 6(Q) is positive can be inter-
preted as follows. From the physical point of view, the self-adjoint operator @
stands for an observable. Naturally, as a generalized operator, §(Q) can be viewed
as an observable associated with the observable Q. Hence the positivity property
of §(Q) implies that it is a positive observable.
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