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Abstract. The theory of one-mode type Interacting Fock Space (IFS)
allows us to construct the quantum decomposition associated with stochas-
tic processes on R with moments of any order. The problem to extend this
result to processes without moments of any order is still open but the Araki—
‘Woods—Parthasarathy—Schmidt characterization of Lévy processes in terms
of boson Fock spaces, canonically associated with the Lévy—Khintchine
functions of these processes, provides a quantum decomposition for them
which is based on boson creations, annihilation and preservation operators
rather than on their IFS counterparts. In order to compare the two quantum
decompositions in their common domain of application (i.e., the Lévy pro-
cesses with moments of all orders) the first step is to give a precise formu-
lation of the quantum decomposition for these processes and the analytical
conditions of its validity. We show that these conditions distinguish three
different notions of quantum decomposition of a Lévy process on R accord-
ing to the existence of second or only first moments, or no moments at all.
For the last class a multiplicative renormalization procedure is needed.
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1. INTRODUCTION

The discovery that any classical random variable with all moments is canoni-
cally associated with a non-commutative structure and, in particular, admits a quan-
tum decomposition [2], extended to processes in [3], naturally raises the question
of comparing this quantum decomposition with another quantum decomposition,
valid only for infinitely divisible random variables but, in this domain, not limited
to random variables with all moments: this is the quantum decomposition related to
the Araki—Woods—Parthasarathy—Schmidt (AWPS) algebraic approach to the the-
ory of infinitely divisible distributions on a general class of topological groups (see
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[23], [0], [[Z]). This approach extends to non-commutative groups Kolmogorov pa-
pers [I5], [T6] on helices in Hilbert space (helix is the name used by Kolmogorov
for what is now called a one-cocycle for a given unitary representation).

Since the intersection of the domains of application of the two theories con-
sists exactly of the infinitely divisible random variables with moments of any
order, which are many and very important, the problem to compare them natu-
rally arises. In fact, the two descriptions are both canonically associated with the
same object (say, to fix ideas, an independent stationary increment process on R
with all moments) and both describe the same object, i.e., the L?-space associated
with it, therefore one expects that there is a canonical isomorphism between them,
where the term canonical means that the operators representing in the two spaces
the random variables of the process are mapped into one-another by this isomor-
phism.

This problem is strictly related to another problem which has been studied by
several authors in the past years (see [T2]-[T4], [B], [IR], [TZ], [R], [9]), i.e., the
extension of Hida white noise theory [[1]] to more general Lévy processes. The
connection consists in the fact that, according to the Araki—Woods—Parthasarathy—
Schmidt theory, any infinitely divisible process on R (in fact, on a much more
general class of groups, but in the present paper we discuss only the case of the
real line) can be realized in a boson Fock space constructed in terms of the Lévy—
Khintchine function of the process.

In order to realize the program formulated above our first step has been to ob-
tain a form of the AWPS representation of a Lévy process on the real line explicit
enough to deduce a quantum decomposition for any infinitely divisible real-valued
random variable and for the associated white noise: the case of a single random
variable is discussed in the paper [8]; the associated white noise is constructed in
the present paper. Our construction is different from the construction used by the
authors who have applied the AWPS results to classical Lévy processes (e.g., [21],
[26]) and, being applicable to any Lévy process, has the advantage of dispens-
ing from some analytical assumptions like the existence of the Laplace transform
[26] or of finite second moments [[9], [20], which limits the class of processes to
which the theory is applicable. Our investigation points out a natural subdivision
of the Lévy processes on R into three classes according to the existence of sec-
ond or first moments or no moments at all. For the last class the existence of the
quantum decomposition requires a multiplicative renormalization procedure whose
effect can be intuitively described as “subtracting an infinite constant to a classi-
cal real-valued random variable working with quantities which are finite at every
step”. The remark that a classical real-valued infinitely divisible random variable
(respectively, process) with no moments is equivalent “up to subtraction of an infi-
nite constant” (see Section B below for a precise formulation of this statement) to a
classical random variable with moments of any order was an unexpected result for
the authors of this paper.
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2. GENERAL FRAMEWORK

2.1. White noise measures. Recall (see [29]) that any infinitely divisible prob-
ability measure 1 on R is canonically associated with a triple («, o, 3) such that:

e «v1s areal constant,

[ 1is a positive finite measure on R with

o? = B({0}),

« denoting by 7 the Fourier transform of y, and by ¥ the Lévy—Khintchine
function given by

2

; 2
(2.1) V(x) :ia$_ix2+ f <em_1 ixt >1+t
R\{0}

BN Tdﬁ(t)a z € R,

we obtain the measure on R* := R \ {0} in the form

1 2
2.2) dv(t) = %tdﬁ(t)

which is called the Lévy measure of 1, and we denote by X the real-valued random
variable with distribution p.

Let C*°([—a,a]) (a > 0) be the space of all infinitely differentiable functions
on R having compact supports in the interval [—a, a]. Then C*°([—a, a]) is a nu-
clear space with a family {| - |, ,} of countable Hilbert norms defined by

V4 a
flap:= X [ @)Pdt,
m=0—a
where f(™) denotes the m-th derivative. Let C°(R) be the union of the spaces
C>([—a, a]) endowed with the inductive limit topology. Defining H = L?(R, dt)
we obtain the real nuclear triple

CX(R) C H C CX(RY,

where C2°(R)’ is the dual of 7 (see below) with the weak topology.

Under the assumption that 3 has finite absolute second moments, Lee and Shih
[T9], [20] have shown that there exists a unique probability measure, which can be
identified with the white noise measure A, on the space C;°(R)’, of tempered
distributions with the Borel o-algebra induced by the topology described above
with characteristic functional C, 3 on C2°(RR) given by

. oo
2.3)  Cap(&):= [ WON, (dw)=exp{ [ W(E(t))dt}, €€T,
c (R —o0

where (-, -) is the duality (77, 7).
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Since we want to drop the restriction on second moments, we will use a differ-
ent test function space based on the fact that every infinitely divisible probability
measure 1 on R defines an independent, stationary, real-valued increment process
(X}) (simply called white noise) on R, that is unique up to stochastic equivalence.
The probability space of this white noise will be denoted by (£2,,, F,,, A,,) and the
probability measure A, will be called the white noise measure associated with .
We will also use the shorthand notation L?(A,,) for the space LZ (€, Fpu, Ap).

Finally, we fix the test function space

7 := {finite range, compact support step functions R — R}

and the random variables

Xg = Z §j(th+1 - th) = fftht, §:= Z ij(tj,tj+1] S
jEF R jEF

where ((t;, tj+1])j€F is a partition of the support of £ and for any set I C R
0 ifaxdl,
ale) = {1 ifzel.
Using the fact that for w € €, the map
T,:feT — Xy(w)eR

is linear, we identify the measurable space (2, ;) with (7', F},), where F, is
the pullback of 7, through the map 7" : ,, — 7', i.e.,

Fl={AcT ,T7YA) e F.}.

With this identification we use the same symbol A, for the measure induced by A,
on (7', F') and the notation

<.’IJ,§> = XE(':U)7 T c Tlv
where (7", T) is the natural duality between 7’ and 7.

2.2. The Araki-Woods—Parthasarathy—Schmidt approach. According to Kol-
mogorov representation theorem a C-valued kernel k on a set &’ is positive definite
if and only if there exists a Hilbert space H and a map

e.:x€X—e, €H

such that k(x,y) = (ex,ey)n and {e,; x € X'} is total in H. The pair (H,e.) is
unique up to unitary isomorphism and is called the Kolmogorov pair associated
with the positive definite kernel k.
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If H is a Hilbert space with scalar product (-, -)3;, the exponential kernel
(2.4) Exp(-, )y : (v,y) e HxH—C

is also a positive definite kernel on . The Kolmogorov pair associated with the
positive definite kernel exp(-, -)2 on H is denoted by

(D(H), Ezp(-))

and called the exponential space (or boson Fock space) over H. The total set

Bap(H) = {Exp<f> = 3 eI f € H}

is called the set of exponential vectors of I'(H).
The characterizing property of the exponential vectors is

25)  (Bxp(f), Exp(g)) = (e, eq) = /9% forall f,g € H.

A kernel k is called infinitely divisible if the map t € N — k(z,y)" admits an ex-

tension ¢ € R +— k(x, y) such that for each t € R the kernel k' (z,y) = (k(=, y))t
is positive definite. Clearly, any exponential kernel (Z3) is infinitely divisible.
The converse statement is the starting point of the Araki—Woods—Parthasarathy—
Schmidt theory.

THEOREM 2.1 (Araki—Woods—Parthasarathy—Schmidt). For a kernel k on a
set X the following statements are equivalent:
(i) k is infinitely divisible positive definite.
(ii) There exists a kernel qy such that k has the form

k(f,g) =e®9  fgex,

and qq is conditionally positive definite, i.e., for any fo € X the kernel q on X,
defined by

(2.6) q(f,9) = q(f,9) — q(f, fo) — qo(fo, 9),

is positive definite.
(iii) In the above notation, the map

2.7) K:fGXHK:f = —qO(f(),f) eC

is such that, denoting by (H, e) and (IC, u) the Kolmogorov pairs associated with
k and q, respectively, then the map

(2.8) U:e ™" Exp(us) eI'(K)—ereH

extends to a unitary isomorphism between H and the Fock space T'(KC) over K.
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3. THE KOLMOGOROV ISOMORPHISM
ASSOCIATED WITH THE WHITE NOISE MEASURE

For a given white noise measure A, we define the kernel gg on 7 by

3 wlEm = [ B - &)t = w0y - €)

which is conditionally positive definite, and hence the kernel
k(&) = Y=0)

is infinitely divisible and positive definite. Moreover, in this case, we can con-
cretely realize the Araki—Woods—Parthasarathy—Schmidt isomorphism in Theo-
rem 7T as follows.

THEOREM 3.1. For each ¢ € T and for any b € C such that |b|*> = o, let us
define the following:
(i) the trigonometric exponential e¢ € L*(A,,),

(3.2) ee(z) := ez’(ax@’ reT
(ii) the function vg,

(3.3) ve(y,t) == e 1, yeR",

and the space Ky,

(3.4) Ko := closed linear span of {v¢; £ € T} C L*(v @ dt);
(iii) the vector u¢ in H @ Ko,

(3.5) ue = b€ D € Hd Ko,

where v¢ is defined by (B3).
Then, in the notation (B1)), the unique linear operator U, such that, for all
5 6 T’
(3.6)
U, : e@(s»E:cp(u&) cel'(HoKy) — U, (e@(é))Exp(uS)) = eg € L2(A,)

is a unitary isomorphism from the Fock space T'(H&®Ky), over H® K, to L*(A,).

Proof. Clearly, ve € L?(v ® dt), which proves the inclusion (B4). In the
notation of Theorem Tl we choose:

X =T, k(&n) =Y go(&,n) = (T(n—¢)).
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Then, using the expression (Z1l) for the Lévy—Khintchine function and with the
above choices, we see that the kernel ¢ defined by (IZ8) is given by

3.7 q(&n) =q0(&,n) — q0(§,0) — qo(0,7m)

= T A0 - 0) - ¥(- &) - 100 Ja

=T eomwar+ [ [ vl Doy, Ow(dy)dt,
—00 —00 |y|>0

where v¢ is defined by
ve : (y,t) — eWe® 1,

The right-hand side of (B7) suggests a natural choice for a Kolmogorov repre-
sentation of the kernel ¢. On the other hand, there exists a subset 7y C 7 such
that {vg; € € 7o} is a linearly independent set and Ky is the closed linear span of
{ve; € € To}. Then one can see that the first term in the last line of (B7) is a scalar
product on H and the second, due to the linear independence of the v¢’s, £ € 7o,
extends to a scalar product on the space K¢ defined by (B8-4). Then (BZ1) gives the
scalar product on

(3.8) K :=H & K,

which takes the form

(3.9) <" '>/C = <'7 > = <" >H + <" '>L2(V®dt)'

From the definition of Ky it is clear that the range of the map § — u¢ in (B3) is
total in H @ /Cy. Therefore, the pair (/C, u¢) defined respectively by (B8) and (B3)
is a Kolmogorov representation of the kernel q. Passing to the exponential space
I'(KC) of IC, we see that the exponential kernel of the scalar product (39) is of the
form

(Eap(ug), Bap(uy)) = elern) = ealen),

On the other hand, we have

(¥(n=8) _ f e*i@’@ei@»mAu(d:ﬂ) - f\L (n— &) = (e, 677>L2(1\u)7
’]’/

and the family {e¢; £ € T} is total in L%(A,). It follows that, if we define the
linear map
U, :T(K)=T(H ® Ko) — L*(A,)

by linear extension of

U, (em’(é))Exp(ug)) =e, E€T7T,



344 L. Accardi et al.

then we get

(cesen) gy, = Mo (=€) = eV = exp{go(€,m)}

= exp{q(&§, 1) + q0(&,0) + q0(0,m)} = exp{(ug, uy) + (¥(£)) + (¥(n))}
= (') Bap(ug), D) Bap(uy))ric).-

Therefore, the pair
(H,e) = (L*(Ap), {eg; €€ T})

is a Kolmogorov representation of the kernel Exp(-, ). =

4. GENERALIZED FIELD OPERATORS

Recall that the differential second quantization of a self-adjoint operator 7" on
the Hilbert space H, denoted by A(7T'), is defined via the Stone theorem by

4.1) () = Nt eR,

where for a unitary operator X, I'(X) is the second quantization of X, character-
ized by the condition
I'X)Exp(x) := Exp(Xx).

Recall that the creation (respectively, annihilation) operator A (u) (respectively,
A~ (u)) acts on the domain of exponential vectors as follows:

(4.2)

At (u)Exp(z) := 4

7 Exp(x + su), A (u)Ezp(z) = (u,z)Exp(z).

s=0

It follows that if z € dom(7"), then

4.3) ANT)Ezxp(zx) = —idii Exp(e®Tx) = AT(Tx)Exp(z).

s=0

DEFINITION 4.1. Let g¢ be the multiplication operator by the random variable
(&) in L2(A,):

(geF)(x) := (,§)F(x), FelL*A,),zeT.
Define the operator Q¢ on I'(H @ KCy) by
QE = U:qﬁULa

where U, is the isomorphism defined by (B8). Since A, is a probability measure
on 7’, g¢ is self-adjoint (see [24], Chapter VIIL.3, Proposition 1) and

e — UZeithUL, teR.

Q¢ is called the generalized field operator.
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LEMMA 4.1. The one-parameter unitary group

t — exp{itQ¢}

acts on the total set {exp{uy,};n € T} as follows:

4.4) exp{itQ, } Exp(uy,) = exp{(¥(n + &) — ¥(n)) } Exp(uy ).

Proof. Using the isomorphism U, defined by (B-fl) we get

exp{itQ, } Exp(u,) = UL_1 exp{itq, }U, Exp(uy)

= U, " exp{itq, }(exp{ry }ey) = exp{ry}U, " (exp{itq } exp{i(-, m)})
— exp{) U explitn + 1)) = exp{} U7 (et

= exp{ry} eXp{_“n-ﬂ-tE}UL_l(eXp{”nthf}enthE)

= exp{ry} exp{—ry e} Erp(uyiie)

= exp{(¥(n + &) — U(n))} Exp(uyiie). =

LEMMA 4.2. Forall £ € T, the following statements are equivalent:
(1) The second moment of A, is finite.

(ii) The vacuum vector is in the domain D(Q¢) of Q¢.

(iii) The total set { Exp(uy); n € T} is in the domain of Q.

Proof. The domain D(g) of the multiplication operator by the random vari-
able (-, &) is defined by

D(ge) = {9 € L*(Np); (- €)g € L* (AW}
Therefore, given ) € 7, Exp(uy) € D(Q¢) if and only if

+00 > || Q¢ (Exp(uy)) ||*
= Uz qeU, (Bap(uy))||* = [|a¢ (exp{—(T(n))}ey)
= exp { = 2R(W()) Hens déen) = exp{ = ZR(WW)} [ (2. €M)
=exp { — 2R((T () }{®, QF®)r (),

where @ is the vacuum vector. Thus, the assertion holds immediately. m

I

Let g¢ = ¢ ® Mult(€) be the operator acting on the Hilbert space L?(v @ dt)
as follows:

(4.5) qeF'(y,t) == y€()F(y,1).
Using (B3) one can see that

Ge(vy + 1)(y, 1) = y&(t) exp{iyn(t) }.



346 L. Accardi et al.

REMARK 4.1. The equivalent conditions of Lemma B2 coincide with the as-
sumption in Lee and Shih paper [2U] and it is known that they allow us to differ-

entiate twice with respect to r, at = 0, the characteristic function Cq, (1) given
by (L3). The result is

E((-€)%) = (E(X1) [&@)dt) +1I€]3 [ v2v(dy), €€T,
J

R

where || - ||o is the norm of H. This gives a simple proof of the known fact (see
[25]) that A, has finite second moments if and only if v has this property.

PROPOSITION 4.1. If the second moment of A, is finite, the generalized field
operator Q¢ acts on the total set { Exp(uy); 1 € T} as follows:

Q¢ (Bap(uy)) = (AT (Qe) + A™ () + A& ) Exp(uy),
where
Qe =—0E D qe(vy +1) and A& n) =E(X1)(§) — 2R(Qg,py, up)-

Proof. By Remark BTl one can see that ¥ is twice differentiable. Thus we
can take the derivative at ¢ = 0 of equation (E-4)) obtaining

d
(4.6) iQEE:L‘p(un) = (§\IJ/(7;)>Exp(un) + pn Exp(tyye)-
t=0

But with the notation g¢ ,(t) = wy4+¢ — u, we have

d T 1 ()@ — (uy)®"
T Bap(un+ig) = lim Z |< L ; (ty
t=0 n!
too 1 N _ n
=Y - lim (“n+t£) t (uy)
n=1 V1.
®
L (gen(®) )™ = (1)
n! t—0
n=1
+oo N
Jen(t) ~ Blh-1)2, \&(n
.%E%Z( > S8 (g6 (D) 4B wy) P
n=1
+OO \/7 . N B
Y, k003,
Note that
_ Upite — Uy . b +1E) = by vppie — vy
9en(0) = i ——— = limy t T

= bf S i?jg(vn + 1) = Z'ng.
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Then
d e L e ,
— | Eap(ugig) =3 7295777@(“77)@( D= ZA+(Q€,U)E=TP(“U)-
dt|—o n=1+/(n—1)!

On the other hand, we have

@7 (uy, Qe ) = —ic*(n, &) — R*f Ryﬁ(t)(exp{iyn(t)} — 1)v(dy)dt.

Moreover, using (Z3) we have

4.8) U (z) =iE(X1) — oz + i [ y(exp{izy} — 1v(dy).
R+
Hence (BE72) and (BER) yield
(€W () = iB(X1) () — o(&,m) + iRJRyﬁ(t)(exp{iyn(t)} —1)v(dy)dt

= {E(X1)(€) — i(uny, Qg pp)-
This gives
(€W (en)) :i(E(X1)<§>—2%(<Q£,m “n))) Fi(Qe s ) =21A(E, M) + 1{Qe 1y, U)

and we get

QgExp(u’V]) = A(§, n)Exp(un) + <Q£,77a un>Ea:p(un) + A+(Q§7W)Exp(un)
= AN (Qe ) Exp(uy) + A~ (Qe ) Exp(uy) + ME,n)Exp(uy,). =

THEOREM 4.1. Assume that the second moment of A\, is finite. Then under
the identification
I'H @ Ky) =T(H)®I'(Ky),
(4.9) Ezp(g @ f) = Exp(g) © Exp(f),

the generalized field operator ), has the form
(4.10) Q=Qe®@1+1®Q,,
where
Qc,g - A+(_ib€> + A_(—ibf),
4.11) Qepe = A (G - 1) + A7 (G - 1) + Ao (@) + E(X1)(E)1,

and A}, A;;, \, are the creation, annihilation, and preservation operators in the
Fock representation of L*(v ® dt) and qe is defined by (E3).
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Proof. Using Proposition Bl and the identification (B9), we have
Q. Exp(uy)

d ~
= Exp(uy + sQ¢ ) + (—ib€ @ ge(vy + 1), bn @ vy) Exp(bn & vy)
s=0

+ A&, n) Exp(bn © vy)

= S:OEmp<(b77 + s(—ib€)) @ (vy + sge(vy + 1)))

+ ((—ib€, bn) + (ge(vy + 1), vy)) Exp(bn & vy)
+ A& n) Exp(bn @ vy)

= 2 (Banlon + s(-it) @ Bap(oy + siilo, + 1))
s=0

+ ((—z’bg, bn) + (ge(vy + 1), v,ﬂ)Ewp(bn ® vy)
+ A& n) Exp(bn & vy)

= <CZ Exp(bn + s(—ibf))) ® Exp(vy)

s=0

d ~
+ Exp(bn) ® <ds Exp(vy + sge(vy + 1)))
s=0

+ (—ibe, by) Exp(bé) @ Eap(v,) + (@ (v + 1), v,) Exp(bn) @ Exp(v,)
+ A& m) Exp(bn) @ Exp(vy).
Hence, by (B2), we have
4.12) Q. Eap(uy)
— (A*(=ib&) Eap(bn)) @ Bap(vy) + Eap(on) © (A7 (@(vy + 1)) Eap(vy))
+ (A7 (=ib&) Eap(bn)) © Eap(ve) + Eap(bn) @ (A; (Ge(vy + 1)) Eap(v,))
+ Exp(bn) @ (A€, m) Exp(vy))
= [(AT(—ibg) + A™(—=ib)) Exp(bn)] © Exp(vy)
+ Bap(bn) @ [(47 (@(oy + 1)) + A (@(vg + 1) + M 7)) Bop(uy)]
On the other hand,

A& m) = E(X1)(€) — 2R((Qen, uy))
=E(X1)(¢) — 2§R(< 1b§ <) q§ vy +1),bn @ U77>)
= E(X1)(€) — 2R ({Ge vy vp))
= E(X1)(€) — ((Ge(vy + 1) Un> + (vy, Ge(vy +1))).
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Therefore, using the fact that

(vn; G(vn + 1)) = —(ge - 1, vp)

and equation (E3), we obtain

(A5 (@e(vg + 1)) + A7 (@e(vy + 1)) + A& m) ) Bzp(vy)
= A;r(a& 1+ qevy) Exp(vy) + (Ge(vy + 1), vy) Exp(vy)
- ((‘7{(”7} +1), Un> + <U7}a (75(7)77 +1)) + E(X1)<§>)Ea:p(vn)
= AJ (@ - 1) Bap(vy) + A (Gevy) Exp(vy)
+ (E(X1)(€) — (v, @e(vy + 1)) Exp(vy)
= A (Ge - 1) Ezp(vy) + Ay (Ge) Exp(vy)
+ (qe - 1, vy) Exp(vy) + E(X1)(€) Exp(vy)
= A (Ge - 1) Exp(vy) + Ay (Ge) Exp(vy)
+ A, (g - 1) Exp(vy) + E(X1)(€) Exp(vy).

Finally, the previous equation and (E12) yield

Q. = (AT (—ib¢) + A~ (—ibg)) ® 1
+1@ (AF (G- 1)+ A (e - 1) + Au(Ge) + E(X1)(6)1)
=Qe®1+1®0Q,,. =

REMARK 4.2. The identities (B10) and (BEIT) define the quantum decompo-
sition of the generalized field associated with the Lévy white noise processes. The
technique applied in the proof of the previous theorem uses heavily the existence
of the second order moment of v. It is therefore natural to ask what is the quan-
tum decomposition associated with the Lévy white noise processes in the following
cases:

(1) only the first moment of v is finite,

(i1) v has no finite moments.

5. THE WEAK QUANTUM DECOMPOSITION

In the present section we assume that only the first order moment of v is finite,
meaning by this that the vector ¢¢ - 1 € L' (v @ dt) but g¢ - 1 ¢ L*(v @ dt). This
implies that, forany F' € L (v ® dt), ¢ - F € L'(v @ dt). Under this assumption
we prove that the quantum decomposition associated with the Lévy white noise
processes can be given a meaning in a weak sense (see Definition B3 below).

Without loss of generality we neglect the Gaussian part, which can be dealt
with independently and for which the problem does not subsist, and we denote
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by the same symbol ¥ the characteristic exponent associated with the compound
Poisson process.

Since, by assumption, ¢ - 1 ¢ L?(v ® dt), the first problem is to define objects
like

Af (G- 1),  Ay(g-1).

To this goal recall that (see [27]) the Weyl operator (in the normally ordered form)
5. D(T,v,2) = exp{A*(u)}D(T) exp{A~(v)} exp{z}

is well defined on the domain of the exponential vectors and maps the scalar mul-
tiples of these vectors into themselves because

(5.2) T(u, T, v, 2)Exp(f) = exp{z + (v, f)}Exp(Tf +u), fecL*(vedt).

Moreover, for uy, ug, vy, v2 € LQ(V ® dt), z1, zo € C, and for any two unitary op-
erators T, T on L?(v ® dt), we have
(53) F(Ul,Tl,Ul,Zl)F(UQ,TQ,UQ,ZQ)

= T(u1 + Tug, T1Ta,v2 + Ty v1, 21 + 22 + (v1, u2)).
The following result can be deduced from the existing literature, but we include a
direct proof for completeness.

THEOREM 5.1. The operator-valued function

(5.4) t—We(t) := T (ve, exp{itqe}, v_se, (U (£E)))
= exp{ A" (vig) }T'(exp{itqe }) exp{A™ (v_s¢) } exp{(¥(t&))}

is a strongly continuous one-parameter unitary group with generator @ ., e
Proof. Step 1. In the notation already used above, it is known that (v¢) is

a one-cocycle for the group (exp{ige })eecoe (r)» i-€-»

Vgtn = expligetvy +ve, v_g = —exp{—ige}vg,

and that the two-coboundary associated with ¥ has the form

(U((t+5)) —W(sE) = W(t)) = (W (& — (—5)E) — W(—sE) — V(LE))
= q(—5&,t8) = (v_sg, vig).-
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Therefore, for f, g € Ky, we have

(We(t)Exp(f), We(t)Exp(g))
= (exp{(W(t€)) + (v_i¢, f)} Exp(exp{ite} f + vie),
exp{ (¥ (t&)) + (v_t¢, )} Exp(exp{itge }g + vie))
= exp{(U(t8)) + (¥ (t8)) + (v—se, f)
+ (v_tg, 9) H{Exp(exp{itge } f + vie), Exp(exp{itqe }g + vie))
= exp {(V(tE)) + (U(tE)) + (v—se, f) + (v_t¢, g) + (exp{itqe} f + v,
exp{itqe}g + vt§>}
= exp{(vig, vie) + (U(2)) + (P () + (— exp{—itqe }vee, f)
+ (—exp{—itge v, 9) + (f, exp{—itqe fvie) + (vie, explitqe }g) + (f,9)}
= exp{q(t&, t§) + (V(t8)) + (¥ (t8)) + (f, 9)}
= exp{(f, 9)}
= (Exp(f), Exp(g)).

Thus We(t) is unitary for all ¢ € R.

Step 2. Now we prove the group property and the strong continuity.
It is easily seen that

We(0) =T (vo, 1,9, (¥(0))) =T(0,1,0,0) = 1,
and by equation (B3) we obtain

We(t)We(s) = T (vig, exp{itge }, v, (¥ (t£)))
X I‘(vsg, exp{isqe }, v_s¢, (\I/(s§)>)
= T (vee + exp{ite buse, exp{itqe } exp{isge},
v_se + (explisGe }) v, (P(tE) + V(sE)) + (v_sg, vse))-

From the identities

Utg + exp{itfjg}vsg = 'U(t+s)§7
U_se + (exp{isqe}) v_te = v_s¢ + exp{—isGe}v_tc = vV_sese,

(W(tE) + W(sE)) + (v—te; vsg) = (W () + W(sE)) + ¢(—1E, 58)

= (W(t6) + (s) + W (s§ = (=)€) ) — (W(—1E)) — (¥(sE))
= (U((t + 5)€))
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we deduce that
We(t)We(s)=T (U(tJrs)&? exp{i(t +5)qc}, v_(145)¢, (P ((t +5)E) >> =We(t+s).
For the strong continuity, it is sufficient to prove that

lim || We(t) Exp(f) — Exp(f)l| =0 forall f € L*(v ® ds).

We have
(5.5 |We(t)Exp(f) — Exp(f)|®
= [We(t)Ezp(/)I* + || Exp(f)II* — 2R(Exp(f), We(t) Ezp(f))
= 2||Exp(f)||* — 2R(Ezp(f), We(t)Exp(f))
= 2exp{||f[I*}
—2R((Ezp(f), exp{(P(t€)) + (v_s¢, f)} Exp(exp{itge } f + vie)))
= 2exp{[|£[I*} — 2R (exp{ (¥ (t&)) + (v_ie, f) + (f, explitge} f) + (f,vie) })-

By the dominated convergence theorem, for all f € Ky we have
(5.6)

(frexplite}f) = [ [f(y, )] exp{ity&(s)v(dy)ds — || f|* ast— 0.
R*xR

On the other hand, for |¢| < 1, we obtain

| f(y,s) (exp{ity€(s)} —1)| < 2[y&(s) f(y, s)| = we(y, s)

and ¢ € L' (v @ dt) because

| we(y,s)v(dy)ds =2 [ [y&(s)f(y,s)|v(dy)ds
R*xR R*xR

<2( [ y2§2(8)”(dy>d3)1/2( / ’f(y,s)\2u(dy)d8)l/2<oo.
Rk R* xR

Again by the dominated convergence theorem we conclude that

(5.7) lim(f, vig) = / lim f(y, 5) (exp{ityé(s)} — 1)v(dy)ds = 0.
*xR

R

Taking the limit ¢ — 0 in equation (83) and using (56) and (B~1) we obtain

lim [We(t) Exp(f) — Eap(f)* = 2(exp{l| £} = R(exp{]| /|*})) = 0.
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Finally, from (E-4) we can see that, for all s,t € R,

Welt) Bap(v) = exp{{T(€)) + (v_se, o) Hozp(expiitde oy + vie)
— exp{{T(t0)) + 4(—t€, 1) Exp(vysre)
— exp{ (U0 + 16) — W)} Bap(ogsie)
= exp{itQp, } Ezp(vy). =

Now, we extend the definition of creation, annihilation, and preservation oper-
ators to include the case when the images of some vectors in the Fock space are not
vectors of the same space but elements in its algebraic dual of a dense subspace. In
this sense we speak of distribution-valued operators.

DEFINITION 5.1. A distribution-valued operator I' on a Hilbert space H with
dense domain D is a linear map from D C H to its algebraic dual D’. Moreover,
the natural embedding

EeEH— I - YeH D
allows us to adopt the language of standard triplets
DCHCTD

and to interpret elements of D’ as vector-valued distributions on D.
Let D, be a total set in Xy with the following properties:
(C1) D, is invariant under complex conjugate.

(C2) Forall g € D, and £ € T, the distributions
G- 1:f—=(G-1,f) and ge-g:f— (G 9 f) =& 1.9f)
are well defined on Lin-span(D,)).

DEFINITION 5.2. For f € D,, define the operators A, (g - 1) and A (g¢ f)
on the invariant domain Ezp(D,) C I'(KCp) (the linear subspace of I'(KCy) gener-
ated by {Exp(g); g € D, }) by linear extension of

(5.8) A, (G - 1)Exp(g) == (ge - 1,9)Exp(g), g€ Dy,

(5.9) A, (Gef)Exp(g) == (Ge - 1, f9)Exp(g), g€ Dy.

The distribution-valued operators A;f (g - 1) and A, (g¢) on the domain Exzp(D,)
C I'(Ky) are defined, for each f, g € D,, as follows:

(5.10) (AS(@e - V) Exp(f), Exp(g)) = (Exzp(f), A, (G - 1) Exp(g)),

(5.11) (Au(ge) Exp(f), Exp(g)) == (Ezp(f), A, (¢ f)Exp(g))-
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REMARK 5.1. One easily proves that the definition (58I1) of A, (qe) is com-
patible with the usual one, as the differential second quantization of g, in the sense
that the two definitions coincide on the set of exponential vectors with test functions
in the domain of qe.

DEFINITION 5.3. Let U(t) = exp{itA} be a strongly continuous one-para-
meter unitary group on a Hilbert space H with generator A. Define the weak do-
main wk-dom(A) of A as the maximal subspace D of H such that for all p, ¢ € D

the limit () 1
) t) —
I

REMARK 5.2. Clearly, the weak domain of A contains the domain of A.
In particular, wk-dom(A) is a dense subspace of H and A can be defined as a
distribution-valued operator on its weak domain by the formula

-1
av = i (S ).

LEMMA 5.1. Let D, := {vg; £ € T} C Ko. Then D, is a total set in Ky
satisfying conditions (C1) and (C2). Moreover, for all f € D, the function

exists.

F:s— <Usg717
is derivable at s = 0 and
F'0) = —i{Ge- 1, f) == —i [ w&(t) Jv(dy)dt.
R*xR

Proof. The totality of f € D, in Ky follows immediately from the defini-
tions of these sets.

From the relation v; = v_¢ we deduce that D, is invariant under complex
conjugate. Then condition (C1) holds.

Since the first order moment of v exists, the map

(y; 1) = y&(t)ve(y, )
belongs to L'(v ® dt). This implies that

(- Lvey = [ y&(t)ve(y, t)v(dy)dt
R* xR

exists for all £ € C2°(R) . Then, by a linear extension, the distribution

Lin-span(D,) > f — (Ge - 1, ) == [ y&(t) Jv(dy)dt
R*xR
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is well defined. Moreover, from the relation

Vgl = Veqn — Ve — Uy, & ET,

we deduce that Lin-span(D,) is invariant under multiplication. Then, for all g €
D,,, the distribution

Lin-span(D,) 3 f — (Ge - 1, fg) :== [ &) f(y,t)g(y, t)v(dy)dt
R*xR

is also well defined, which proves that condition (C2) is satisfied.
For any £, 7 € 7, the function

F(s) = (s, vy) = R*vass(yy t)oy(y, t)v(dy)dt

is well defined because vs¢, vy € L?(v ® dt). On the other hand,

D (ol w.0)| = | = v (1) exp{—isy ()}, 0.0
= |y€(t)vy(y, )] =: ¢(y,1)

with p € L'(v ® dt). Therefore, F is derivable at any s € R and

F'(s)=—i [ y€(t)exp{—isy(t)}vy(y, t)v(dy)dt;
R* xR
in particular, F'(0) = —i(ge - 1,v,). m
In the remaining of this section, we take D,, := {vg; £ € T }.

THEOREM 5.2. The exponential vectors Exp(D,)) are in the weak domain
wk-dom(Q ) of Qp - Moreover, on the domain Exp(D, ), the operator Q
coincides with the distribution-valued operator

(5.12) A (e - 1)+ A (e - 1) + Ay(Ge) + E(X1)()1.

Proof. By Theorem 51l we know that Q. is the generator of (W (t))te]R
and that

(We(t)Exp(ve), Exp(vy))
= (exp{(U(t)) + (v_t¢, v¢) } Exp(vie + exp{itqe yve), Bxp(vy))
= exp{(W(—t&)) + (v¢, v—te) + (vee, vy) + {exp{ilge fve, vy) }
= exp{h(t)},

_l’_
+
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where
h(t) := (O (—t€)) + (vg, v_te) + (vie, vy) + (exp{itge boc, vn)
= (U(—tE)) + (vie, v—¢) + (vig, vy) + (vig, v_cvy) + (v, vy)
= (VU (&) + (vte, v—¢ + vy + v_cvy) + (¢, vy)
= (VU (=) + (vig, vy—¢) + (v, vy).-

Lemma B proves that the function A is derivable at { = 0 with
h'(0) = —(€¥(0)) — i(Ge - 1, vy—¢)
= —i(@ - Lvy—c) — EE(X1)(E)
= —i((ge - L,ve) + (Ge - 1, vp) + (Ge - 1, 0¢vy) + E(X1)(€)).

Then
%i_r)r(l) <VV§(tt)1Ea:p(v<),Exp(vn)> = % tZO(Wg(t)Ea:p(vg),Exp(vn))

— 1(0) exp{h(0)}.

Therefore, for each v¢ € D, we have Exp(v,) € wk-dom(Q cpe)s i€ Exp(D,)C
wk-dom(Q ) and we know that Ezp(D,) is in the domain of the operator-
valued distributions A;, (g¢ - 1), A (e - 1), Ay (ge). Consequently,

(QeExp(ve), BExp(vy)) = i lim
= ih'(0) exp{h(0)}
= ((@e - Love) + (G - 1,vy) + (G - 1, T¢vy) + E(X1)(€)) exp{(v, vy) }
= ((@e - 1,v¢) Bap(ve), Exp(vy)) + (Exp(ve), (e - 1, vy) Exp(vy))
+ (Bap(ve), (G - 1, vcvy) Exp(vy)) + (E(X1)(€) Ezp(ve), Exp(vy))
= (A, (G¢ - 1) Bap(ve), Bxp(vy)) + (Bap(ve), Ay (G - 1) Exp(vy))

+ (Exp(ve), Ay (Geve) Exp(vy)) + (E(X1)(€) Exp(ve), Exp(vy))

= (4, (e - 1) Exp(ve), Exp(vn)>+<A+(Q5 1) Eap(ve), Exp(vy))
+ (A (qe) Exp(ve), Exp(vy)) <IE &)Exp
= (A7 (G - 1) + AF (e - 1)+Au(qs)+E(X1)<

(P Bap). Brpten)

(v), Exp(uvy))
1) Exp(ve), Exp(vy)). w
6. THE RENORMALIZED QUANTUM DECOMPOSITION

In this section we assume that v has no moment at all.
Comparing the expressions (812) and (E_ITl) one sees that even if they should
be understood in different ways, they look formally the same and that the existence
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of a finite first order moment is a necessary condition for both expressions to make
sense. Therefore, for random variables not satisfying this condition, one must look
for a notion of quantum decomposition different from the one given by expressions
of the form (E_11I).

On the other hand, the above-mentioned fact that all the results of Section B
do not require the existence of the first order moment suggests that all the prob-
lems related with the extension of expression (BT to random variables without
moments is concentrated on the scalar term in the sense that, after subtracting this
term, which is infinite in the case of random variables without moments, one ob-
tains the distribution-valued operator

(6.1) Af(Ge - 1)+ A (e - 1) + A (o),

which is meaningful because of the arguments discussed in the previous section.

In physics the procedure of subtracting infinite constants to some expressions,
in order to transform them into meaningful and physically measurable ones, is well
known and called additive renormalization.

In the present case a mere additive renormalization would not be sufficient
because it would leave open the question of the connection between the resulting
expression (B1l) after additive renormalization and the original random variable
without moments. In other words, we want the renormalized quantum decomposi-
tion (BT) to be canonically associated with the random variable Q. . or, equiva-
lently, with the one-parameter group exp{itQ ., } generated by it.

In the following we prove that such a canonical connection can be established
by using a multiplicative renormalization procedure. In mathematical terms this
means the transition from a representation of the additive group R to a projective
representation of the same group.

The idea of the construction of this projective representation is naturally sug-
gested by the proof of Theorem B7. In fact, from this proof one can see that the
emergence of the first moment in the quantum decomposition is due to the deriva-
tive of the scalar term in the normally ordered form (B4) of the one-parameter
unitary group exp{itQ ., }, i.e., exp{(¥(t&))}. Therefore, the emergence of the
“infinite constant” (X ) in the formal expression (B12) is a manifestation of the
fact that if the first moment of the random variable X is infinite, then the function
¥ is not differentiable.

In order to remove this constant from exp{itQQcp, } notice that if (W;);cr is a
unitary representation of R and ¢ € R — p; € C is any measurable function, then
the one-parameter family

Vi i= exp{—p} Wi

is a projective, in general non-unitary, representation of R with multiplier (or two-
cocycle, which in this case is in fact a two-coboundary):

&(37 t) = eXp{,ut-‘rs - Ms — Mt}‘
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In other terms,
ViVi=06(s,t)Vegs, s, teR.

Now we apply this remark to the case when p; = (U (t€)) and W, is given by (B3).

LEMMA 6.1. Let p be the orthogonal projection from L*(v ® dt) onto Ko and
let C23(R* x R) be the dense subspace of L?(v ® dt) consisting of the infinitely
differentiable functions with compact support not containing zero. Let

D, = p(CH(R x B)) = {p(p); ¢ € CH(R" x R)} C Ko

be the image under p of é”%(]R* X R). Then D, is a dense subspace of Ky satisfy-
ing conditions (C1) and (C2).

Proof. Step 1.Let f € Ko C L?(v ® dt). By the density of co(R* x R)
in L?(v ® dt), there exists ¢, € o0(R* x R) converging to f as n — +oc. Then
we have

lon — FI? = llen — plen)|I? + [Ip(n) — fII?

and we get
Ip(en) = Il <llen = fIl =0 asn— +oo.

Hence f is a limit of a sequence of D,,, which proves the density.

For p € C23(R* x R), let f = p(p) € D,. While C25(R* x R) is invariant
under complex conjugate, then to see this property for D, it is sufficient to prove
that f = p(¢). In fact, we have f — ¢ € K. Then

(f = @,ve) = (v_g, f—@) =0 forallé € T.

This gives f — @ € K, and using the fact that f € Ko, we deduce that f = p(p),
which proves the condition (C1).

Step 2. For f € D,, let us consider the function =, (t) = (v, f) and let
¢ € C2p(R* x R) be such that f = p(¢). Then f — ¢ € K¢, which gives

2, () = (v, f) = (vie, @),

and one can see that = f is derivable at ¢t = 0 and

E0) =i [ v&(s)p(y, s)v(dy)ds = —i(Ge - 1, ).
R*xR

It is obvious that (g¢ - 1, ) does not depend on the choice of ¢ but only on f. Then
the distribution

(6.2) f=(qe-1,f)=(g 1,9 = ZE;(O)
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is well defined. On the other hand, for all g € Ko, veg € Ko. In fact, g is a limit
in L?(v ® ds) of a sequence (gy,), C Lin-span{vg; £ € T}. Then it follows that
vegn € Lin-span{ve; £ € 7 }. Moreover,

2
[vegn —vegll> = [ |ve(y,8)(9n(y. 5) — 9y, 5))| v(dy)ds
R*xR
<4lgn—9l> =0 asn— +oc.

Hence v¢g is a limit of some sequence of Lin-span{v¢; & € 7}, so it belongs to
Ko.

Moreover, for ¢ € C23(R* x R), let f = p(¢) € D,. Then, by the definition
of p, (f — ¢) L veg, which gives

<U§,fg> - <U£a90§> = <U§7f§ - SOg> = <U§gvf - SO> =0.

Let us consider the function

O, f(t) = (vie, f7) = (vie,9) = | v_ie(y, 8)g(y, s)e(y, s)v(dy)ds.

R*xR
One can see that @g’  1s derivable at t = 0 and
I w€(s)g(y, s)e(y, s)v(dy)ds.
R*xR

Define

(Geg. [) = [ v&()g(y, s)e(y, s)v(dy)ds = i©}, ;(0).
R*xR

Clearly, (geg, f) does not depend on the choice of . Then the distribution
f(deg, f) =g 1, f9)

is well defined on D,,, which gives the condition (C2). =

THEOREM 6.1. Let (We(t))
by (B3) and define

Ve(t) := exp{—((t&))} We(t) = exp{A™ (vie) } exp{A(itGe) } exp{A™ (v_s¢) }.

Then {Vg(t); t € R} is a strongly continuous projective representation of R with
multiplier

‘R be the one-parameter unitary group defined

Ge(s,t) == exp {(¥((s +1)€) — W(sE) — V(t&))}.

Its generator Q) contains Exp(D,) in its weak domain and, on Exp(D,), coin-
cides with

AF (e - 1)+ A (G - 1) + Au(e)

Proof. Since We(t) is a strongly continuous one-parameter unitary group
and W is continuous, the strong continuity of Vg (t) is clear because, for any ¢ € Ko
and ty € R, defining g := V¢(t0)¢, we get, as s — 0,
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[Ve(to+ s)e — Ve(to)el = || exp { — (¥ ((to + 5)€)) }We ((to+ ) — 0|
= [ exp { = (¥((to + 5)€) + W(t0€)) } We(s) 0 — wo|

)€
HWg (exp{ <\I/(s—|—to )+\Il tof) >}<p0—<p0)H+HW£( )0 — @ol|
(t

—Hexp{<\l' to€) — ( 0+s) )>}<P0—<P0H+||W§ s)po — ol — 0.
Let f, g € D,. We have

<V€“Z —Bap(f). Emp<g>> = (Ve B2p(1) Baplo)) ol (1.))

=~ ((exp{{v_se, f)} Exp(exp{itge } f + vie), Exp(g)) — exp{(f, 9)})
= —(exp {(v_e, f) + (exp{itGe} f + vie, 9) } — exp{(f. 9)})
= —(exp{7(t)} — exp{~(0)}),

where, in the notation of the proof of Lemma B,
Y(t) = (v, [) + (exp{itqe} f + vie, 9)
= (Vs [) + (vie f, 9) + (f, 9) + (vig, 9) = Ef(=1) + O 4 () +Eg(t) + ([, 9)-

But it is clear from the above calculations that ~y is derivable at ¢ = 0 and
7' (0) = =E5(0) + Z((0) + 0 4(0) = —i((e - 1, f) + (@ - 1,9) + (@& - 1, fg))-
Then the limit

w\}—nw\}—tw\r—t

tiy (4O =L 1), B2
exists. Hence Exp(f) € wk-dom(Qy) and

(Qy Exp(f), Exp(g))

= <1L% Wi_le(f%Ew(g>> = i7'(0) exp{7(0)}

= ((@e - Lf)+ (G- 1,9) + (Ge - 1, fg)) exp{(f, 9)}
= ((¢e - 1, [)Exp(f), Exp(9)) + (Exp(f), (G - 1, 9) Exp(g))
),

+ (Bxp(f), (Ge - 1, fg)Exp(g))
= (4, (¢ - V) Ezp(f), Exp(g)) + (Exp(f), A, (¢ - 1) Exp(g))
+ (Exp(f), A, (gef)Exp(9))
= (A, (G - 1) Ezp(f), Ezp(9)) + (A} (G - 1) Exp(f), Exp(g))
+ (A (@e) Exp(f), Exp(g))

= (A7 (@ 1) + Al (G - 1) + Av(Ge)) Exp(f), Exp(g)).

This gives the statement. m
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