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Abstract. By adapting the white noise theory, the quantum analogues
of the (classical) Gross Laplacian and Lévy Laplacian, so called the quan-
tum Gross Laplacian and quantum Lévy Laplacian, respectively, are intro-
duced as the Laplacians acting on the spaces of generalized operators. Then
the integral representations of the quantum Laplacians in terms of quantum
white noise derivatives are studied. Correspondences of the classical Lapla-
cians and quantum Laplacians are studied. The solutions of heat equations
associated with the quantum Laplacians are obtained from a normal-ordered
white noise differential equation.
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1. INTRODUCTION

Infinite-dimensional generalizations of the usual Laplacian were introduced
by Vito Volterra and studied by Paul Lévy [29], [30] who inserted a different type
of Laplacian producing the first example of an essentially infinite-dimensional dif-
ferential operator (i.e. a differential operator which is identically zero on all func-
tions depending only on a finite number of variables: cylindrical functions). Gross
[15] initiated a systematic study of the Volterra Laplacian in the context of abstract
Wiener spaces. Accardi and Smolyanov [7] introduced a countable hierarchy (A,,)
of essentially infinite-dimensional Laplacians with the property that (Ap) is the
usual Laplacian, (A7) is the Lévy one and the domain of A,, is contained in the
kernel of A, 41.
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Quantum extensions of the Lévy Laplacian, acting on generalized operators
on appropriate boson Fock spaces, were introduced by Accardi et al. [5] extended
to the framework of Hida distributions by Ji and Obata [22]. A different extension
in the same direction is due to Arveson [8].

These Laplacians have been studied from various points of view by many
authors; see [14] and [35]-[37] and references cited therein. Interesting connec-
tions with different fields of mathematics have emerged, for example: infinite-
dimensional harmonic analysis ([18], [33]), transformation groups ([10], [17]),
differential equations in infinite-dimensional ([10], [28], [26]) stochastic processes
([21, 6], [39], [41]), Poisson noise functionals [40], infinite-dimensional rotation
group [31], and the Cauchy problem [12]. Applications to physics have emerged
in connections with Yang—Mills and Maxwell equations ([3], [27]).

The integral representations of the Volterra—Gross and the Lévy Laplacian
in terms of white noise operators were obtained by Kuo [25] and motivated the
conjecture by Accardi et al. [4] that the Lévy Laplacian should be related to the
square of quantum white noise just as the usual Laplacian is related to the first
order quantum white noise. This conjecture received recently a strong support by
the result of Obata [34].

On the other hand, the main result of Accardi et al. [1] was the identification
of the quantum Brownian motion (QBM) connected with the Lévy Laplacian with
the QBM associated with the usual Volterra—Gross Laplacian whose initial space
as well as the multiplicity space of the associated white noise coincide with the
Cesaro Hilbert space. A consequence of this result is the identification of the Lévy
Laplacian with the Gross Laplacian on an appropriate Fock space.

Our main goal in the present paper is to exploit this identification to find a new
integral representation of the Lévy Laplacian in terms of white noise operators.

This result is new even in the classical case, but we will prove it directly in
the quantum case. Since the above-mentioned identification is heavily based on
quantum probabilistic techniques, a prerequisite for the achievement of this goal is
the development of the analogue of these techniques in a white noise framework.
This was done in [23] by Ji et al., however, in this paper the authors do not consider
the problem of the integral representation of the Lévy Laplacian. Since our paper
heavily relies on the results of [23], we will briefly recall these results.

This paper is organized as follows: In Section 2 we review the basic con-
struction of nuclear riggings and characterization theorems in white noise theory
following [20], [32], [38]. In Section 3, following [25], [26] we recall the defini-
tions of classical Gross and Lévy Laplacians. In Section 4, following [21], [22],
we introduce the quantum white noise derivatives and study their basic properties.
In Section 5 we introduce the quantum Gross and Lévy Laplacians on generalized
operators and study their properties. Our main results, i.e. the integral representa-
tions of the quantum Laplacians in terms of quantum white noise derivatives, are
obtained in Theorems 5.4 and 5.8. In Section 6 we study correspondences of the
classical Laplacians and the quantum Laplacians. In Section 7 we investigate solu-
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tions of the Cauchy problems associated with the quantum Laplacians connecting
with a normal-ordered white noise differential equation.

Acknowledgments. The third-named author would like to express his grati-
tude to Professor L. Accardi for his kind invitation to Volterra Center in February
of 2005; during his stay there this joint work was started.

2. PRELIMINARIES

2.1. Standard construction of Gel’fand triple. Let Hr = L?(R, dt) be the
real Hilbert space with the norm | - |y generated by the inner product (-, -) and £ be
the Schwartz space of rapidly decreasing functions on R. Note that £ is a standard
countable Hilbert (nuclear) space constructed from the Hilbert space Hg and the
harmonic oscillator A = 1 + t2 — d2 / dt?, ie.,

& = projlim &,

p—00

where £, = Dom (AP) (p > 0) is the Hilbert space corresponding to the domain of
AP ie., & = {{ € Hr; (€], = [AP{], < oo}. Defining £_, to be the completion
of Hg with respect to |- |_, = |A™P |, for p > 0, we obtain a chain of Hilbert
spaces {&, ; p € R}. By taking topological isomorphism:

£ =indlim€&_,
p—00

and by identifying Hg with its dual space, we obtain a real Gel fand triple:
2.1 & C Hr C &,

where £ and £* are mutually dual spaces. Finally, by taking complexification we
have a complex Gel’fand triple:

(2.2) SCHCS,

where S, H and §* are the complexifications of £, Hg and £, respectively. The
canonical C-bilinear form on &* x S which is compatible with the inner product
of H is denoted by (-, -) again.

2.2. Hida-Kubo-Takenaka space. For each p € R, let S, be the complexifi-
cation of &,. The (boson) Fock space over S, is defined by

D(Sp) = {6 = (fa)pos fn € S I8I2 = 3 nl|ful? < oo}
n=0
From a chain of Fock spaces {I'(S,,) ; p € R}, by setting
(S) = projlimI(S,) and (S)* = indlimT(S_,),
p—00

p—0o0
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we have a complex Gel’fand triple:
(8) cI(H) C(5)

which is referred to as the Hida—Kubo—-Takenaka space in the white noise theory
(see [16], [25], [33]). It is known that (S) is a countable Hilbert (nuclear) space.
By definition the topology of (S) is defined by the norms

o0

I6l2 =3 nllfulZ, é=(fu), pER

n=0

On the other hand, for each ® = (F},) € (S)* there exists p > 0 such that
¢ eI'(S_,) and

oo
2 _ 2
o2, = 3 n! R < .
n=0

The canonical C-bilinear form on (S)* x (S) is denoted by ((-, -)) and we have

o

<<<1), ¢>> = Z n! <Fna fn>7 ¢ = (Fn) € (8)*7 ¢ = (fn) € (S)

n=0

An exponential vector (or a coherent vector) associated with x € S* is defined

as follows: 92 o
T zom
¢x—<1,$,2!,...,n!,...>.

Obviously, ¢, € (S)* and ¢¢ € (S) for all £ € S. In particular, ¢ is called the
vacuum vector. The S-transform of an element ® € (S)* is defined by

SOE) = (@, o)), €€

Every element ® € (S)* is uniquely specified by its S-transform S® since {¢¢ ;
& € S} spans a dense subspace of (S). A complex-valued function F on S is called
a U-functional it F' is Gateaux-entire and there exist constants C, K > Qandp > 0
such that

()] < Cexp(K[E2), €€

THEOREM 2.1 (Potthoff and Streit [38]). A C-valued function F on S is the
S-transform of an element in (S)* if and only if F is a U-functional.

2.3. Characterizations. A continuous linear operator = from (S) into (S)* is
called a generalized operator. Let L((S), (S)*) denote the space of all generalized
operators equipped with the topology of bounded convergence. The Wick symbol
of 2 € L((S),(8)*) is defined by

WE(E,n) = (Ege, ppN e &P, EneS.

Then we have the following characterization of Wick symbols which is an operator
version of the characterization of S-transform (Theorem 2.1). For the proof, we
refer to [32].
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THEOREM 2.2. Let © be a C-valued function on S X S. Then © is the Wick
symbol of an operator in E((S ), (S)*) if and only if © is Gdteaux-entire and the
following condition is satisfied:

(O) there exist constant numbers C > 0, a > 0 and p > 0 such that

©(&m)| < Cexp(a(€l; +[nl), &nesS.

Letl,m > 0and k € (S®(+™))* Then, applying Theorem 2.2, we prove that
there exists a unique = € £((S), (S)*) such that

wE(E,n) = (K, @ E5™),  EmeS.

The operator = is called an integral kernel operator and denoted by =; ,,, (k). In
particular, for each x € S*, the annihilation operator A(z) and the creation opera-
tor A*(z) are defined by

A(x) =EZp1(z) and A*(z) =Zip(x),
respectively. For notational convenience, we write
ar = A(6), af =A*(&), teR.
Then we sometimes use a formal integral expression:

Ehm(lﬂ) =
*

*
= f k(81,0 80t1, 00 tm)ag, Qg Aty - Ay, dSy . dsydty L dEy,.
RH»m

Every operator = € E((S ), (S )*) admits the following expansion:

2.3) E =Y Eim(kim),  Fim € (SEEH)
lym

sym(l,m)’

which is called the Fock expansion of = (see [32], [33]). In this case, we have
(see [19])

o0

(2.4) wEEn) = Y (km, 1P @EE™),  &neS.

I,m=0

THEOREM 2.3 (Ji and Obata [20]). A Gateaux-entire function F : S* — C is
expressed in the form

F(€17§27637§4) = <<E(¢£1 ® ¢£2)7 ¢§3 X ¢€4>>

with 2 € L((8)%?, (8)*®2) if and only if there exist constant numbers C' > 0 and
p = 0 such that

4
|F(&1,62,&3, &) < Cexp( Y ’fi\i)
i—1

forany & € S,i=1,2,3,4.
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THEOREM 2.4 (Ji and Obata [20]). A Gateaux-entire function G : S* — Cis
expressed in the form

G(&1,82,m,m2) = (E(dg; @ Pg,), Dy @ D)

with 2 € L((8)%2,(8)®?) ifand only if for any p > 0 and € > 0 there exist C > 0
and q > 0 such that

2 2
G (&1, &,m,me)|* < CGXP<€( > ’£i|z+q + > \77j|2_p ))
i=1 j=1

forany 5175277717772 € S.
3. LAPLACIANS ON FOCK SPACE

3.1. Gross Laplacian. Let 7 be the trace on H, i.e., (1, { ®n) = (§, n) for
€,m € S.Then 7 € (S¥2)* and the integral kernel operator

Ag =Epa(r) = f T(s,t)asardsdt
R2

is called the Gross Laplacian; see [15], [24], [25], [33]. It is known that Ag is a
continuous linear operator from (S) into itself.

Let {e,}>2, C & be a complete orthonormal basis for Hg. Then the Gross
Laplacian is represented by

3.1 A=Y Alen)Alen).

n=1

see [25].
Let us assume that F' € C?(S). Then for each ¢ € S there exist F(£) € S*
and F” (&) € (8§ ® 8)* such that

G2 F(E+m) =FE+FE©n+ 5 F©nen +oln), nes,

for some p > 0. Moreover, the maps S 5 £ — F/(§) e S*and S 3 £ — F'(§) €
(S ® S)* are continuous. For more details, we refer to [13]. By the kernel theorem
we have the canonical isomorphism

(SR8 = L(S,S) =2B(S,S)
from which, for notational convenience, we sometimes write

(F"(&),n@n) = (F"(&)n,n) = F"(£)(n,n).
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Note that for each ¢ € (S), S¢ € C*(S) and
(33) S(AG¢)(£) AG qu = Z S¢ ” , €n &® en>> g € Sa

and so the Gross Laplacian can be represented by
Ag = STHAGS,
see [25].

3.2. Lévy Laplacian. Let {¢;}?°, be a fixed infinite sequence in £ and let
¢ € (S)*. If the limit

N

Ri(52)(€) = Jim 3 (59, o 0

exists for all £ € S and the function AL(S ®) is a U-functional, then the Lévy
Laplacian A1, is defined by

AL® = St (&L(S(I))) .

For the given infinite sequence {¢},}7° ;, we denote by L the set of all elements
x € §* such that the limit

N
=1 — Ok
(r @) = EnooN(z::Ix k) )
exists. Then for each x € L we have

AL¢:B = <$ @ '75>L¢za

i.e., ¢, is an eigenvector of Ay, corresponding to the eigenvalue (x ® x)p,.

4. QUANTUM WHITE NOISE DERIVATIVES

4.1. Creation and annihilation derivatives. Note that, for each ( € S, A(()
can be extended to a continuous linear operator (denoted by the same symbol)
from (S)* into itself and A*(¢) is a continuous linear operator from (S) into itself.
Therefore, for any generalized operator Z € L((S), (S)*) and ¢ € S the commu-
tators

[A(¢),B] = A(Q)E - EA((), [A7(),E] = A" (Q)= - EA™()
are well-defined, i.e., elements of £((S), (S)*). Then we define

DZ_E:[A(C),E], DC_E:_[A*(C)vE']
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The generalized operators DZ'E and DC_E are called the creation derivative
and annihilation derivative of =, respectively, and both together are the quantum
white noise derivatives of =; see [21], [22]. Then it is obvious that D? becomes
a linear map from £((S), (S)*) into itself. Moreover, the bilinear map ({,Z) —
DCiE is continuous from S x L((S), (8)*) into £L((S), (S)*). In particular, for
any ¢ € S,

D¥ € L(£((8).(5)), £((S).(8)"))

For the proof, we refer to [22].
For k € (8®")* and f € S®™ (0 < m < n), the left and right m-contractions
[+ K, Kok [ € (S2M=7))* are defined by

(" kK, 9)=(r, f®9), (Kxm [, 9)=(kg®[),

where g € S®(") (see [33]).

THEOREM 4.1 (Ji and Obata [22]). For each operator == Z?omzo Elm(Kim)
in L((S),(8)*) and for any ¢ € S we have

o0

00
DC_E = Z mEl,mfl(’fl,m *1 C)a E Z 1= ,m C x! Rl m)
l,m:O m:

4.2. Pointwise creation and annihilation derivatives. We start with the fol-
lowing lemma for which we refer to [23], where we can find a special case and a
different proof.

LEMMA 4.1. Let( € S,n € Nand E € L((S), (S)*). Then we have

(4.1) w((DH"E)(€,m) = ddnn wE(&,n+ (),
2 w((D )€ = | wE(E+ )

Proof. We now prove only (4.1). Suppose that = admits the Fock expansion
== Z?om:(] Z1m(K1,m); see (2.3). Then, by Theorem 4.10 in [22], we have

Al “l m(<®n *" ’fl—i-n,m)'
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Therefore, by (2.4) we have

ne— > (I+n)! " .
w((D2_> :) (faﬁ) - Z ( T ) <"Ql+n,m7 C® ® 77®l ® §® )
,m=0 :
S ®(l+n) @m
= X don (Kin,m, (n+2C) ® 9™
I,m=0 z=0
d” _
|, w=(,n + 2(),

which proves (4.1). =

THEOREM 4.2. Let x € S*. Then

(1) D is a continuous operator from L((S), (S)) into itself:

(2) Dy is a continuous operator from L((S)*, (S)*) into itself.
Moreover, if v € S, then D are continuous operators from L((S)*,(S)) into
itself.

Proof. (1) Note that £((S), (S)) = (S) @ (S)* by the kernel theorem, i.e.,
forany Z € L((S),(S)), ¢ € (S) and @ € (S)*

(B9, @) = (&, @ ¢).

Therefore, we have

43 L(L((9).(8).£((9).(8) = (S) ® (8"

On the other hand, by Lemma 4.1 we get

(Df (de, @ tey), by @ e, )) exp(— (&a, €3))
(D (fe, © dg,)(es), des)) exp(— (€4, £3))
((z, &1) — (z, &) exp((€2, &) + (&1, &3) — (€4, &3))

forany & € S,i =1, 2,3, 4. Therefore, forany &; € S, i = 1,2, 3,4, we obtain

(Dif (de, ® de,), bey ® de,)) = ((w, &1) — (@, &) exp((2, &) + (€1, €3))-

Hence, using Theorem 2.4 with (4.3), we prove that the operator D belongs to
L((S) @ (S)*,(S) ® (8)*).
(2) Similarly, £((S)*, (5)*) = (S)* ® (S) and
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Also, by Lemma 4.1 we have

(Dz (¢ @ ¢c,), bes ® bey)) = ((x, &2) — (x, £3)) exp({€2, &4) + (§15 £3))-

Hence, applying Theorem 2.4, we prove that D € L((S)* @ (S), (8)* ® (S)).
Finally, if = € S, then by Theorem 2.4 we can see that D are continuous
operators from £((S)*, (S)) into itself. =

From Theorem 4.2, for each ¢ € R the quantum white noise derivatives D(’St
and Dy, are well-defined as continuous linear operators acting on L((S),(S))
and L£((S)*, (8)*), respectively. For simple notation, we write Df = Dait for any
t€R. Then D} and D; are called the pointwise creation derivative and pointwise
annihilation derivative, respectively.

5. QUANTUM LAPLACIANS

Foreach F € C?(S x ), there exist F} (¢1, &) € S*, Fli(&,6) € (S®@S)”
for any &1,&> € S and ¢, 57 = 1,2 such that

2

F(& +m,& +n2) = F(&,&) + > (Fi (&, &), m)
=1
2
Z Fij(&1, &)mis mg) + o(Im [ + [n2l2)

for some p > 0. For more study, we refer to [13].

5.1. Quantum Gross Laplacian. For each Z€ £((S), (S)*), wE€ C?(SxS).
Define

(5.1) 88(w5>(§1,§2>

Z 11(&1,&), ex ® ex) + Z 5 (&1, &2), ex ® ex)

if the limits exist. If ﬁg(wE) is Gateaux-entire and satisfies the condition (O) in

Theorem 2.2, then there exists a unique operator, denoted by AgE, in £((S),(8)*)
such that

(5.2) w(ASE) = AS(wE).

Then Ag is called the quantum Gross Laplacian. We denote by Dom (Ag) the set

of all generalized operators = € £((S), (S)*) such that AGE is well-defined as in
formula (5.2).
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THEOREM 5.1. Let E € L((S), (S)*). If the series

(o)
> D;, D; E and Z D+ D+ =
k=1 k=1

exist in L((S), (S)*), then we have
(5.3) A%::ZD D‘:+ZD+D+”

Proof. By applying (4.1) and (4.2) we prove that
(W) (€1, 62), e ® ex) = w(D, D, E) (&),
(WE)35(&1,&2), er @ ex) = w(Dg, D&, E)(€,m).

Therefore, by definition we have

[]28

AZwE(1, &) = Z w(D,, D, E)(&n)+ Y w(DS DEE)(E,n)

e
Il

1
:w(ZngD ~+ZD 0. 2) (&),
k=1 k=1
which proves (5.3) by assumption. =
PROPOSITION 5.1. Let us assume that 2=y ;> _ Zy m(k1m) € L((S), (S)*)
With Ky, € SOl g S&m for any l,m > 0. Then we have

54) A==
o0 o0
= > (m+2)(m+1)Z m(kimsa*x7)+ D ((+2)(1+1)Z0 0 (T * Kiyo,m)-
1,m=0 I,m=0

Proof. For any [,m > 0, in the sense of Theorem 4.1 we prove that the
series

o0
> D..D., Eimi2(Kimt2) and Z D7 DY Ziyom(Kit2,m)
P =

existin £((S), (S)*) and

oo
Y D Dg Eimi2(Kimr2) = (m+2)(m + 1)Zm (Kima2 * T)
k=1

and -

> DFDE Ervam(kivam) = (L4 2)(L+ 1)Z (T * Kiyom)-

k=1
Therefore, by Theorem 5.1 we prove the assertion. In fact, the convergence of the
series in (5.4) can be proved by similar arguments to those in [33]. =
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THEOREM 5.2. The quantum Gross Laplacian Ag is a continuous linear op-
erator from L((S)*, (8)) into L((S), (S)*).

Proof. Byapplying Lemma 4.1 and the proof of Theorem 4.2, for any n > 1
and§; € S,1=1,2, 3,4, we obtain

(DZ D (¢¢, ® bey), bes @ de,)

= ({en, &1) — (en, &1))* exp((&, &) + (&1, &3)),
(De, De, (¢¢, @ bg,)s bez @ Be,))

= ({en, &2) — (en, &))" exp((&2, &) + (61, £3))-

Therefore, by Theorem 5.1 we prove that for any & € S,i=1,2,3,4,

(A (de, ® de,), bey @ e, )
4

= (D (&, &) —2(&, &) — 2(&, &) exp((&2, &) + (&1, &3))-

=1

Since L£((S)*,(S)) = (S)®2 and L((S), (S)*) = (S)***, by Theorem 2.3 we
prove the assertion. m

Now, motivated by (5.3) we define the quantum Gross Laplacian associated
with the creation derivative and annihilation derivative by

o0 o0
(5.5) AgT =Y D;DS and AZ =Y D, D,
k=1 k=1

respectively.

THEOREM 5.3. Agi are continuous operators acting on L((S),(S)) and
L((8)*,(8)*), respectively.

Proof. The proof is a simple modification of the proof of Theorem 5.2. =

THEOREM 5.4. The quantum Gross Laplacian admits the following integral
representation:

(5.6) A2 = [ ((DH? +(D;)?)dt
R

on £((S).(8)) N L((S)", (S)").



Quantum Laplacians on generalized operators on boson Fock space 215

Proof. By using similar arguments to those in the proof of Theorem 5.2 we
can easily show that forany §; € §,7 = 1,2, 3,4,

(A (be, ® bey), D2, @ B2,)
= ((&1, §1> —2(&1, &) + (&4, &a)) exp((&2, &) + (€1, &3))
= <f Vdt(de, ® be,), de, © e, ).

Similarly, we have

(AT (06, ® b2,). dey ® de,) = ([ (D7) dt(de, @ be,), b, ® e, ).

R

Therefore, we obtain

AT = [(Df)2dt  and AT = [(D;)%dt
R R

on L((S),(S)) and L((S)*, (S)*), respectively, which proves (5.6). =

For any =,y € §*, by applying Theorem 2.2, we prove that

oo

(5.7) E(z,y) Z l,l ELm(2® @yP™) € L((S), (5)).

Then we have the following

THEOREM 5.5. For any f,g € H, =Z(f,g) is an eigenvector of the quantum
Gross Laplacian Ag corresponding to the eigenvalue (f, f) + (g, g) , i.e

(5.8) AGE(f.9) = ({f, f) + (g, 9)) E(f, 9)-

Proof. Forany £, € S we have

wE(f?Q)(&aU) = eXp(<f7 77> + <g7 €>)

Therefore, we obtain

w(AGE(f, 9)) (& n) = AZ(WE(S 9)) (E.n) = ({f. ) + (g, 9)) wE(f. 9)(&, ),

which proves (5.8). =
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5.2. Quantum Lévy Laplacian. Let {/;}?°; be a fixed infinite sequence in £.
For each E € L((S), (5)*), wE € C*(S x S). Define

. N

69 AT EE)E.&) = Jim o Y (D@ &), ho k),
o0 Y k=1
~ N

610 AP @68 = Jn 1 X (Dh(E &), 4o k),
o0 Y k=1

if the limits exist, and then define
AR(WE) (&1, &) = AP (WE) (€1, &) + AP (WE) (€1, &).

If Ag(wE) is Gateaux-entire and satisfies the condition (O) in Theorem 2.2, then
there exists a unique operator, denoted by ARE, in £((S), (S)*) such that

(5.11) w(ARE) = AR (wE).

Then AS is called the quantum Lévy Laplacian. We denote by Dom (AS) the set

of all generalized operators = € L((S), (S)*) such that AS = is well-defined as in
formula (5.2).

For xi, € (S®(l+m))* we define the left Lévy-contraction Ty, * Ky, as the
element of (S®(=2+™))* given by

(TL*Klm, M® ... QOM2®@E ... ®&n)
1Y
= lim = > (Kim, @GN ... 0N 2R§Q...0&)
N—o0 k—1
if the limit exists and is a continuous linear operator on S®(~2+7)_Similarly, the
right Lévy-contraction Ky, * Tf, € (S®UFM=2)y* 5 defined.
LEMMA 5.1 (Ji et al. [23]). Let ky,, € (S2UE™)* for which both Tr, * Ky m
and Ky, * 71, are defined. Then Z; 1, (ki) € Dom (AI(?) and

ARE (ki) = 1= 1)Eygm (7 % Kim) + m(m — 1)Zp o (Kim * 71)-

Let Lg = {Z(z,y); =,y € L}, where L is defined in Subsection 3.2 and
E(x,y) is given as in (5.7). Then we have the following

THEOREM 5.6. For any x,y € L, Z(x,y) is an eigenvector of the quantum
Lévy Laplacian AS corresponding to the eigenvalue (x ® x)1, + (y @ y)L, i.e.,

(5.12) APE(z,y) = (z @ )L + (y ® y)L) El@, y).

Proof. The proof is similar to the proof of Theorem 5.5. m
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THEOREM 5.7. The quantum Lévy Laplacian admits the following represen-
tation:

(5.13) A= lim Z D;, Dy, + lim N z D} Df

N—o0
on Lq.

Proof. Since for any ¢ € S the differential operators DCi are continuous

from £((S), (S)*) into L((S), (S)*), by Theorem 4.1 we can prove that for any
x,y € L

ngnoc% 3. ;D Z()
= lim l% f: D;D;( ! L ®l®y®m)>
N—oo N =y hte ™ \iml o
= (y @ y)LE(z,y)
and, similarly,
ngnooﬁzwz?* W) = (£ ® 2, y).

Therefore, by applying Theorem 5.6 we prove (5.13). =

A similar result given as in Theorem 5.7 can be found in [23].
If the given sequence {/}}3°, C & is an orthonormal subset of H, then we
denote by Py the orthogonal projection from H onto the subspace of S generated

by {{1,...,In}, ie.,
N
Py = Y [le)(le|, where [£)(0x]: H Sz (€, x)l €S.
k=1

As is clearly seen, Py can be extended to a continuous linear operator from S*
into S.

THEOREM 5.8. Let {{;,}?°, C & be an orthonormal subset of H. Then the
quantum Lévy Laplacian admits the following integral representation:

Q_ 13 + + _ _
AL = Nhinooé(Dth)DQN(at) +Dg 50 Pan))dt

on Lq, where Qn = (1/v/N)Py for N > 1
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Proof. By direct computation, for any x,y € L. we have

(fD+ Db @D E @ y) = ([ (6, Qn(2))? dt)E(w,y)

R
= (@n(2), Qn(2)) E(2,y)
1 N
- N Z:j E(z,y).
Similarly, we have
N
(%D v Ponendt )E(z,y) = ; D, E(z,y).

Therefore, applying Theorem 5.7 we prove the assertion. m

6. QUANTUM-CLASSICAL CORRESPONDENCE
For ® € (S)* we define a multiplication operator Mg € L((S), (S)*) by
<<M<I>¢> 77/}» = <<q)> gmp»a ¢, Y€ (S)a

where ¢ is the pointwise multiplication; see, e.g., Ji and Obata [19]. Moreover,
® — Mg yields a continuous injection from (S)* into £((S), (S)*), and, obvi-
ously, we have Mg ¢y = ®. Moreover, if ¢ € (S), then M belongs to L((S), (S))
and L((8)*,(S)*).

LEMMA 6.1 (Jietal. [23]). Forany ¢ € S and ® € (S)* we have
[A(C); Ma] = Mayo,  [Ma, A(C)] = Ma)e-
THEOREM 6.1. Let ¢ € (S). Then My € Dom (Ag) and
(6.1) A My =AMy = Mpyp.
In particular,
1
5AGMs = Mago-
Proof. Since ¢¢¢, = ¢5+ne<5’"> forany &, € S, we get
(6.2) wMy(&,n) = (b, dedy) e & = SH( + ).

Therefore, M, € Dom (Ag) and by Lemma 6.1 we have

%) N
A My =Y D D; My = Jim My, where Ay = 37 A(ex)A(ex)9.
k=1 k=1
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On the other hand, Ag¢ = >~ | A(ex)A(ex) and the map ¢ — M, is a contin-
uous injection from (S) into £((S), (S)). Therefore, we have

Ag_M¢ = ]\}gnoo My = Magg-

Similarly, we prove that
_l’_
AZTMy = Mags.
The last assertion is obvious from (6.1). =
THEOREM 6.2. Let = € Dom (A8+). Then we have
(AGTE)po = Ac(Zdo).

Proof. Since = € Dom (A8+), we get

12

(A& E)60 = ( X DI, DL E) o

—_

Il
8 =

(A(ex)’Z — 2A(ex)ZA(e) + ZA(ex)?) ¢o

e
Il
—_

Aler)*E o,

I
8

T
I

which proves the assertion from (3.1). =

REMARK 6.1 (Ji et al. [23]). Let ® € Dom (Ay). Then Mg € Dom (AR)
and
AL My = AT Mg = Ma, .

In particular,

1,\q

iAL Mcp = MAL‘I)‘
Let Dom (A{") be the set of all = € £((S), (S)*) such that the limit

N

1
: + pt=
W & PaluE

exists in £((S), (S)*). Then, by Theorem 5.7, Lg C Dom (A8+) and for each
= € Dom (AI(:H) we have
AT = fim szj D} D} E.
L Neooo N = Lyl

Then, by an argument as in the proof of Theorem 6.2, we prove that

(6.3) (AFTE) ¢y = AL(E¢o).



220 L. Accardi et al.

PROPOSITION 6.1. For each ® € (S)* with Mg € Dom (A8+) we have

AL‘I)— hm NZAGH

N—
[e.e] n=1

Proof. By (6.3), we see that
1 N
AL® = (AR My) o :< hm — Z D Df M¢> o= lim — > A(e,)?®,
N—ooco N n—1
which proves the assertion. =

7. HEAT EQUATIONS

Now, we consider the following normal-ordered white noise equation:
d=y
dt

where the maps ¢t — x; € §* and ¢t — 3, € S* are continuous. It is known that
(7.1) has a unique solution in £((S), (S)*). In fact, the solution of (7.1) is given
by the Wick exponential

(7.1) = (A(z) + A*(yr)) © B, B0 =1,

(7.2) =, :ni_oj i{i( s) + A*(ys))ds}"

the Wick symbol of which is given by

03 e =ew{ [0 €+ b )ish €nes
see [11].

7.1. Heat equation associated with the quantum Gross Laplacian. Let & be
the set of all S*-valued continuous maps on [0, 7] such that the series

o] t
)= > (f T, €n ds) , te]0,T],
n=1

0

converges and the map ¢ — G(z,t) is bounded. The map § : [0,T] > ¢t — &, € S*
is continuous and
G(6,t)=t, tel0,T],

which implies that 6 € &.Let f € C([0,T]) and g € H. We consider the H-valued
continuous function x(t) = f(t)g € H, t € [0, T]. Then we can easily show that

G(x,t) = ([ f(s)ds)*(g, g), t€[0,T).

O%W



Quantum Laplacians on generalized operators on boson Fock space 221

Therefore, € & and the algebraic tensor product C([0, 7)) ®a1s H of C([0,77)
and 1 belongs to &.

THEOREM 7.1. Let x,y € & and let Z; (t € [0,T)]) be the solution of (7.1).
Then

(7.4) AG Et = G(x,1)Ey, AG Er =Gy, t)=, te€l0,T].
Moreover, for any t € [0, T)
AG*—‘t (G(J:) t) + G(y’ t))Et

Proof. By (4.1) and (7.3), forany ¢t € [0,7] and £, € S we have

+ p _ Pl e
(‘D D ‘—'t)(f T/) de w‘—‘t(éa n + Z@n)
z=0
— ({ (Ys, €n) ds)2exp{{(<ms, &) + (ys, m))ds}.

Similarly, for any £, € S
¢
(D Dz E)(Em) = ([ (s, en) ds) exp | f vor &)+ (g, 1) s}
0

Therefore, by (5.5), for any ¢ € [0, 7] we get

oo t 0 t
A8+:t = (f Ys, €n dS) =t AG =t = Z (f (75, €n) dS) =t
n=1 0 n=1 0

which proves (7.4). The last assertion is immediate from (7.4). =

The above theorem proves that, for any x, y € &, the solution =; of the normal-
ordered white noise differential equation (7.1) is an eigenvector of the quantum
Gross Laplacian with eigenvalue G(z, t) + G(y, t). The following result is imme-
diate.

THEOREM 7.2. Let x,y € & and =; be the solution of (7.1). Let 1 be a finite
measure on [0, 1] and « € C. Define for any t € R

1 1
Yt+ — featG(y,s)Es ,u(ds), featG 2 1 dS)
0 0

1
Y, = f eat(G(z,S)+G(y,s))Es u(dS).
0
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Then Y£ € L((S), (S)*) is a solution to the following Cauchy problem:

Oy Qevre e .
—— =aAgYS, Yi=Yy= f:s,u(ds),
ot 0
where € = 4, —, or empty.

By Theorems 7.2 and 6.2, the following result is immediate.

COROLLARY 7.1. Let YtJr be as in Theorem 7.2 and set ®; = Yi¢pg. Then
O, € (S)* is a solution to the following Cauchy problem:

aq)t ! —_ *
e alc®;, o= [Espou(ds) € (S)".
0

7.2. Heat equation associated with the quantum Lévy Laplacian. Recall that
the Lévy Laplacian depends on the choice of an infinite sequence {/;}7°, C £.
Let £ be the set of all S*-valued continuous maps on [0, 7] such that the limit

t
L(z,t) = lgn N (f T, lk) ds) , tel0,T],
k=1 o0

exists and the map t — L(z,t) is bounded. For the given infinite sequence {{} }7° ;
C &, if we assume that the limit

N

(Ou(t) = lim — 3 () = 4(0))°, ¢ [0,T],

k=1

exists and the map ¢ — (¢)1,(t) is bounded, then §’ € £. In fact, it follows that the
map ¢’ : [0,7] > t — ¢, € S* is continuous and for any ¢ € [0, T

N t
@0 = jim 7 2 ([0t de)
N t
-t 5 - facowr = o

Let f € C([0,7]) and z € L C S*. We consider the S*-valued continuous func-
tion z(t) = f(t)z € §*, t € [0, T]. Then we can easily show that

L(z,t) = ([ f(s)ds)*(z @ x), t€[0,T).

O—

Therefore, z € £ and the algebraic tensor product C([0,7]) ®a1z L of C([0,77)
and L belongs to £.
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THEOREM 7.3. Let x,y € £ and let =, (t € [0,T]) be the solution of (7.1).
Then
AYE = Lz, )3, ARTE, = L(y, )8, te[0,T).

Moreover, for any t € [0,T)
ARE, = (L(z,t) + L(y, 1)) Es.
Proof. The proof is a simple modification of the proof of Theorem 7.1. =

The above theorem proves that, for any z, y € £, the solution = of the normal-
ordered white noise differential equation (7.1) is an eigenvector of the quantum
Lévy Laplacian with eigenvalue L(z,t) + L(y,t). The following result is imme-
diate.

THEOREM 7.4. Let x,y € £ and =; be the solution of (7.1). Let v be a finite
measure on [0, 1] and o € C. Define for any t € R

1 1
7z} = feo‘tL(y’S)Es v(ds), Z; = featL(I’S)ES v(ds),
0 0

and
1

7, = feat(L(x,s)—i-L(y,s)): V(ds).

—s
0

Then Z; € L((S),(S)*) is a solution to the following Cauchy problem:

where € = +, —, or empty.

From Theorem 7.4 and (6.3), the following result is immediate.

COROLLARY 7.2. Let Zf be as in Theorem 7.4 and set Vy = Zy¢o. Then
U, € (S)* is a solution to the following Cauchy problem:

8\:[/15 L —_ *
Bt alAp¥y, Y= f:s¢0’/(d3) €(S)".
0

REMARK 7.1. A relation between heat equation associated with the quantum
Lévy Laplacian and quadratic quantum white noises {a?, a;} 2te R} has been
discussed in [23]. In fact, a solution to the heat equation associated with the quan-
tum Lévy Laplacian can be obtained from a normal-ordered white noise differential
equation involving the quadratic quantum white noise.
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