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LIE ALGEBRAS ASSOCIATED WITH THE RENORMALIZED
HIGHER POWERS OF WHITE NOISE

LUIGI ACCARDI AND ANDREAS BOUKAS

ABSTRACT. We recall the recently established (cf. [1] and [2]) connection be-
tween the renormalized higher powers of white noise (RHPWN) x-Lie algebra
and the Virasoro —Zamolodchikov— we *-Lie algebra of conformal field the-
ory (cf. [10]). Motivated by this connection, with the goal of investigating a
possible connection with classical independent increments processes, we begin
a systematic study of the sub-*—Lie algebras of the (1-mode) full oscillator
algebra. This program has two additional motivations:

(i) the full oscillator algebra is a fundamental object of mathematics and the
structure of its subalgebras deserves deep investigation;

(ii) the no—go theorems show that the current algebras over some Lie sub—
algebras of Lie algebras may have a Fock representation individually without
this being true for the Lie algebra generated by them. The problem of clas-
sifying which sub-algebras of the full oscillator algebra have this property is
open and a preliminary step towards its analysis is the classification of the
“natural” sub-algebras of the full oscillator algebra.

We construct two hierarchies of such sub-algebras, parametrized by the
natural integers. One of these hierarchies begins with the Virasoro algebra.
Another possibility to bypass the no—go theorems is to consider different
renormalizations of the higher powers of white noise commutation relations.
This approach is developed in Section 2, where we show with examples that
some of them lead to known (i.e., first or second order) commutation relations.
This fact is probably related with the gaussianization phenomenon discussed
in [7].

1. Introduction

1.1. The White Noise algebra. In the present paper a Lie algebra is defined in
terms of generators and commutation relations. The standard boson white noise
x-Lie algebra is defined by its generators, a;, al, 1 satisfying the (first order white
noise) commutation relations

[atvaJsr] = 6(t - 8) -1, [ata ” - [aiv 1] - [(ZI,GJSF] = [atvas] =0 (11)

as well as the adjoint conditions (a])T = a;, and 1T = 1, where ¢,s € R (or R%),
t,s > 0, 1 is the (unique) central element, and §(¢) is the Dirac delta function. Here
and in what follows, when no confusion is possible, we identify a Lie algebra with
some of its representations, and the associated brackets [z,y] := xy — yx with the
usual operator commutator, either meant weakly on a domain or strongly on an
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invariant domain. The “full oscillator ”algebra is the *—Lie algebra FOA defined
by the self-adjoint family of generators {as, a}; 1:s,t € R} with adjoint relations
()t = as, 11 = 1 and commutation relations

[as,a]] = 0541, [ar, 1] = [a},1] = [a},al] = [as,as] = 0 (1.2)

S

where , ; is the Kronecker delta. In particular,

Definition 1.1. The 1-mode full oscillator algebra FOA(1) is the universal en-
veloping x—Lie algebra of the 1-mode Heisenberg *—Lie algebra

la,a’] = 1,[a,a] = [aT,a'] = [a,1] = [aT,1] = 0
with adjoint conditions (a")f = a and 1T = 1.

A concrete realization of FOA(1) is obtained by considering the Schrédinger
representation of the Heisenberg algebra. Then the x—Lie algebra of the powers
of a, a' (we identify a, af, 1 with their images in the Schrédinger representation)
with the usual commutator (which is well defined on the dense domain of the
number vectors) is isomorphic to FOA(1). Commutation relations (1.1) can be
considered as a continuous generalization of the commutation relations (1.2). In
the past years a considerable effort has been devoted to the extension of this
discrete—continuous transition to the full oscillator algebra (cf. [4] and [5]). This
is equivalent to the possibility of giving a meaning to the higher powers of white
noise, i.e., to the symbolic expressions a}’,a k, where n,k € {0,1,2,....}, which
is an old problem of quantum field theory. That involves giving meaning to the
powers of the Dirac delta function. The assignment of such a meaning will be
referred to as a “renormalization”.

1.2. A first renormalization. . Forn, k € {0,1,2, ...} we introduce the notation
€nk 1= 1 On.k, Where d, 1 is Kronecker’s delta, and we use ”falling” factorial
powers z(¥) defined by 2 = z(x—1)-(x —y+1) with 2(0) = 1. As shown in
[4], for all t,s € Ry and n,k, N, K >0

laf"af,al" K] = EkoeNoZ<)N(l al" N A aE Sl — ) (1.3)
>1

K N n—L
_ 6K,0€n,02 <L nL) T T K L k(SL(t*S).
L>1

The simple renormalization rule

2(t—s)=c-6(t—s) (1.4)
and its obvious generalization to n > 2,
Mt —s)=c""t - 5(t—s) (1.5)

where ¢ > 0 is an arbitrary real number, was introduced in [6]. For a test function
f:R— C and n,k > 0, we define the symbols

= / f(s)al" a¥ds
R
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with involution (Bp(f))" = BE(f) and B(f) := [ f(s)ds. After multiplying
both sides of (1.3) by f(t) g(s) and formally integrating the resulting identity (i.e.,
taking [ [ ... dsdt), we obtain the Lie algebra (see [5] for a proof of the fact that
this is indeed a Lie algebra) commutation relations

[BX(9), BE(£)] = > 0L(N,K;n,k) " BRI "L (gf) (1.6)
L>1

where, using the notation (yj) = (Z) 2(*) we have defined

K N
QL(N,K;’H,]C) = H(L— 1) (61(,0 €n,0 ( I,/TL) — €L,0€EN,0 (kj[, ))

where H(x) is the Heaviside function (i.e., H(z) = 1 if x > 0 and H(z) = 0
otherwise). Notice that if L exceeds (K An)V (kA N) then 05 (N, K;n, k) = 0.
The symbol (*:%) satisfies the “Heisenberg-Weyl transformation formula” (see [8])

oY el (o0 T oY et )
7 N-—J J ; N—j J
which can be used for a direct proof of the Jacobi identity for (1.6). Commutation

relations (1.6) contain the commutation relations of the first order white noise
operators (CCR) BY, B} and B}

[BY(9), Bo(H)] = {g..f), [BY(9), B1(f)] = BY(9f), [Bi(9), Bo(f)] = By(gf)

as well as the commutation relations of the Renormalized Square of White Noise
(RSWN) operators B, B2 and B} (associated with the RSWN quantum stochastic
calculus of [6])

[BY(9), B§(f)] = 4 Bi(3f) + 2¢(g, f), [B3(9), Bi(f)] = 2BI(gf),

[Bi(9), B3(f)] = 2 B3(g.),

where (g, f) denotes the usual Lo inner product of f and g. The relation between
commutation relations (1.6) and the general notion of current representations over
R based on a Lie algebra was first discussed in [5]. The picture emerging from
[4] and [5] is that this renormalization works well for the second power but does
not work equally well for the higher powers, in the sense that the corresponding
Lie algebra admits no Fock representation. This motivated the investigation of
different forms of renormalization.

1.3. Recent developments in the direction of conformal field theory. It
was recently shown in [1] and [2] that, using the renormalization

St —5)=0d(s)6(t—s), 1=2,3,.... (1.8)

instead of (1.5) and by choosing test functions that vanish at zero, commutation
relations (1.6) are replaced by

By (9), BR(f)lrupwnN = (kN — K n) B,?Iﬁ:f(gf)-
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With this new renormalization, whose motivation is discussed in detail in [2], for
n, N > 2 and k, K € Z the white noise operators

A~ .r n—1
By (f) ::/Rf(t)e%(at*ab (‘“*ﬁ) i (ai—al) gy

satisfy the commutation relations

[BE(9): BR (Nlww = (N = 1)k~ (n = 1) K) BEE(9f)

of the Zamolodchikov—w., Lie algebra of conformal field theory with involution
(Br(n) = Brulh).
In particular, for n = N = 2 we obtain

[Bi(9). Bi(Nw.. = (k= K) B,k (9f)
which are the commutation relations of the Virasoro algebra. The analytic con-
tinuation {B”(f); n > 2,z € C} of the Virasoro-Zamolodchikov-w., Lie algebra,
and the Lie algebra of the Renormalized Higher Powers of White Noise (RHPWN)
with commutator [-,|gmpwn, have recently been identified (cf. [3]). This re-
sult opens a broad landscape of connections with a multiplicity of key topics of
contemporary mathematical and physical research.

1.4. Contents of the present paper. Our first key point is that some renor-
malization procedures break the original commutation relations so that not all Lie
algebras considered in this paper are current algebras over R based on a given Lie
algebra. We always start from the universal enveloping algebra U of the (1-mode)
full oscillator algebra, but only with the renormalization used in subsection 1.2 is
it true that the RHPWN algebra is a current algebra over R based on U. Clearly,
one can define the Lie subalgebra, corresponding to the fixed choice x|o 1; of the
test function, to be the 1-mode Lie algebra underlying the given renormalization.
However, this neither simplifies the proofs nor gives more insight. We have there-
fore used the 1-mode approach when the 1-mode Lie algebra is a well known one,
such as the FOA(1), and the test function approach when the underlying 1-mode
algebra, by effect of the renormalization, becomes a new one.

In Section 2, we give examples of this situation by producing examples of two
different renormalization procedures under which aln, ay, and az a; form a Lie
algebra isomorphic, in one case, to the usual 1-st order white noise algebra (i.e.,
the CCR algebra with the addition of the number operator) and, in the other case,
to the renormalized square of white noise algebra. These examples show how some
renormalization prescriptions may break the original commutation relations thus
making unavailable the nice appeal to the general theory of current representations
of Lie algebras. In the two just mentioned examples, the fact that the resulting
structure is effectively a Lie algebra is apparent, but for other renormalizations
(such as (1.8)) this must be verified by direct computations which in some cases
may turn out to be rather lengthy.

Finally in Section 3, we initiate our program to study some interesting sub-—
algebras of the full oscillator algebra FOA(1), for which we know that a Fock
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representation exists. Finally we prove that this family of sub—algebras include
the standard boson representation of the Virasoro algebra (cf. [9]).

2. Truncated Commutators Associated With The RHPWN

Intuitively, the renormalization constant ¢ appearing in (1.4) is equal to §(0).
Therefore ¢ must be thought of as a very large positive number. Moreover,
the RHPWN commutator [BY (g), BR(f)] of (1.6) is a polynomial in ¢ of degree
(K An)V (kA N)—1. In this section we consider the truncation of (1.6), keeping
the single most dominant or the two most dominant c-terms, and we study the re-
sulting algebraic structures. As it turns out, the truncated commutation relations
are of either CCR or RSWN type. Because of the deepness and obscurity of the
phenomenon of "renormalization”, the discovery that there exist nontrivial renor-
malizations which lead to definite, although well-studied, algebraic structures is
very interesting from the mathematical point of view. In particular it shows that
each renormalization rule must be analyzed in its implications case by case.

Definition 2.1. For n,k, N, K € {0,1,2,...} with m := (K An)V(kAN)>1
we define the truncated commutator

[BR(9): BE (Al = 0N, Kyn, k) ™1 BR= (g f)

e., [BY(g9), B}(f)]1 is the leading term in the expansion of [B¥ (g), BX(f)] as a
polynomial in c.

Definition 2.2. For n,k,N,K € {0,1,2,...} with m := (K An)V (EAN) > 1,
we define the truncated commutator
1

[BR(9): BE (N2 =Y ni(N, K k) e = B ()
=0

i.e, [BX(g9),B}(f)]2 is the sum of the two leading terms in the expansion of
[BX(g), B2(f)] as a polynomial in c.

Lemma 2.3. Fori € {1,2}, the adjoints of the truncated commutators [-,-]1 and
[-,:]2 are given by

[BK (9), BE(£)); = [B(f), BN (9)]:-
Proof. We will show the proof for ¢ = 1. The proof for ¢ = 2 is similar. By
Definition 2.1 we have

[BR (9), Br ()]

= O (N, K k) EAmVEAN =1 (R Gt (1))
N+n— (K/\n)\/(k/\N)

n K+k—(K EAN),— F
= Oxrnyvkan) (k;n; K, N) R AnIVRAN) = 1BNj:n EK?Z%ggk;\\N;( )

= [BL(). BN @h-

N,
_ Q(KM v(kAN)(N Kin,k)c (KAn)V(kAN) -1 gpE+k— (KAn)V(EAN) ( *)
k
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Remark 2.4. The truncated commutators [-,-]; and [-, -] do not, in general, sat-
isfy the conditions of a Lie algebra commutator. For example, suppressing test
functions,

(B}, (B, B9)i)1 + [BS, [BS, Bil1]1 + [BY, [B}, Bil1]1 = 36 ¢ By + 18¢ B # 0
and
(B, [B§, Bl2l2 + (B3, [BY, Bilal + [BY, (B}, Bla]a = 54¢ Bf + 30 B3 #0

i.e the Jacobi identity is in general not satisfied. However, [-,-]; and [, ]2 can give
rise to Lie-algebraic structures as illustrated in the remaining of this section.

2.1. CCR~type Lie algebras.

Proposition 2.5. Forn > 1 and 1 < k < n, Bg(-), B(), and BE(-), form a
Lie—algebra with respect to [-,-]1 with

BYUg) BL = et / ot) £(t) dt,
R

[BE(f), Bt (9) nt® 1By (fg),

[BY(g), BE(H)lr = n® 1 BA(gf).
Proof.
[B(9), B§(Hli = 0(0,m50,0) " BYLG— (g f)
= nl" ' Bi(gf)
= plent dt.
nle / o) F(t) dt
Moreover,

(BE(9), BY(f)i = 0k(k,kin,0) " BEF = (gf)
n™ 1 B (gf)

from which by taking adjoints, and then replacing f and g by f and ¢ respectively,
using Lemma 2.3 we find

[Ba(f), Bi(9)ly = nt™ "1 B)(fg).
To prove that the resulting structure is indeed a Lie—algebra we notice that, by
defining
n— n 1
(0. F)as= b [ g0 F) it M) = o B,

the commutation relations in the statement of this proposition, become respec-
tively

[Bo(9), BE (N1 = (9, fyn, IMP(), B (9))1 = Bi(fg)
and
[Bo(9), Mi(f)]1 = Bn(gf)

which are the usual first order white noise algebra commutators. Since that is
known to be a Lie algebra, the statement follows. O
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2.2. RSWN-type Lie algebras.

Proposition 2.6. For n > 2, BY(.), By(-), and Bi(-), form a RSWN-type Lie
algebra with respect to [-, ]2, with

BYg). By (fla = ! ( / g(t)f(t)dt+nc"2311(gf)>

[Bi(9),Bg(f)l2 = nBggf)
[Bo(f),Bi(9)]2 = nBp(fg).
Proof.
[Bo(9), B§ (N2 = 0n(0,n57,0) "' By(gf) + 0n-1(0,75n,0) ¢" > Bi (g9f)
= e BY(gf) +n - nlen Bl(gf)
= nl (<" BY(gf) +nc"? Bi(gf))
= (e [ swarsne b))
R
and
[Bi(9),B}(f)l2 = 61(1,1;n,0) ® By (gf) + 00(1,1;7,0) c_lB%+”(gf)
— nBj(af) +0
= nBg(gf)

from which by taking adjoints, and then replacing f and g by f and g respectively,
using Lemma 2.3 we obtain

(B2 (f)), Bi(9))2 = n By(fg).

To prove that the resulting structure is indeed a Lie—algebra we notice that, by
defining

Bi(g n 1 n 1
Di(g) = 1n( ), Dg(9) = Norers B (g), Dp(g) = ey By (9)

the commutation relations in the statement of this proposition, become respec-
tively

DR(6). D) = =5 [ (0 (O de+ £ Dias). D). D ()2 = Di(a)

n2
and

[Dn(f), Di(9)l2 = Dy(fg)

which are equivalent to the defining relations of the renormalized square of white
noise Lie algebra.
O



64 LUIGI ACCARDI AND ANDREAS BOUKAS

3. Lie x—sub-—algebras of the full oscillator algebra

In this section we restrict our attention to the 1-mode full oscillator algebra
FOA(1). Our goal is to study #—Lie subalgebras of FOA(1). To achieve this goal
we begin by looking for a canonical form for the elements of FOA(1). The algebra
FOA(1) is the linear span of the noncommutative polynomials in the variables a,
a™ and, using the Heisenberg commutation relations, it is easy to see that this
coincides with the linear span of the normally ordered monomials

(aT)mam .qn—m , if n>m

(a")™a™ = { (3.1)

(ahym="(ahra™ , if m>n

Lemma 3.1. Let [a,a'] = 1. Then forn >0

(a'a)" =3 Sux(a)* (@)
k=0

n
(@)™ (@)" =Y sux(al )
k=0
where sy 1, and Sy are the Stirling numbers of the first and second kind respec-
tively, with so,0 = So,0 =1 and so = Sn,0 = So,5 = Sno =0 for alln, k> 1.
Proof. This result is well known in the literature, see e.g [11] (]

Using (3.1) and Lemma (3.1), we see that FOA(1) is the xlinear space generated
by the operators
N*a"; N :=a'a; n,k €N, (3.2)
It is therefore natural to study the structure of the x—Lie algebras generated by
each of the generators. In order to solve this problem we need some preliminary
results.

Proposition 3.2. For n,k,y > 0, using the notation N := a' a we have

n m—I
k
[ak,N”] = €k E Sn,mem,OE (l>m(l)§ sm,mNWak (3.3)
m=0 y=0

>1
n m—l1
k
[NY ak,N"] = €40 Z Sn,m €m0 Z (l>m(l) Z Sm—lw NwHY gk (3.4)
m=0 1>1 w=0
and
n m—1
k
[IN",(a" )" N =ero > Snmeémo Y <l>m<l> D Smerw (@) N (3.5)
m=0 >1 w=0
Proof.

n

k m—I I m

[ak’(aTa)n] = €0 E Smmem,() E <l>m(l)aT ak la
m=0

1>1

n k e
= o Z Sy €m0 Z (l>m<z) ot gmt gk

m=0 >1
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from which (3.3) follows by applying Lemma 3.1. (3.4) follows from (3.3) and the
Leibnitz rule:

[NYa®,N"] = N7 [a®, N"].
Finally, (3.5) follows from (3.4) by taking adjoints.

O
Proposition 3.3.
[(a')* N7, N7 a¥] = (3.6)
- N a+B+k—1
Y sseotaonn (10 5 swimnoin 7
a=0 B=0 1>1 m=0
a+pB+k—L
ﬁ =+ k m’
_€a+k’0 66*‘1’]@70 Z ( L (O[ + k)(L) Z 5a+ﬁ+k}7L,m’ N v }
L>1 m’=0

Proof. As in the proof of Proposition 3.2:
[(ah)* N7, N7 a*] =

vy
« a+pB+k—1 -~
Z Z S»Y,oé S’Y’ﬁ {Ea,O €3,0 Z (l)ﬁ(l) CLT a +6+k—1

a=0 B=0 1>1

B+k Btatk—L g4 otp
—€q+k,0 €4+k,0 Z ( I (Oé + k)(L) aT a5+ +k L}7
L>1

which yields the equality (3.6) by applying Lemma 3.1 to at TR et Bk ang
a-‘—ﬂﬂ’ﬁ‘f’k*L aa+,3+k7L'

O

Proposition 3.4. Let k > 1 be fized, and for n > 0 define Ay(n) := N"a* and
Ag(n)T := (a")* N, where N = a'a. Then , for any v, 7', n € N:

[Ar()T, Ar()] = (3.7)
vy o a+pB+k—1
Z Z S’Y:a S’Y/’B{Eaao €3,0 Z <l>ﬁ(l) Z Sa+p+k—1l,m N™
a=0 =0 1>1 m=0
a+0B+k—L
- (ﬁ Z k) (Oé =+ k)(L) Z Sa+B+k—L,m’ Nm/}
L>1 m’=0

n m—I
k
AN = 3 Sumemo 3 ( l)mm S siw Aiw i), (38)
> w=0
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[Ak(1), Ax(+)] = (3.10)
~' k . m’ —1
3 Srvenvo 3 (1)L st dutr-+ )
m/=0 >1 A'=0
~ k m—L
_ Z Sy m €m0 Z (L> m(") Z $m—r.x Ak (Y +N)
m=0 L>1 A=0
(), A(y)T] = (8.11)
~' i l m/'—1
Z Sy m €m0 Z (l)ml() Z Smr—1,x Ak (v + X))
m’=0 >1 A'=0
~ k m—L
=3 Symemo Y (L)m(L) > smozaAz(y + A
m=0 L>1 A=0
and
[N?,N"™] =0. (3.12)

Proof. Equations (3.7)— (3.9) are a direct consequence of Propositions 3.2 and 3.3
above. To prove (3.10) we notice that
[Ak (7)7 Ak (,Y/)] = [N’y a’ka N’Y/ a’k]
= NYd*N"d* — N " N7 ¥
= N7 ([a*, N7+ N"d*) a* — N7 ([*, N] + N7 a*) a*
= N[d* N"]a* = N [a*, N7] "

and (3.10) follows from (3.3). Equation (3.11) is the adjoint of (3.10). Finally,
equation (3.12) is (3.4) for k = 0.

O
Proposition 3.5. Let k > 1 be fized, and for n,m > 0 define
Pu(N) =Y 0, N, Qu(N):=Y_ B, N°
p=0 o=0
where o, Be € No. If A\, i € Ng then
[Po(N)a**, Qu(N) a#*] = By (Pr, Q) (N) aPMHH* (3.13)
and
(" Qu(N),a™ PN = a7 @) (P Q)N (3.14)

where @y (P, Qm) is a polynomial in N defined by
¢)\,[_L(P’I’L7 Qm)(N) = EXO D)\(Pna Qm)(N) - E;A,OAM(an Qm)(N)
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where Dy (P, Q) and A, (P, Q) are polynomials in N defined by

D}\(Pn,Qm)<N) = Z Z Oépﬁg 77/\<Uap)(N)

p=0 oc=0

n m

Au(Pn,Qm)(N) = Z Z Qp ﬁoﬂ'u(m U)(N)

p=0 o=0
where, for A,B,C € Ny , ma(B,C)(N) is a polynomial in N defined by

B Ak C+m—l1
7TA(B, C)(N) = Z SB,m €m,0 Z < I )m(l) Z Sm—l,x—C N7
m=0

>1 z=C

The degree of ®x (P, Qm)(N) is €xtpo (n+m—1), the degree of Dy (Pp, Qm)(N)
is ex0 (n+m—1), the degree of A, (P, Qm)(N) is €40 (n+m—1) and the degree
of Ta(B,C)(N) is €eao (B+C —1).

Proof. We have

p=0 o=0
= Z Z &, B, (N*[a**, N a"* — N7 [a"F, NP]a*F)
p=0 o=0
from which (3.13) follows by applying (3.3). Equation (3.14) is the adjoint of
(3.13). O

Theorem 3.6. Let k € N be fized. The x—linear subspace L(k) of FOA(1) gener-
ated by the set

{Nma AQa‘k(n)v A;”k (’ﬂ) tm,n,o € N}
is a x—Lie algebra with structure constants given by (3.7),..., (3.12).

Proof. The proof follows directly from the previous Proposition. (|

3.1. Anti—normally ordered generators. The class of generators we have ob-
tained is based on the canonical form (3.1), associated to the representation of the
FOA(1) as a linear span of normally ordered products. But we can also represent
FOA(1) as a linear span of anti-normally ordered products, i.e., products of the
form:

a”mam(a)™ , if n>m

and, using the analogue of Lemma (3.1) for the anti-normally ordered case, we
express the products a”(a’)™ as linear combinations of powers of the anti-number
operator N, = aa’. This leads to the class of generators

Bi(n) :=a*N?; Bl(n)=NMa"*; N,=aa'; kneN (3.15)
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which replaces (3.2) in the anti-normally ordered case. By (3.2) and the relation
N, =aa' =[a,a'] +ala=N+1

one has

Therefore
By(n) = hz: (Z) ab N = i:o <Z> Ay (h).

This means that the operators By (n) are linear combinations of the Ag(h) so the
By(n) are in L£(k) (where L(k) is as in Theorem 3.6). That is an indication that the
analogue of Proposition 3.4 for the anti-normally ordered case should not be true.
The following proposition (which gives the well known oscillator representation of
the Virasoro algebra, cf. [9], Section 3) shows that, inside £(1) there are strictly
smaller Lie sub-algebras. It is not clear if there are strictly smaller (i.e., not
obtained by restricting the powers of the number operator to be larger than a
fixed number) *—Lie subalgebras.

Proposition 3.7. Form € N, let

1
Ly = —=a*""la’ = — a®™N,. (3.16)

1
V2 V2
Then, the linear space generated by the set
{Lm :m € N}
is a Lie subalgebra of FOA (1), isomorphic to the Virasoro algebra:
[LTM Lm} = (TL - m)Ln+m
Proof. For arbitrary m, n € N one has:
[a"+1at, am+1aT] = [a"+1aT, aerl]aT + am+1[a"+1aT, aT]
_ an—&-l[af’ am+1]a’f 4 am+1[an+1’ a’f]a]‘
= (=)™ (m+ D" ol + o™ (n 4+ 1)a"al)
= o™ laf(n+ 1+ (-1 (m+1)).

Therefore, if m = 2p and n = 2v are even numbers, one has

w41t 2utl
a’Tral at*Tra _ la2(”+“)+1aT(2V o) = (v — u)aQ(V+“)+1aT

V2 T V2 2

Thus, using the notation (3.16), one obtains [Ly, Ly,] = (n — m)Ly4m which are
the commutation relations of the Virasoro algebra. (]
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