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Abstract

Many probabilistic notions and results can be carried over to noncommutative algebraic
structures such as groups, C*-algebras, Lie algebras and *-tensor algebras. In this paper we:
consider a set e# of (unbounded) operators in a Hilbert space with cyclic vector @,. Generalized
moments (‘n-point functions’) are defined by <do, A *** Ando>, A:Ee#, and generalized cumulants
(’truncated n-point functions’) are defined in analogy to probability theory. The classical
Marcinkiewicz Theorem states that if the characteristic function of a random variable £ is the
exponential of a polynomial P, then P has degree at most 2 and £ is normal ; i.e., if the cumulants
of £ vanish for #= N, some N, then they vanish for all %>2. In this latter form the result is
generalized to the above non-commutative case. Robinson [11] proved an analogous result for
quantum fields by using the Wightman axioms and the canonical commutation relations,
respectively. In our result, however, only positivity of the scalar product enters. The structure of
the operator set o# is shown to be an extension of that of generalized free fields. Applications to
representations of Lie algebras and Lie groups are given.

§ 1. Iméroduction and Main Result

The extension of probabilistic notions and results to groups has been investigated
for some time now (see e.g., [1], [2], [3]). The extension of such notions to C*-
algebras has become an active area of research in the framework of the Tomita-
Takesaki theory (see, e.g., [4], [5]). Streater [6] introduced the notion of an infinitely
divisible representation of Lie algebras and derived a criterion (see also [7]). A more
general algebraic setting was considered by one of us [8].

Representations of *~tensor algebras, which arise in quantum field theory, and
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associated states where investigated there, the notions of infinitely divisible and
indecomposable states were introduced, and two important theorems of Khinchine
[9, § 6.2] were generalized. All results of [8] carry over to free *-algebras generated
by a set M. In a forthcoming paper, one of us [10] will prove a generalization of
Cramér’s Theorem and of the central limit theorem. The setting of the present paper
is close to the latter and to [8] although no need arises to consider different
representation. A fixed set «# of (unbounded) operators will do.

In its simplest form, the Marcinkiewicz Theorem states that if a positive definite
function on R is the exponential of a polynomial then this polynomial is of degree
at most 2 [9]. An alternative formulation is that a random variable whose
characteristic function E(#) is the exponential of a polynomial has a normal or
degenerate distribution.

Since the cumulants of a random variable are obtained from the derivatives of
InE(¢) at $=0, the Marcinkiewicz Theorem can be formulated as follows :

Theerem (Marcinkiewicz). If the cumulants of a random variable & vanish
for all n=N, some N, then they vanish for n>2, and thus £ is normal or
degenerate.

In this form the theorem lends itself to a noncommutative generalization. A
random variable £ is usually considered as a measurable function, with expectation
given by integration with respect to a probability measure. But it can also be
regarded as a multiplication operator in the corresponding L2-space. Different
random variables commute as multiplication operators. The generalization now
consists in allowing an arbitrary collection .# of (possibly noncommuting and
unbounded) operators defined on some invariant dense domain 2 in some Hilbert
space. Expectation is replaced by <¢o,  ¢o> where ¢, is a unit vector in 9.

For @ we take the smallest such domain, namely all polynomials in elements of
o# applied to ¢o. We do not assume that the elements in «# are self-adjoint or
symmetric ; instead we assume that the set o# is hermitian, i.e. AS# implies

A*IQE@I'

Without loss of generality we can assume that o« is linear.

The moments of random variables,K&; «*+ £,):= E & -** &5, are now replaced by
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(1~1) <A1 An>:= <¢0,A1 An¢o>, Aief’//,

where the order is in general important. The object in Eq. (1.1) will be called an n-
point function or a (noncommutative) moment.

The analog of cumulants will be defined in Eq. (2.2). They are modeled after
the usual cumulants and after the truncated n-point functions in quantum field
theory. We will call them truncated »-point functions or (noncommutative)
cumulants and denote them by <A;-- A»>r. The analog of a normal random
variable is then a system of operators and corresponding n-point functions whose
cumulants vanish for »>2 and are not identically zero for =2. In quantum field
theory this is known as a generalized free field.

The following main theorem uses only positivity in the form of the scalar
product of a Hilbert space and does not need any further assumptions usually made
in quantum field theory or in quantum mechanics.

Theorem (Noncommutative Marcinkiewicz Theorem) : Let «# be a hermitian
set of operators and let ¢, be a unit vector in the domain of any product of
operators in oA, with n-point functions (moments) {¢o, A1+ An ¢o>. If all
associated truncated n-point functions (cumulants) vanish for n> N, some N, then
they vanish for n>2.

Remark. In quantum field theory an analogous result was first derived by
Robinson[11] who reduced it to the commutative case by use of the Wightman
axioms or canonical commutation relations, respectively. Using the spectral
condition, Borchers [12] and, independently, one of us [13], showed that the
vanishing for #=2N, some N >0, was already sufficient. A similar result was
obtained for a class of Euclidean fields by Newman[14].

As a by-product of our proof we obtain the structure of the operator set «# of
the theorem, a structure which is well-known from generalized free fields.

Corollary. Let the assumptions of the theorem hold. Let @ be obtained by
acting on ¢o with all polynomials in elements of .#. Then for any AS A, any ¢
€ 9 is an entire vector for A ; hence if A is symmetric it is essentially self -adjoint

on 7. In the sense of strong convergence of power series one has on 9
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(12) ezlAle"'ﬂA2=exp{%@(AlAz_A2A1>}ezuh+zzAz’

and the ‘moment generating function’ is given by

<¢o’ ezl“h-- N eZnAn¢0>

(1.3) =CXP{ZZi<Ai> +%<[2zz-(A,-—<A,-> > +‘%—§j21’z‘i< [A:, Aj]>}.

If A, BE o# then their commutator is a multiple of unity on 9.

Section 2 deals with the definition of truncations and simple combinatorics. In
Section 3 we prove an estimate for n-point functions and convergence of the
exponential series. In Section 4, Egs. (1.2) and (1.3) are proved by means of
Schwarz’s inequality and by a generalized Liouville Theorem for entire functions.

In Section 5 we discuss applications to representation theory, in particular for

Lie groups and Lie algebras.

§ 2. Truncation Combinatorics

We collect a few simple facts about noncommutative cumulants (truncated »-

point functions).

Definition 2.1. Let J be a set. A (finite) partition P of [ is a collection {I;}
of disjoint nonempty subsets of [ with Ulx=1. The set of all partitions of I is
denoted by P;.

Definition 2.2. For each {EN, let A;E«# be given. For each finite 7, 7 = {71,
o 41}, 11<dp oot <1y, we define

(2.1) A= Ai,"'Ai,.
Definition 2.3. The cumulants {--->7 are defined inductively as follows® [15].

(2.2) <AI>:<AI>T+P§>1<AI‘>T"'<AI">T'

k>1

Y Borchers [16] and Ruelle [17] use the notion of a partition as an ordered set. Then the expression for
{A>r looks different. By means of a product for states defined by n-point functions one obtains a very
elegant formalism in which the truncated state becomes a logarithm. See also [8].
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Examples. One has

CAD=<(Avr,
CA1AD =KA1AD 1 +<{ADKA> T,
CA1A2A> = A1A2A3) 1+ A1 A <{A>++{A D<A A>r
+A1AD <A 1 +{AD <A {AT.

An immediate consequence is the following.

Lemma 2.1 Let /={1, ---, #}. Then

(2-3) CA, - And>=<A4, An>T+n§’<A1\1'><AI'>T.

I'I

Proof. 1In Eq. (2.2) one can assume that nE ;. Putting [’=1; and summing
first over P in Eq. (2.2) yield <A <A r.

It is now easy to invert Eq. (2.2) by straight forward induction, using Eq.
(2.3). This gives a well-known expression.

Corollary 2.1. One has

24) Apr= 3 (D (E=1)1<ALD + <Ar)

We now state another expression which closely resembles the definition of
cumulants in probability theory [9]. In the noncommutative case the order of factors
is important. The logarithm below is defined by its Taylor series around 1.

Proposition 2.1. In the sense of formal power series one has

0 0

2.5) <A1"'An>r=5x‘:'" - In<e

zid .. eInAn>|
=0

This expression is generally accepted by the workers in the field, but we have not

found a reference. A proof can be given by the following elementary fact.

Lemma 2.2. Let f be a (formal) power series in 11, ..., xn, N < oo. Let

I —{] ..
8,~jl;[]ax and let 7={1, --*, »}. Then

2
J

(2.6) 01 One”=(61 " On f)ef'f'n;d(al\l'ef)al’f
I+l
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Proof. This holds for #=1. Let it hold for all v, y<#< N. Using Eq. (2.6)
for J={2, -+, n+1} we have

0102+ an+1ef=(6’1 6n+1f)ef+(81ef)az an+1f
Py ]{(a(l}uJ\J’ef)aj’f+(al\l'ef)amUJ'f}

,

n+lej'c
l'#‘.’f

which is Eq. (2.6) for z+1.
Proof of Proposition 2.1. In Eq. (2.6) we choose
f=In{egT™4 -0 gTndn)y,
Then

3y -+ One’|_ =CAr - An>

and Eq. (2.6), at x =0, is identical to Eq. (2.3) with {A,>r replaced by 0, f|x=°.
Since <A > =<A>r for fixed £ the statement follows by induction.

§ 3. Convergence of Exponential Series

We need the following estimate.

Lemma 3.1. Let all truncated n-point functions (cumulants) vanish for n>
N =1. Let o#,C o be finite, and let

Mz := max {KA} -+ A", Ai€Eoto, 1SV N}
Then, for Ai, **+, AnE#,

(m—1)!

(31) |<A1 o Am>|§(2MT)m (m__N)(m__ZN) e (m_kN)’

where 1<m—kN<N for m>N while for m<N the denominator is to be
omitted.

Proof. For m=1, Eq. (3.1) holds true. Assume it holds true for all y<m—1.
Now we use Eq. (2.3) for #=m and with <ADr=0 for |I['/>N. The number of

subsets of {1, -, m} of length y which contain m is <7f:11>
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If m >N we obtain, by induction hypothesis,

= e

We replace the denominator by (m—2N ) --- if m>2N and by | otherwise. Since

(m—)V(m—y—1)! (m—1)1
(3.2) G=Dlm=0)! =G=DIm—N),

we can continue the estimate with

1 1
1 (m—N)m—2N)-

<(@Mr)™(m—1)1— z(u Or3

Since the sum X is less than ¢'?, Eq. (3.1) follows for m>N.
For m< N the estimate is similar, with the denominator now equal to 1.

This estimate enables us to prove convergence of multiple power series for
exponentials.

Theorem 3.1. Let all truncated n-point functions (cumulants) vanish for n
>N, some N. For A, -, AnE# and any $<E 2, the multiple power series for

(3.3) e¥h . gining =

converges absolutely. A fortiori, a symmetric AS<# is essentially selfadjoint on 9.
Proof. We can assume ¢=DB, ... Bypo. We take o#o={A4., A%, -, Bx, Bi}.

Let

M, := max {[KA: - AD|, Ai€ Ao}, v=1,2,-

We have

2l ) 4
ST lAf - Al By .. Bidl

< Hl Ml(/121+ wlntk)
i

Ms M
!,_.

=270 Ml (224
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The root criterion for the convergence radius R, Hadamard’s formula 1/R=
llimla;l”‘, gives by Lemma 3.1

= —1) 12t
‘%zlli}g(ZMr)H%{ (2142 11‘) (l+1)}

(214 2k—N )21 +2k—2N )---} 112

By Stirling’s formula one sees that the second factor is bounded and that the third
factor goes to zero. Hence R=oo0.

Remark. This result shows that each A€ # is closable and that its closure,
also denoted by A, contains in its domain all vectors of the form g% .- g4 &,
$p= 2. Hence e*#, {=1,2, -, define operators which can be multiplied on .

Ceorollary 3.1. Let all cumulants of order greater than N vanish. Then for
A, -, A, there is a polynomial Pa,..4,(z1, =, Z2n) of degree at most N such that

(3.5) (g1 .o. pRndny =exp {PAX.--A,,(ZI, 0, Zn )}
Pa,..a,, is given by

(3.6) 2 z}! g TCAL e Al st -z

Proof. The power series for the L.h.s. of Eq. (3.5) converges absolutely. For
z =0 it is 1 so that the Taylor series converges around 1 in a neighborhood of z=0.
Hence Proposition 2.1 holds here for functions, not only formal power series. Since

all o'n
Baf T oa

Y R 0
0211 az”, 0221

1n<ezlAn . eZnAn>|
Z=0
3.7

l1
...1n<He‘71i'Al ...>| ,
i=1 z2=0

these derivatives are given by cumulants, which vanish for /;+--+[,>N.

§ 4. The Form of the Generating Function. Proof of Main Theorem

We will need some simple applications of a generalized Liouville theorem [18].
This states that if f(z) is entire and Re f(z)=< C|z|® for large |z| then f(z) is a
polynomial of degree at most p.
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Lemma 4.1. a) If P(z) is a polynomial and

ReP(z)<P (Rez)

then P is of degree at most 2.
b) If f(zi, z2) is entire and

Re f(Z1, Zz)§_ C{lZ1I2+[22!2+1}

then f is a polynomial of degree at most 2.
¢) If f(z1, 22, 23) is entire and

C-(Re z1)°+ Czy [(Re ZZ)Z+1]

(4.2) Re f(z1, 22, Zs)é{ C’+ (Re 252+ Cl, - [(Re 22)°+1]

where Cz, and C;, depend on z, and zs, respectively, then f is a polynomial of
degree at most 2.

Proof. a) P must have real coefficients and must be of even degree, 2% say,
with positive highest coefficient, unless it is of degree 1. If the degree were 2%, #n=
2, then one would have with z=te®

12"(cos*"$ —cos 27 ¢ ) =0.
This is violated for ¢ =7/x.
b) For fixed zi1, 22, f(z12, z22) is a polynomial of degree at most 2. The
coefficient of z° is (0, 0) and that of z' is

o o Lo

0z lz=0 0z1l==0 022 )2=0"2

which is linear in z:, z,. Similarly for z% Finally put z=1.

¢) By part b), f is a polynomial in z;, z» of degree at most 2 for fixed zs, and
similarly for z, fixed. Thus f is a polynomial in zi, 22, 23 of degree at most 3 with
the only possible third order term of the form bz,z.23 since z7z# is ruled out by Eq.
(4.2). The combination

%{f(zl, 22, 23)+ f(— 21, — 22, 23)+ f(— 21, 22, —23)+ (21, — 22, — 23)}

=:1(z1, 22, 23)

has the form f = aqo+ @127+ @222+ asz3+ bz12225 and fulfills the inequality
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Re f(z1, 22, 23)< C(Re 21)2"‘%(6?.3"' C-z)[(Re z2)*+1].

Assuming »+0 we put z;=2z.=1iy and zs=—(1+ a1+ a2)/b. The above inequality
gives

Re (go+y*+as(1+a1+a2)?/6*)< C
for all y€ R, which is a contradiction. Therefore 5=0.

We can now determine the form of the polynomial Pa,..s, in Eq. (3.5) for
n= 3 by using Schwarz’s inequality.
We define the hermitian part o#) of «# by

Mpy={ASH; A*s=A}.
We can and will assume o# to be linear. One has on &
A=F(A+A")+i(A~A")] 2
so that o =c#n+ ik,
Lemma 4.2. For n<3, Pa,-a, has degree at most 2.
Proof. We first let A;E#,, i=1, 2, 3. For n=1 we have by Theorem 3.1

Lo, e*M1 o> =L e 412 ¢, e M2 g

Schwarz’s inequality gives
Re P4(z)< Py,(Rez)
and so Lemma 4.1a) applies.
For #=2 we have, by Theorem 3.1,

<¢0’ ezlAl ezzAz¢0> — <e Z'1A1¢0’ eZZA2¢O>-

Schwarz’s inequality gives
Re Paa(21, 2255 Pa(2 Re 21)+5-Pa(2 Re 25).

Lemma 4.15) now applies.
Case n=3: For z; fixed,
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<ez1Al¢o, ezAzeZuh ¢0>

is the exponential of a polynomial in z. If one replaces, in case =1, do by e,
and A, by A., this implies that this polynomial has degree at most 2.
We now have

(eFhigfrtagislsy = g Tt gRrhrgFsdsg
=(efMgf1 Mg, 3 gy).

Applying Schwarz’s inequality to the r.h. sides gives, together with the preceding
remark, two inequalities for Re Py 4,4,(21, 22, 23) as in Eq. (4.2). This proves the
case 7=3.

To obtain the statement for general A’s, we consider first A= A%+A:A%, A%,

%Eety and ArE R. By Corollary 3.1 the coefficients of the polynomials Py, 4,4, are

polynomials in Ay, ..., A3 of degree at most 2. By analyticity and A, — 7, the general
case follows.

Corollary 4.1. For A, A:E# one has
43) ehetgo=exp | +<[4s, AD}et g,

Proof. We can assume {A4:>=<A:>=0. First let A,, AsEe#% A straight-
forward calculation, using Lemma 4.2 and Eq. (3.6), gives with z,=1fs, LE R,
%14 @222 gpy — e+%<[.41 Al>ziz pidrizaag 2 ()

As in the preceding proof, analyticity then gives the general statement.

Proof of Main Theorem and of Corollary. Corollary 4.1 and straightforward
induction on 7 gives

1
214 ZnA; — pt5<l41,421>2122 ,2141+2243 234 ZnA;
ell...enﬂ¢0_62[12]1261122833...enn¢0‘

Differentiating at z3=---=2z,=0, which is possible by analyticity, gives Eq. (4.3)
with ¢, replaced by As ... Ando. Eq. (4.3) together with Lemma 4.2 shows that Pa,...4,
in Eqg. (3.5) is of degree at most 2. Eq. (3.6) then shows that <{A; - An>r=0 for
n>2.
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§ 5. Discussion. Connection with Representatiorn Theory

Under the assumptions of the main theorem one has for the commutator of A;,
AEOn g

(5-1) [A1, Az]=<A1A2—A2A1>I=<A1A2—A2A1>TI.

If we assume o« to be linear, which we can without loss of generality, then it suffices
to consider o#,={AE#; A=A%s}. For A1, A2E#s, Eq. (5.1) reads

(5-2) [Al, Az]=2i Im<{A.:A42>r 1.

If the 2-point function is real on «#,, one is in the commutative case.

Conversely, given a set It and a form
M2 a1, az— (a1, a2)EC

which becomes positive semi-definite after linear extension one obtains a representa-
tion [T of the free *~algebra generated by It with truncated n-point functions given
for n=2 by

<H(dl)*ﬂ(dz)>r=(dl, az)

and zero otherwise. This is the same as in the construction of the generalized free
quantum field.

The operators of the hermitian set «# may originate from a representation of a
Lie algebra with cyclic vector ¢o. Then the vanishing of all higher cumulants places
restrictions on the structure of the Lie algebra, and the representation can be
integrated to a group representation.

For Lie groups our generalization of the Marcinkiewicz Theorem can be
formulated as follows.

Theorem 5.1. Let G be a finite-dimensional Lie group. Let U be a unitary
continuous representation of G with cyclic vector ¢o. If the gemerating function

E(g)=<¢o, U(g)éo>

is the exponential of a polynomial in some local coordinates in a neighbourhood
of the group identity, then this polynomial is of degree at most 2 and G is
homomorphic to a direct product of an abelian Lie group and a Weyl group.
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A Weyl group is associated with the usual canonical commutation relations
(5.3) [Qs, Pil=i8

of quantum mechanics [19], [20]. By Eq. (5.2) one can introduce a suitable basis in
the (now finite-dimensional) linear space «#), where part of the basis operators span
the center of «#}, and the remaining ones satisfy Eq. (5.3).
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