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NONCOMMUTATIVE RANDOM VARIABLES
AND SPECTRAL PROBLEMS IN
FREE PRODUCT C*-ALGEBRAS

DAN VOICULESCU

ABSTRACT. This paper is a write up of the author’s lec-
tures on spectral problems in free product C*-algebras at
GPOTS 1987 in Lawrence, Kansas. We give an overview of
our work on these questions [22, 23, 24, 25, 26] together
with the motivating analogies, examples, explicit computa-
tions and open problems.

1. Free products of C'*-Algebras and Hilbert spaces.

1.1. We will work in the category C* of unital C*-algebras and
unit-preserving *-homomorphisms. This is why the free products, we
consider, correspond to what are usually called free products with
amalgamation over C.

The free product of C*-algebras A,,¢ € I, is their categorical direct
sum in C*, i.e., a C"-algebra A with injections «, : A, A such that
every collection of p, : A, — B corresponds to precisely one p: A — B
such that p, = poa,.

In practice the free product algebra A, denoted *,c7 A,, can be viewed
as the algebraic free product completed with respect to the largest C*-
seminorm which restricts on the A,’s to their given norms.

EXAMPLE 1.2. If G, are discrete groups, ¢ € I, and G is their free
product *G,, then C*(G) is isomorphic to *C*(G,).

1.3. Let (H,,&) be Hilbert spaces with specified unit vectors
& € H, &l = 1. We define a Hilbert space with specified unit
vector (H,&) = *,e1(H,,&,), the free product of the (H,,&,)’s. Let
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HY = H, © C¢, and define

H=Ctop P H oM, e---H.
N FeF e Fin

EXAMPLE 1.4. If G, are discrete groups and &, € £%(G,),&,(g9) = dy.c,
then

*LEI(€2(GL)? gL) = (62 (G)v 5)7
where G = #,;G, and £(g) = 0.

EXAMPLE 1.5. If H is a Hilbert space let

T(H)=Cla@PH"

n>1
be the Fock-space for Boltzmann statistics. Then we have

(T(H1 © Hz),1) = (T (H1), 1) * (T (Hz),1).

1.6. If (H,&) = *,e7(H,, &) then there are natural isomorphisms
H ~H, ® H(r), where

H=CoPp P H. . o--on
n L1?5L27:-7$Ln

and where £, ® ¢ corresponds to £ and HY ® £ to HY.

1.7. Let (A,,¢,) be C*-algebras with specified states. The GNS
construction yields Hilbert spaces with specified unit vectors (H,,&,)
and representations w, of A, on H,.

If (H,&) = *,e1(H,, &), the isomorphisms H ~ H, ® H(t) yield
representations of the A,’s on H and hence a representation of A =
x,e7A4, on H. The state ¢ of A corresponding to the vector £ in ‘H
is called the free product of the states ¢,, p = *,crp,. If the ,’s are
traces, then ¢ is also a trace state.
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The C*-algebra A,eq generated by U,e;m,(A,) is called the reduced
free product of the (A4,,p,) and we write (Ared , ©) = *,c1(AL, @.).

1.8. The free product state ¢ is characterized by the following
properties:

play, (a1)a,(az) -+ a,, (an)) =0
whenever vy # 1 # -+ # tn,a; € A, and ¢,;(a;) = 0.

EXAMPLE 1.9. If G,(¢ € I) are discrete groups and G = *,¢;G,, let
7, and, respectively, 7 be the corresponding canonical trace states on
C*(G,), respectively, C*(G). Then we have C = *,¢;C,.

Slightly abusing notations we shall also denote by 7, and 7 the
canonical traces on C,(G,) and C} , (G). We have (C},(G), 1) =
*,e7(C*(G,),7,) and also (C} 4 (G),T) = #,c1(Ciyq (G.), 7).

EXAMPLE 1.10. On T (H) let £(h),h € H, be the operator ¢(h)n =
h®n. Let C*(£(H)) be the C*-algebra generated by the ¢(h)’s and let
w be the state determined by 1 € T (H). If (e;), e is an orthonormal
basis in H then

> t(ej)le;)* < Tand T =" l(e;)l(e;)* #0,

which shows that C*(¢(H)) is a Cuntz-algebra if H is infinite-dimen-
sional or an extension of a Cuntz-algebra if dimH < co. If dim'H =
1,C*(€(H)) is the C*-algebra of a unilateral shift. If H = @,.; H,
then we have

(C*(E(H)), w1) = 1 (C7(L(HL)), w1)-

In particular C*(¢(H)) is the reduced free product of the C*(¢(Ce;))
with j € J.

2. Free families of noncommutative random variables and
the analogue of the Gaussian functor. There seems to be a rather
far reaching analogy between tensor products and free products, in
which independent random variables correspond to what we will call
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free random variables. To explain this, we begin with some background
on random variables, independence and the Gaussian functor.

2.1. Roughly, a random variable is a function f : & — C where
) is endowed with a probability measure v. Hence, the well-known
generalization: a random-variable is an element f € A, where A is a
unital algebra (possibly non-commutative) endowed with a state, i.e.,
a functional ¢ : A — C with ¢(1) = 1.

2.2. If f is a random variable in (A, ), its distribution is the
functional py : C[X] — C given by ps(1) =1, up(X") = @(f™). f A
is a Banach algebra and ¢ continuous, then py extends to an analytic
functional on C so that us(h) = ¢(h(f)), where h is holomorphic on
C. If Ais a C*-algebra, f = f* and ¢ is positive, then u; extends
to a compactly supported probability measure on R. The numbers
©(f™) are the moments of f.

Two subalgebras A;, 43 C A are independent if they commute and
o(fif2) = ¢(f1)e(f2) whenever f; € A;,j =1,2. Two random vari-
ables are independent if the algebras they generate are independent,
Le, if o(f"f3') = o(fi")e(f3'),m,n =2 0, and fif2 = faf1.

Independent subalgebras arise from tensor products: if (A1, ¢1), (As,
©2) are “non-commutative probability spaces” then, in (A; ® Az, p1 ®
2),the subalgebras 4; ® 1 and 1 ® Ay are independent.

2.3. The Gaussian functor I', which is used in second quantization,
is a functor from the category of real Hilbert spaces and contractions
to operator algebras with specified trace state and state-preserving
unital completely positive maps.

Roughly speaking, I" associates with H the von Neumann algebra
L>(H) with respect to the Gaussian probability measure on H (i.e.,
ce‘”’;”2d)\(x) with dA Lebesgue measure, if dimH < oo), which
provides the trace state. Moreover, the Gaussian random variables
fe(h) = (h,§) give a natural linear map £ — fe from H into the
L?-space associated with I'(H). A basic property of T is

F(Hl @ HQ) = F(Hl) & F(Hg)

We turn now to the analogues for free products of 2.2 and 2.3.

24. Let 1 € A; C A,j = 1,2, be subalgebras, where (A, ¢) is a
non-commutative probability space. We say that Ay, Ay are free in
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(A, p) if p(a1az---a,) = 0 whenever a; € A;;,1 < j <n,i; € {1,2},
i1 # iz # - #in, and p(a;) =0,1 < j < n.

If A;, Ay are free in (A, @), the restrictions ¢|A;, j = 1,2, completely
determine ¢ on the algebra generated by A;, As.

Two random variables f; € A,j = 1,2, are free if the algebras
they generate are free. It follows that if {f1, fo} is a free pair, then
the distributions of f; + fo, f1fo and, more generally, any polynomial
expression in f1, fo, depends only on the distributions of f1, fs.

2.5. If A is the free product of Ay, Ay or the reduced free product
of (A1, 1), (A2, p2) and ¢ = 1 * @y, then the images of A;, As in A
are a free pair of subalgebras. Thus, for instance, with the notations
of 1.2, if G = G * G5 then C*(G;) and C*(G3) are free in (C*(G),C)
and the same holds for the reduced C*-algebras. Also, in the context
of 1.10, if Hy, Hz are orthogonal subspaces in H, then C*(¢(H;)) and
C*(¢(Hz)) are free in (C*(¢(H)), w1).

2.6. The analogue of the Gaussian functor for free products is a
functor ® from the category of real Hilbert spaces and contractions
to the category of unital C*-algebras with specified trace-state and
state-preserving unital completely positive maps.

We define ®(H) = C*(s(H)) where, for h € H,s(h) = (¢(h) +
£(h)*)/2 is an operator on 7 (Hc) (see 1.5, 1.10), Hc the complexifi-
cation of H. The trace-state e on ®(H) is the restriction of the state
wy defined by 1 € T(He).

The characteristic property of @ is
(®(H),e1) = (2(Ha), en,) * (B(Hz), €94,)
it H="H; ® Ha.

The von Neumann algebra which is the weak closure of ®(H) is
isomorphic to the type II; factor of a free group on dimH(> 1)
generators.

2.7. The distribution of s(h) is a map C[X] — C, which, since s(h)
is a bounded self adjoint operator, extends to a compactly supported
measure on R, also denoted pi4(3), so that

e (P(s(h) = / P()dy, o (1).
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Then d,,,, (t) = X(t)dt, where X(t) = (1 —2)}/?/m if |t| < 1 and
0 otherwise. Since the graph of X is a semiellipse, we see that
the analogue of the Gaussian distribution for free products is the
semiellipse law. There is a corresponding central limit theorem for
free random variables, with limit distribution a semiellipse law.

Also, for the free analogue of the Gaussian functor, there is an
analogue of Wick powers with Hermite polynomials replaced by certain
Gegenbauer polynomials.

3. Free convolution and dual algebraic structures.

3.1. If pug, pr are the distributions of free random variables, S, T €
A, then (see 2.4) the distribution usr depends only on pg and pr.
Hence there is an operation H such that pug B pr = pgir. Similarly,
there is an operation X such that pusr = pus X ur. Both operations
are commutative and associative. In case ug, ur extend to analytic
functionals (respectively, compactly supported probability measures
on R), the same holds for pug B pr.

If, instead of free random variables, we would have considered inde-
pendent random variables, the corresponding operations on the dis-
tributions would have been additive and, respectively, multiplicative
convolution. That is why we call the operations for the distributions
of free random variables, free convolution (B additive and X multi-
plicative). Note however that free convolution is not bilinear, it is a
highly non-linear operation.

3.2. Recall that the usual convolution on a group G naturally arises
in the Hopf-algebra approach to group-duality. Roughly, if uq, uo are
measures on G, they yield functionals on some commutative algebra
F(G) of functions on G. The binary group operation G x G — G
gives a homomorphism (the Hopf-algebra comultiplication) F(G) —
F(G) ® F(G), and the convolution of p1 and pso is the composition

F(G) — F(G) ® F(G)"“24C.

For free convolution a similar treatment is possible, after defining
appropriate group objects, and illustrates the general analogy between
free products and tensor products.
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3.3. A dual group structure on an algebra A amounts to giving
homomorphisms A — Ax A, A — A, A — C corresponding to
the binary (i.e., multiplication), unary (i.e., inverse) and nullary (i.e.,
neutral element) operations which define a group, with the arrows
in all compatibility diagrams pointing in reverse directions. This
means that, for every algebra B, we have a natural group structure on
Hom(A, B).

In the state-space  (A) = {¢ : A — C|p linear , (1)}, the free
convolution ¢ ® s is defined by composing the dual multiplication
with the free product state

A — Ax A722C

Though we adopted here the algebraic context for simplicity, these
considerations fit also in the Banach algebra, C*-algebra and, as
required by many examples, projective limits of C'*-algebras contexts.

EXAMPLE 34. (a) On C[X] we define a dual group structure by
the unital homomorphisms ¢ : C[X] — C[X] * C[X],j : C[X] —
C[X],e : Clz] — C where §(X) = 01(X) + 02(X), 0, being the
identifications of C[X] with the first and respectively second copy
of C[X] in C[X] * C[X],j(X) = —X and ¢(X) = 0. The states
> (C[X]) are precisely the distributions of random-variables and the
free convolution on)_(C[X]) is precisely the additive free convolution
B

(b) On C[X] there is a dual semigroup structure defined by §(X) =
01(X)o2(X) for which free convolution is X.

(¢) On the C*-algebra C(T) there is a dual group structure d(u) =
o1(u)oa(u), j(u) = u=t e(u) = 1 where u is the isomorphism of T with
{# € C| |z| = 1}. The free convolution is X on probability measures
on T.

(d) The free real line Rpee (Our initial terminology was non-
commutative analogs of various classical groups. Following a sugges-
tion of A. Ramsey we replaced non-commutative by free.) is the in-
verse limit of C*-algebras C'(K) where K are compact subsets of R
and the operations are essentially as in (a). The free convolution is H
on compactly supported measures on R.
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Using projective limits of C*-algebras and of real C*-algebras, there
are “free” analogues for most matrix Lie groups.

3.5. A dual group structure on A corresponds to a natural group
structure on Hom(A, B). If, roughly speaking, Hom(A, B) is some
kind of Lie group (possibly infinite-dimensional) then there is a natural
Lie algebra Lie Hom(A, B). An object Lie A such that

Hom(Lie A, B) ~ LieHom(A, B)

is what should be called the Lie algebra of the dual group. Thus
we are led to consider dual Lie algebras £. The dual abelian group
structure is given by dual operations (0, 7, €) and there is a dual bracket
b: L — L x L with the usual compatibility diagrams among these
with reverted arrows. The vector space structure (over K = R or C)
is given by a : L — L (A € K) such that

ap =id 2, ag=10¢

Q) O Oy = Qpp, syt = do (s *ay) o0,

where i is the inclusion C — £ and d : £ * L — £ maps each of the
L’s identically to £. The compatibility conditions are: the «)’s are
morphisms of the dual group, i.e.,

doay=(ayxay)od

Jjoax=ayoj, Eoay = ¢
and the compatibility with the dual bracket,
(axxay)ob="Dboay,.

Note that, for dual Lie algebras, it makes sense to consider dual adjoint
actions L — L % A. Also connecting the dual group and dual Lie
algebra there are dual exponential maps A — L.

EXAMPLE 3.6. For the dual group C(T) (3.4(c)) we have Hom(C(T),
B) ~ U(B) the unitary group of B. The Lie algebra of U(B) can
be identified with Bj, (the Hermitian part of B) with the bracket
i(araz—azay). Therefore the dual Lie algebra of the dual group C'(T) is
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R free (3.4d)) with its dual bracket b : R free — R free * R free such that,
on the subalgebra C[X] C R e (X is identified with the identical
function R — R C C in the projective limit defining R fcq), we have

b(X) = i(01(X)o2(X) — o3(X)oa(X)).

The dual multiplications by scalars are given by a)(X) = AX. The
dual exponential map e : C(T) — R e is such that

e(u) = exp(iX).

The dual adjoint action is trivial, i.e., Ad : L — A% L maps L
identically onto the £ factor in the free product.

In a similar way, there are dual Lie algebras for the dual groups
which are the free analogs of the classical matrix groups.

4. Computing free convolutions and spectral problems on
free groups.

4.1. Let G = Z *---x Z be a free group on n generators and
let uj,1 < j < n, be the unitaries on ¢*>(G) corresponding to left
translation by the n generators and consider ¢ € £2(G), the function
&(g) = 0g,e. Further, let T; be operators of the form T; = ¢;(u;),
where the ¢; are real-valued functions, so that T; = 7). Then,
T = Ty + -+ T, is a self-adjoint operator on ¢?(G), which is
actually in the von Neumann algebra L(G) generated by the left
regular representation of G. On L(G) the state defined by & is a
faithful trace-state 7. Computations of norms, spectra or of the trace
of the spectral measure for particular operators T', were performed in
connection with various problems in the work of several authors: H.
Kesten, P. Cartier, J. Cohen, S. Sawyer, C.A. Akemann-P.A. Ostrand,
A. Figa-Talamanca, M. Picardello, W. Woess, T. Steger, K. Aomoto,
T. Pytlik, J.H. Anderson-B. Blackadar-U. Haagerup and others. We
will explain how free convolution provides a general approach to these
questions.

4.2. Tt is sufficient to compute the measure p on R obtained by
applying the trace 7 to the spectral measure of T. Note that the
spectrum of T is the support of y. We have

/t”d,u(t) =71(T") = (T"¢,§).
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Thus the measure p can be obtained by solving a moment problem, if
we are able to compute the moments (T, ).

4.3. In L(G) consider the von Neumann subalgebras A;,1 < j < n,
generated by w;. Then the A; are free in (L(G), 7) in the sense of
2.4, and hence the T}’s are free n-tuples of non-commutative random
variables. The measure p is the distribution of 7" and

po=p1 Bpo BB py,

where p1; is the distribution of T;. Since Tj; = ¢; (1), p; is the image
of Haar measure on {z € C| |z| = 1} via ¢;. Remark also that in fact
we could have taken, more generally, G = Gy * G2 * --- * G, and T}
self-adjoint convolution operators in L(G;) viewed as subalgebras of
L(G), and assume we know their distributions p;.

Thus the problem reduces to the computation of the operation H.

4.4. The computation of H is based on the following simple fact.

FACT. Let C*({(C?)) be the C*-algebra acting on T (C?) (see 1.10)
with the state wi. Let T = l(e1)" + D ;50 aplle))®, S = llex)* +
> k>0 Brl(ea)® and R = l(ey)* + > ksolak + Br)l(e1)k, where ey, ey is

the canonical basis of C2. Then we have
(T+8)"1,1) =(R"1,1)

and hence purys = pr. Since T and S are a free pair of random
variables this means

pr B ps = pr.

Thus, for the distributions of random variables of the form ¢(e;)* +
> im0 kr1l(e1)* in (C*(¢(C)),wr) additive free convolution is lin-
earized by the coefficients . Hence the computation of H amounts to
finding, for every distribution u, a random variable of the special form
Ler)* + > k0 ap+1f(e1)k with distribution the given distribution p.
Note that 7 (C) ~ H? (the Hardy space) and £(e1)*+_ 50 @kr1(e1)*
is precisely the Toeplitz operator with symbol 2~ + > k>0 app12” or,
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equivalently, the Toeplitz matrix

a1 (65 Q3

1 (651 (%) (6%}

0 1 (e5] (6] Q3

0 0 1 (&3] a9 Q3

0 0 0 1 aq (6) Q3

4.5. The following theorem, which computes H, is obtained using
the idea outlined in 4.4.

THEOREM. If p is the distribution of a random variable let G,,(z) be
the generating series

Gu(z) =271+ Z p(X™)z "t

n>1

Let further K(z) be such that

and define

R u(z) = 3 Risa()h
k>0

by
Ru(2)+ 271 = K(2).
If 1, o, pg are distributions of random variables and ps = py B po,

then we have

RMS - RMI +RM2'

Remark that if 41 is a measure or an analytic functional, then G, (2)
is precisely the Cauchy transform

G- [ #49)
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The map pu—R , linearizes additive free convolution as does the
logarithm of the Fourier transform log fi for usual additive convolution.

EXAMPLE 4.6. Returning to the context of 4.1, let G =Z *---x Z
and T; = u; + uj_l. The operator T = (ug +uy ) 4 -+ - 4 (u, +u; ")
is up to constants the discrete Laplacian on G. If v is the distribution
of Tj then p = v B ---Hwv. Since Tj is given by the image via the
function z + 27! of Haar measure d\ on {z € C| |z| = 1}, we have

_ o — _ —1\-1

G = [ e
= (2mi)~ ! z—C—=C¢CH
()/q—l(CC)CC

— —(2mi)! /C_l(c ) TNC = o) e

=(G-G) = (2472

where (., = (2 & V22 — 4) are the roots of (2 — 2 +1 = 0. (Note
that <'1C2 = )

Then G, (K(z)) = 2 gives K? —4 = 22 and hence K = (272 +4)/?
and R, = (272 4+4)1/2 — 271 so that R, = nR . It follows for y that

1
2

K=z1'"4+R,=2""4+nR,=n(z2+4Y2 - (n-1)"L
Hence G, is obtained by solving
G2+ )2 - (n-1)G =2

This gives

n—1)z—ny/22—-42n—1
Gute) = ==/ T=T)
The choice of the branch of the square root is determined by the fact
that G,,(z) = 271 +- -+ at co. Since this branch of G,,(2) in the upper
half plane has no poles on the real line and is algebraic, the theory of
the moment problem gives that u is absolutely continuous with respect
to Lebesgue measure and has density

—lImGu(t) forte R.
T
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4.7. As for usual convolution, there are semigroups and infinitely
divisible measures for free convolution. Let P denote the compactly
supported probability measures on R. We call 4 € P F-infinitely
divisible (F' stands for free) if, for every n € N, there is y;/, € P
such that g/, B By = p. A family (u4)i>0 C P is an F-

n—times
convolution semigroup if p;4s = pe B ps and py depends continuously
on t. F-convolution semigroups are in 1-1 correspondence with F-
infinitely divisible measures. Every F-convolution semigroup is of the
form R ,,, = tR ,, where y; is F-infinitely divisible.

If (pu¢)¢>0 is an F-convolution semigroup and G(t,2) = G,,m.(2)
where v € P, then G(t, z) satisfies the complex quasilinear equation

%—Cz(z, t) + g—f(z,t)w(G(z,t)) =0
where ¢(2) =R, (2).

Note that, in this context, the analogue of the heat equation, which
corresponds to convolution by the normal distribution, is given by the
equation

since R ,(z) = az if p is a centered semiellipse law.

4.8. F-infinitely divisible measures are characterized by the following
theorem.

THEOREM. Let p(2) =) <o ant12" be a power series. The follow-
ing conditions are then equivalent:
(i) ¢(2) = R u(2) where p € P is F-infinitely divisible.

(ii) ¢ is the Taylor series of a holomorphic function in some neigh-
borhood of (C\R) U {0} such that ¢(Z) = ¢(z) and Imz > 0 =
Im(z) > 0.

The proof of the theorem is based on the theory of the Navenlinna-
Pick problem and on a careful study of univalence for solutions of the
differential equation satisfied by the Cauchy-transform of the u;’s.
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4.9. We pass now to multiplicative free convolution X. Note that

(1 @ p2)(X) = pua (X)p2(X)

if p1; € >2(C[X]) (see 3.4(a)) are distributions of random variables.
Hence the set of distributions of random variables with non-zero first

moment.
Y= {ue Y (CIXDu(X) # 0}

is a semigroup for X.

THEOREM. If p € > let W, (2) be the generating series

Ua(z) = 3 p(Xm)zn,

n>1
Let further X(z) be such that
X(Pu(2) = 2
and define
Su(z) = X(2)z7 (1 + 2).

If pa, o € 327 and ps = g X po then we have

Slls (Z) = Sﬂl (Z)SHQ (Z)

Thus the map p—95,, plays in the free context the same role as the
Mellin transform and gives a way for computing free convolution.

The proof of the preceding theorem rests on the following idea,
roughly: (3.°,X) is an infinite-dimensional Lie group whose Lie
algebra is (}_,H) with the trivial bracket, and the computation of H
is done via the exponential map Y — >_", also called free-exponential
(not to be confused with the dual exponential).

Note also, the following concerning X:

(a) If p1, po are probability measures on {z € C| |z| = 1} then so is
pa B po.



NONCOMMUTATIVE RANDOM VARIABLES 277

(b) If p1, uo are compactly supported probability measures on {t €
R |t > 0} then so is pu1 X .

Assertion (a) is related to 3.4(c) whereas (b) follows from the fact
that if A is a C*-algebra with trace-state 7 and {a,b} a free pair
in (A,7) with @ > 0 and b > 0, then we have for the distributions
Lab = Hai/2pgr/2 and a'/2pat/? > 0.

EXAMPLE 4.10. Let e, f be a free pair of self-adjoint idempotents
in (A, 7) where 7 is a trace-state on the C*-algebra A. Then, by the
above, the trace of the spectral measure of efe is the distribution of
efe and equals ps®py. If o = 7(e), f = 7(f) then p. = (1—a)dp+ads
and py = (1 — 3)dp + B61 so that our problem is the computation of
((1 — a)dp + ad1) X ((1 — B)do + Bd1), where §; is the Dirac measure
at t. A straightforward application of 4.9 and of the solution of the
moment problem gives

1
'uefe — (— ;ImG))\—FCoCso +Cl517

where

G(z):%-f- z—(a+ﬂ;a_i§2—a)(z—b)

a,b=a+f 208 £ /Ao - a?)(5 - 5?)
A = Lebesgue measure on R,
¢p =1—min(e, 8), ¢ =max(a+F—1,0).

In particular 7(e A f) = ¢ = max{a+ 3 —1,0}.

4.11. In the study of X an important role is played by the equation
of a semigroup. If (p;);>0 is a semigroup for X, and if

U(z,t) =¥,,x(2),

then we have

%\I/(z,t) + o(¥(z, t))z%lll(z,t) =0,
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where ¢(2) =log S, (2).

4.12. In connection with 4.11 we would like to draw attention to the
fact that, for multiplicative free convolution, the analogue of Theorem
4.8 is open.

PROBLEM (a) Characterize the probability measures on {z €
C| |z| = 1} which are infinitely divisible under X.

(b) Characterize the compactly supported probability measures on
{t € R|t > 0} which are infinitely divisible under X.

5. Free products with amalgamation. A large part of the
material in the previous sections can be extended to the context of
free products with amalgamation. Roughly speaking this will mean
replacing the complex field Cby an algebra B. Since this extension is
rather technical our brief presentation will be somewhat vague about
details and sketchy.

5.1. The general idea being to replace C by some unital algebra B
(over C) the natural category is that of algebras over B, i.e., A D B.
The free product with amalgamation over B

A1 xp Az
is defined as the categorical direct sum.

States will be linear maps A% B which are B — B-bimodule maps
and such that ¢|B = idg. For C*-algebras we require, additionally,
that ¢ be completely positive.

Let (A, ) be an algebra over B with specified state and let B C
A; € A,j = 1,2, be subalgebras. Then the pair Ay, Ay is free in
(A, ) if

v(araz---a,) =0
whenever a; € A;, with iy # ip # --- # in, and p(a;) = 0 for
1<j<n A paif of random variables ai,as € A is called free if
the subalgebras of A generated by BU {a;} and B U {az} form a free
pair of subalgebras in (A, ¢).

ExXAMPLES 5.2. (a) Let G; D H,j = 1,2, be groups and let
G= G1 * GQ. If B= :ed (H),.A: :ed (G) and .Aj = :ed (GJ) we
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have B C A; C A and there is a canonical conditional expectation ¢
of A onto B. The pair A;, A; is free in (A, ¢).

(b) Let G1,G2 be groups and G = Gy * Go. Let A = C*(G) ®
B, A; =bfC}.q (Gj) ® B where the tensor products are spatial tensor
products, and let ¢ = 7 ® idp where 7 is the canonical trace on

¥4 (G). Then Ay, Ay is a free pair of subalgebras in (A, ¢).

5.3. In the context of algebras over B, let (A, ) be an algebra
with specified state, and let a € A be a random variable. Quantities
of the form ¢(abiaby---b,—1a),b; € B, are called moments of a.
Correspondingly the distribution of a is a state p, : B(X) — B defined
by pqa = ¢ © Xa, where B(X) is the algebra freely generated by B and
an indeterminate X and X, : B(X) — A is the unique homomorphism
such that X,(b) = b for b € B and X.(X) = a.

Moments of the form @(abab---ba) = pq(XbX - -bX) are called
symmetric moments. The B — B-submodule of B(X) generated
by the symmetric monomials XbX ---bX and 1 will be denoted by
SB(X). The restriction S,,, of p1, to SB(X) is called the symmetric
distribution of a. The set of states of B(X) is denoted by > 5, and
the set of B — B-bimodule maps SB(X) — B, the identities on B, is
denoted by S 5.

5.4. As in the scalar case, and also the “B-valued” situation, if
B C A C A,j = 1,2, is a free pair of subalgebras in (A, )
then ¢ is completely determined by its restrictions ¢|A;,j = 1,2.
As in the scalar case there are operations H,X on ) , so that
tay B flay = Hai+ass May XN ey = Maja, if a1,a2 is a pair of free
random variables in (A, ). An important feature of these operations
is that the symmetric parts of p1 B o and g1 X o depend only on the
symmetric parts of g and po. Hence there are also operations H and
X on S 5 and the canonical map » 5 — S )" 5 is a homomorphism
both for B and X.

5.5. There is an analogue of Theorem 4.5 for the operation H
in the B-valued case on symmetric distributions. In order to avoid
complications with formal power series we will assume we are working
with Banach algebras and continuous states. Roughly, the theorem
computing H looks just like Theorem 4.5 with complex functions on
C replaced by B-valued functions on B.
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THEOREM. If u is the symmetric distribution of a random variable
ain (A, ) let

Gub™ ) =p((b—a)™ ) =b""+ D u (X0

n>1

defined for b € B invertible and ||b~'|| sufficiently small. Let further
L be such that
Gu(L(b)) = L(Gu(b)) = b

and define R ,(b) by
(LO)™=b""+Ru(b)

if b is invertible and ||b|| sufficiently small. If uy, po, ps are symmetric
distributions of random variables and ps = p1 B ps then we have

Rus =Ry + Ry,

5.6. The operation X is not commutative in general. It can be
computed using differential equations.

5.7. The framework of dual algebraic structures has a natural
extension to the case of free products with amalgamation over B.

5.8. Theorem 5.5 is a quite general device for computations of
spectra in reduced free products. As an example we shall sketch the
application to convolution operators on free groups. Let G = Z x Z
and let p be the regular representation of G' on ¢?(G) and

T =Y cplg) € Croa (G)

where the sum is finite. The computation of spectra of such opera-
tors is equivalent to deciding whether such an operator is invertible.
By a simple matrix trick the invertibility of T is equivalent to the
invertibility of an operator of the form

Y=a_1®p(g;)+a1®@p(g1) +v®1
+ ﬂ—l ® p(g;l) + ﬂ1 & p(g1) €M, ® :ed (G)’
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where M,, denotes the n X n complex matrices and g1, go are the
generators. Replacing Y by

0 Y=

Yy 0 )’

we may actually assume that Y is self-adjoint at the expense of
replacing n X n matrices by 2n x 2n matrices. If Y is self-adjoint, the
invertibility of Y is equivalent to the fact that p((z1 —Y)™1), where
0 : M, ®Cly(G) — M, is as in 5.2(b), can be analytically continued
from the upper half-plane to a neighborhood of 0. In turn this can be
decided using Theorem 5.5 which computes p((b® I —Y)~!), where
b € M, (this is the function G for Y).

NOTES. §1 is based on [22]. For Cuntz algebras and their extensions,
in connection with 1.10, see [9, 16, 17, 10].

§2 is based on material in [22]. For the usual Gaussian functor in
2.3 see, for instance, [21].

§3 is based on [22] and [25]. For the analogues of the classical matrix
groups see [25] (the C*-algebra for the analogue of the unitary group,
without the dual group structure, first appears in [6]).

84 is based on [22, 23, 24]|. For other work related to spectral
computations referred to in 4.1 see [1, 3, 4, 7, 8, 11, 12, 13, 14,
18, 19, 20]. Example 4.6 has been computed with other methods by
several authors, the first such computation seems to be in [14]. For
complete details in the computation in 4.10 see [24] (for a different
approach see [3]). A reference for the moment problem is [2].

§5 is based on [26]. For free products of Hilbert modules over C*-
algebras see [22]. Concerning 5.8 we would like to mention a different
general approach to computations of spectra of convolution operators
on free groups in [4].
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