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Abstract

This paper develops a theory for completely random measures in the framework of
free probability. A general existence result for free completely random measures is
established, and in analogy to the classical work of Kingman it is proved that such
random measures can be decomposed into the sum of a purely atomic part and a
(freely) infinitely divisible part. The latter part (termed a free Lévy basis) is studied
in detail in terms of the free Lévy-Khintchine representation and a theory parallel
to the classical work of Rajput and Rosinski is developed. Finally a Lévy-It6 type
decomposition for general free Lévy bases is established.
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1 Introduction

In the paper [11] J.F.C. Kingman introduced the concept of completely random
measures. Specifically a random measure on a measurable space (X, 8) is a collection
N ={N(B,-) | B € 8} of non-negative random variables, defined on some probability
space (2, F, P), such that the mapping B — N(B,w) is a measure on the o-algebra 8 for
each fixed w in 2. If the random variables N(By,"),..., N(B,,-) are further assumed to
be independent, whenever By, ..., B, are disjoint sets from 8, then N is referred to as a
completely random measure. Kingman established (under certain additional conditions)
that a completely random measure N can always be decomposed into a sum N, + N,
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of two mutually independent completely random measures, where, for each w, N, (-, w)
is purely atomic, while N.(-,w) is atom less. For the second term Kingman showed
further that the distribution of the random variable N.(B,-) is infinitely divisible for
any B in §, and hence N, is an example of what is nowadays commonly referred to as
a Lévy basis. The infinite divisibility of the “marginals” allows for the employment of
Lévy-Khintchine techniques, and the resulting theory was developed by B.S. Rajput and
J. Rosinski in the celebrated paper [16], where more general “index sets” than o-algebras
were also considered. To be precise, a Lévy basis' on a ring & of subsets of X is a family
N = {N(E,-) | E € &} of real valued random variables, defined on some probability
space (2, F, P), such that

 For all F' in € the distribution of N(FE,-) is an infinitely divisible probability measure
on R.

* If n € Nand Ey, Es, ... E, are disjoint sets from &, then N(E1,-), N(Es,"),...,N(E,,")
are independent random variables.

» If (E,)nen is a sequence of disjoint sets from €&, such that | J E,, € &, then it holds

with probability 1 that N(U,,cn En,-) = Dy N(En,-).

nelN

In recent years much of the theory of stochastic processes (with very general index
sets) has found a subsuming and unifying framework in Lévy bases, and from that
perspective it is a natural step in the development of free probability to manifest a
corresponding theory for free Lévy bases and more generally free completely random
measures. This theory can also be expected to provide a concrete model for the asymp-
totics of high dimensional random-matrix valued random measures (and integrals with
respect to such), which have received some attention recently in various special cases
(see e.g. [14], [8] and [13]), but the theory remains to be fully developed.

In this paper we introduce natural counterparts of completely random measures and
Lévy bases in the context of free probability, where the classical notion of independence is
replaced by that of free independence, and infinite divisibility refers to the corresponding
notion of free convolution (see [21] or [3] for an introduction to free probability). We
establish thus general existence results for free completely random measures and for
free Lévy bases. In addition we prove, in full analogy with the mentioned results of
Kingman, that a non-negative free completely random measure M can be decomposed
into a sum

M =M, + M, (1.1)

of two freely independent terms, where M, is purely atomic (in a natural sense) free
completely random measure, while M, is a free Lévy basis (thus with freely infinitely
divisible marginals). We derive a similar decomposition in the more general situation
where the assumption of positivity of the marginals of M is dropped, although some
moment conditions need to be imposed in this case. We focus subsequently on free
Lévy bases, where the free infinite divisibility of the marginals allows for invoking the
Bercovici-Pata bijection (see Subsection 2.4) and thus for transferring major parts of
the theory of Rajput and Rosinski to the free setting. The resulting theory subsumes
and unifies a major part of the existing theory on free Lévy processes and related topics.
Moreover, it includes a theory of integration of deterministic functions with respect to a
free Lévy basis, which is further used to establish a Lévy-Ito type decomposition of a
general free Lévy basis into the sum of two freely independent terms, the first of which
is of free Brownian motion type, while the second is of pure jump type. This result covers
in particular the free analog of the result by Pedersen (see [15]) for classical Lévy bases,

1In [16] a Lévy basis was referred to as an infinitely divisible, independently scattered random measure.
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and in another direction it generalizes the Lévy-It6 type decomposition obtained for free
Lévy processes in [2]. Inserting the Lévy-It6 decomposition of M, in (1.1) evidently leads
to a refined decomposition for general free completely random measures.

The remaining part of this paper is organized as follows. In Section 2 we provide
background material on §-rings (and measures thereon), the measure topology and free
infinite divisibility. In Section 3 we give the formal definition of free completely random
measures and of free Lévy bases, and we state the mentioned general existence result
(the proof of which is deferred to Section 7). We establish furthermore the described
analogs of Kingman’s decomposition theorem for completely random measures. In
Section 4 we develop free analogs of essential parts of the Rajput-Rosinski theory, and
in Section 5 we develop a theory of integration with respect to free Lévy bases. In
particular we construct free Lévy bases with a deterministic “density” with respect to
another (given) free Lévy basis, and this is further used in Section 6, where we establish
the described Lévy-It6 type decomposition for free Lévy bases. In the final Section 7 we
prove the general existence of free completely random measures and of free Lévy bases.
While the existence of “classical” random measures and Lévy bases is generally based
on the Kolmogorov extension theorem, our construction is based on free products of von
Neumann algebras and the theory of (unbounded) operators affiliated with such. As this
construction heavily builds on the theory of operator algebras and is less probabilistic in
nature, we have deferred it to the final section of the paper. This is mainly to bring focus
to the probabilistic aspects of the developed theory and to emphasize the analogies to
the theories of Kingman and of Rajput and Rosinski. Accordingly the first six sections of
the paper can be read without reference to the detailed construction given in Section 7.
To our knowledge this construction, dealing throughout with unbounded operators, has
not been carried out in detail previously in the literature even for the case of free Lévy
processes. The paper concludes with an appendix that covers some specific aspects of
the theory of von Neumann algebras needed for the construction in Section 7.

2 Preliminaries

In this section we provide background material on various definitions and results that
are fundamental for the rest of the paper.

2.1 Measures on j-rings

Recall that a ring of subsets of a non-empty set X is a collection £ of subsets of X
satisfying that AU B, A\ B € £, whenever A, B € £. Since ANB = A\ (A\ B), aring is
automatically closed under finite intersections. If € is even closed under all countable
intersections, then it is referred to as a d-ring. By o(€) we denote the smallest o-algebra
on X containing €. It is noteworthy that if € is a d-ring, then the following implication
holds for all subsets A, E/ of X:

Aco(f) and Ee€é = ANnEecCt. (2.1)

A (finite) signed measure on a é-ring € is a mapping ©: & — R satisfying the following
two conditions:

(a) ©(AU B) = O(A) + O(B) for any disjoint sets A, B from £,
(b) lim,,, O(B,,) = 0 for any decreasing sequence (B,,),ecn of sets from &, such that
ﬂnE]N Bn = @

For sequences (B,)n,en of sets as described in (b), we use the notation B, | 0.
Conditions (a) and (b) (together) are equivalent to the condition that @(UnG]N E,) =
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> ey O(E,) for any sequence (E,),en of disjoint sets from &, such that | J,,.y En € €.
For a mapping ©: & — [0, oo] this latter condition, together with the condition ©(f) = 0,
defines a (positive) measure on &. In case ©(A) € [0,00) for all A in £, we refer to © as a
finite measure on £. By a suitable variant of the Carathéodory Extension Theorem, a
(positive) measure on € can always be extended to a (positive) measure on ¢(&). Note
however that the extension of a finite measure may fail to be finite. Correspondingly it
does not generally hold that a signed measure on € can be extended to a signed measure

on o(€&). In fact, under the additional assumption:

There exists a sequence (U, )nen of sets from &, such that |J U, = X, (2.2)
nelN

any signed measure O on a d-ring £ can be written uniquely in the form:
O(E)=01(E)-06~(E), (Ecég), (2.3)

where ©1,0~ are two (positive) measures on o(€), which are singular in the sense
that there exists a set S from ¢ (&), such that ©7(5¢) = ©=(S) = 0. These ©F, 0~ are
not necessarily finite measures on ¢(&), but ©1(E),0 (E) < oo for all F in &, so in
particular ©1, O~ are o-finite (cf. (2.2)). The unique decomposition (2.3) further allows
us to define the total variation measure || of © as

O1(A) = 7 (4)+07(4), (A€ a(E)).

In this setup we mention finally, that if x is a o-finite (positive) measure on o(€),
such that [©] < k, then ©F and ©~ are both absolutely continuous with respect to
x with o(€)-measurable densities h*,h~: X — R, which may be chosen such that
h*(z),h~(z) € [0,1] for all z in X. Then if we put h = h™ — L™, it follows for any set £

from €& that
@(E):/thd/-f—/h_dn:/hdn,
E E E

so that © has density h with respect to x. Note however that 4 need not be an element
of L1(k).

2.2 Free Independence

Free independence (introduced by Voiculescu) is a notion of independence which
in many respects behaves similarly to the classical notion of independence of random
variables, and it is possible to develop a probability theory based on this notion in
parallel to the classical theory of probability. At the same time free independence cannot
be observed among classical random variables (except for trivial cases). The right
framework for free independence is that of quantum probability, where the random
variables are modelled mathematically as selfadjoint operators affiliated with a W*-
probability space. A W*-probability space is a pair (M, 7) consisting of a von Neumann
algebra M acting on a Hilbert space H equipped with a normal faithful tracial state
7: M — C (see [21] for details). A (possibly unbounded) operator a in X is affiliated with
M, if au = ua for any unitary operator u on H satisfying that ub = bu for all b in M. If
a is selfadjoint, this is equivalent to the condition that f(a) € M for any bounded Borel
function f: R — R, where f(a) is defined in terms of spectral calculus. In this case the
spectral distribution of a is the unique Borel-probability measure L*?{a} on R, satisfying
that

téﬂﬂﬁﬁdﬁwzﬂﬂ@)

for any bounded Borel-function f: R — R. Throughout the paper we denote by BF(R)
the algebra of all real-valued Borel functions on R. Furthermore we let BF,(R) denote
the subalgebra of bounded functions from BF(R).
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Ifay,...,a, are (possibly unbounded) selfadjoint operators affiliated with M, they are
said to be freely independent (with respect to 7), if

T([fi(ai) — 7(fi(ai,))] [falai,) = 7(f2(ai,)] - [fm(@i,) = 7(fim(ai,,))]) =0,  (2.4)

for any m € IN, any functions f1, ..., fi, from BF,(R) and any iy, ..., from {1,...,n},
such that 21 75 ig, 7:2 75 i3, . ,im_l 75 im.

If A is a unital subalgebra of M, we denote by A° the subspace of centered elements
of A, i.e. A° = {a € A | 7(a) = 0}. A finite number of unital subalgebras A, ..., A, of M
are said to be freely independent, provided that

T(araz - am) =0,

whenever a; € A3 ,...,an € A7 for suitable iy,...,4, € {1,...,n} such that i; # is,
i # 13, ..., im—1 # im. For any collection {7; | i € I} of selfadjoint operators affiliated
with M we denote by Alg({T; | i € I}) (respectively W*({T; | i € I})) the unital subalge-
bra (respectively W*-subalgebra) of M generated by the subset {f(T;) | i € I, f € BF,(R)}
of M. We refer to Alg({T; | i € I}) and W*({T; | i € I}) as, respectively, the unital
subalgebra and the W*-subalgebra of M generated by {7; | i € I}. It follows then that
selfadjoint operators a1, ..., a, affiliated with M are freely independent, exactly when
they generate freely independent unital subalgebras (or, equivalently, W*-subalgebras)
of M.

2.3 The measure topology

For a W*-probability space (M, 7) we denote by M the space of closed, densely
defined (possibly unbounded) operators affiliated with M. Then M is a x-algebra under
the adjoint operation and the so called strong sum and strong product. For example the
strong sum of two operators a,a’ from M is the closure of the operator a + o/, and the
strong product is defined similarly.

For any positive numbers ¢, § we introduce the subset N (e, §) of M given by

N(e,0) = {a € M| 7[1(c,00(al)] < 6},

where |a| = (a*a)'/?. The measure topology on M is the vector space topology on M for
which the sets N(e, d), €,0 € (0,00), form a neighborhood basis at 0. In this topology the
adjoint operation and the (strong-) sum and product are all continuous operations. In
addition the measure topology satisfies the first axiom of countability and is a complete
Hausdorff topology.

For a sequence a, a;, as, as, . . . of operators from M we have that
a, — a in the measure topology <=  L**{|a, —a|} = d asn — oo,

and thus convergence in the measure topology is the quantum probability analog of
convergence in probability. For that reason, and for brevity, we will occasionally use the
notation a,, £> a or a = P-lim,_, a, to express that a sequence (a,)n,eN converges to a
in the measure topology.

If a,a1,a2,as, ... are all selfadjoint, we note further the implications:

a, — a in the measure topology <= L**{a, —a} > Jy asn — oo

(2.5)
—  L®{a,} % L{a).

For more details about the measure topology (and some proofs) we refer to the appendix
of [3]. A more complete account on this topic can be found in [18].
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2.4 Free infinite divisibility and the free cumulant transform

If a and b are two freely independent selfadjoint operators affiliated with M, then the
free convolution L*P{a} B L*P{b} of their spectral distributions is defined as the spectral
distribution of the sum a + b. Since L*P{a + b} is uniquely determined by L°?{a}, L5P{b}
and the condition (2.4), and since any pair (u, ) of Borel-probability measures on R may
be realized as the spectral distributions of two freely independent selfadjoint operators
affiliated with some W*-probability space, the operation H is a well-defined binary
operation on the class P(R) of all (Borel-) probability measures on R (see [7] for details).
The corresponding class of infinitely divisible probability laws is denoted by JD(H). Thus
a measure v from P(RR) belongs to ID(H), if and only if

VneWN vy, € P(R): v=vy), Bryy, B---Bry, (nterms).

The class of infinitely divisible probability laws with respect to classical convolution * of
probability measures is correspondingly denoted by JD(x).

As in classical probability, free infinite divisibility is generally studied through a
Lévy-Khintchine type representation of the free analog of the Fourier transform; the so
called free cumulant transform. Specifically the free cumulant transform of a measure v
from JD(8) is defined by the formula:

Cu(2) = 2G{ Y (2) — 1,

where Gf,_1> denotes the inverse of the Cauchy transform G, given by

zZ—XT

G,(z) = /]R ! v(dz), (z € CT).

This inverse (and hence C,) is always well-defined in a region (depending on v) of the
lower half complex plane C~ in the form:

D, ={z€C ||z]<dand Arg(z) € (-3 —€,—F +¢€)}.

For a selfadjoint operator « affiliated with a W*-probability space (M, 7) we shall also
use the notation €, for the free cumulant transform Cj»,} of the spectral distribution
of a. The key property of the free cumulant transform is that it linearizes free additive
convolution in the sense that

Com (2) =Cu(2) + Cui(2) (2.6)

for any probability measures v,7’ on R.
In case v has finite p-th moment for some p in IN, €, admits a Taylor expansion
centered at 0 in the form:

b
Cu(2) = Z Kj(v)2l 4+ o(2P), (2.7)
j=1
where the coefficients k1 (v), . .., k,(v) are the free cumulants of v (see [5, Theorem 1.3]).

These were introduced by Speicher via the moment-cumulant formula:

mp(y):/ﬁtpu(dt)— S I savw), (2.8)

7TENC’(p) VEBL(m)

from which the free cumulants are defined recursively. In (2.8) NC’ (p) is the set of
non-crossings partitions of {1,...,p} with at least two blocks. For such a partition 7,
BL(7) denotes the family of blocks of 7, while, for V in BL(7), #V denotes the cardinality
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of the corresponding subset of {1,...,p} (see [12, Chapter 2] for details). In accordance
with (2.6) and (2.7) the free cumulants linearize free additive convolution in the sense
that

k(v BY) = k;(v) + & (V), G=1,...,p), (2.9)

whenever v, v’ both have finite p-th moment.
A measure v from P(R) is in JD(H), if and only if €, has the free Lévy-Khintchine
representation:

1

Cu(2) :a2+b22+/ﬁ<1—7tz —1—Z§(t)) r(dt), (z€C),

where a € R, b € [0,00), r is a Lévy measure on R and ¢ is the function given by?
S(t) = 1 ooy (t) 111 1)(t) + 1(1,00) (1), (tER).

The triplet (a, b, r) is uniquely determined and is referred to as the free characteristic
triplet of v. Recall in comparison that a measure p from P(R) belongs to JD(x) if and
only if its Fourier transform /i has the Lévy-Khintchine representation:

i(y) = exp (iay — Lpt? +/

(e —1—ige(®)r(@), (yeR),
R

where the parameters (a,b,r) are exactly as above, uniquely determined by p and
referred to as the (classical) characteristic triplet of u.

From the two Lévy-Khintchine representations above, it is apparent that there is a
one-to-one correspondence A from JD(x) onto ID(H). Specifically A maps the probability
measure in JD(x) with classical characteristic triplet (a, b, ) onto the probability measure
in JD(B) with free characteristic triplet (a,b,r). Although A may appear as a rather
formal correspondence, it has the following fundamental properties for all i, po in ID(x)
and all ¢ in R:

() Ay * p2) = Apa) B A(pz),
(iii) A(d.) = 6.
(iv) A is a homeomorphism with respect to weak convergence.
In (ii) and in the following we use the notation D.u for the scaling of i by the constant c,
i.e. D.u(B) = pu(c™1B), if ¢ # 0, while Doy = dp. Here, as in (iii), §. denotes the Dirac
measure at c.

The probability laws appearing in the free analogs of the Central Limit Theorem and
the Poisson Limit Theorem are the semi-circle distributions:

2
Vc,é(dt) = @ £ - (t - C)zl[c—é,c+€] (t) de, ([ >0, ce R)a

and, respectively, the Marchenko-Pastur distributions

mpy(df) = (1= 0)00 + 55 /(t — 8)(uw— t)1[5 4 (t) dt, if L€ (0,1),
PA = s V=)= D1y (1) 0 [1,00),

2 To emphasize the analogy to the theory developed by Rajput and Rosinski, we have chosen to work
throughout with the same centering function ¢ as the one used in [16], one of the advantages of which is
continuity.
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where s = (1 — £)? and u = (1 + ¢)2. Correspondingly the mapping A maps Gaussian
distributions to semi-circular distributions and Poisson distributions onto Marchenko-
Pastur distributions. The latter are also referred to as free Poisson distributions.

It will prove important for us to express weak convergence of probability measures in
JD(H) in terms of the free characteristic triplets in analogy with e.g. the classical result
[17, Theorem 8.7].

Theorem 2.1. Let v, vy, 9, V3, ... be probability measures from JD(H) with free charac-
teristic triplets, respectively (a,b,r), (a1,b1,71), (a2,b2,72),.... Then v, — v weakly as
n — oo, if and only if the following conditions are satisfied:

(i) a, > aasn — oo.

(i) [i f(t)rn(dt) = [ f(t)r(dt) as n — oo for any continuous bounded function
f: R — R vanishing in a neighborhood of 0.

(iif) lim (lim sup by — b+ / £2 rn(dt)‘) —0.
el0 n—00 [75)5]

Theorem 2.1 follows immediately by combining the corresponding classical result
([17, Theorem 8.7]) with the fact that A is a homeomorphism.

Another useful characterization of weak convergence for measures in ID(H) is the
following:

Proposition 2.2. Let v,vq,vs,v3,... be probability measures from JD(H). Then the
following two conditions are equivalent:

i) v, > vasn— oo.

(i) lim, 00 Gy, (iy) = C,(1y) for all y in (—o0,0).

For general probability measures (outside JD(H)) the condition in Proposition 2.2
needs to be supplemented by the condition:

sup ’C’l,n (1y)| — 0, asy10,
nelN

in order to ensure weak convergence. Proposition 2.2 may be established as a conse-
quence of Theorem 2.1 and the corresponding classical result. We provide here, for
the reader’s convenience, a short proof which bypasses arithmetics with characteristic
triplets.

Proof of Proposition 2.2. As indicated, it is well-known that (i) implies (ii). For the
converse implication we recall from [1] that the formula:

—

Y(u)(y) = exp(Caquy(iy)) (1 €ID(x), y € (—00,0)),

defines an injective mapping T: ID(x) — ID(x), which is a homeomorphism onto its
range with respect to weak convergence (see [4]). Putting u = A~!(v) and p,, = A~ (v,),
the assumption of the proposition implies that lim,,_, T/(;;)(y) = ”f(u\)(y) for all y in
(—00,0), and by complex conjugation this also holds for all positive y. Hence by the
continuity theorem for Fourier transforms we have that Y (u,,) — Y(x) as n — oo, and
since Y is a homeomorphism, this means that z,, — i as n — oco. Since A is continuous
with respect to weak convergence, this further implies that v, — v as n — 0o, as
desired. O
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3 Free completely random measures

Definition 3.1. Let X be a non-empty set, and let £ be a ring of subsets of X. Then a
free Lévy basis (FLB) on (X, &) is a family M = {M(E) | E € &} of selfadjoint operators,
affiliated with some W*-probability space (M, 7), satisfying the following four conditions:

(a) IfF4,..., E, are disjoint sets from &, then M (E), ..., M(E,) are freely independent
with respect to 7.

(b) IfEn, ..., E, are disjoint sets from &, then M(U?:1 E;)=M(Ey)+---+ M(E,).

(c) L*{M(E,)} > & as n — oo for any decreasing sequence of sets E, from &,
satisfying that (), oy En = 0.

(d) L*{M(E)} € ID(B) for all E in €.

If M satisfies only conditions (a)-(b) above, it is referred to as a finitely additive free
random measure (FAFRM). If M satisfies conditions (a)-(c) it is termed a free completely
random measure (FCRM).

Remarks 3.2. (1) From Definition 3.1 it is immediate to check that if t € R and M and
M? are two freely independent free Lévy bases (respectively FAFRMs or FCRMs) then
tM*' 4 M? is again a free Lévy basis (respectively FAFRM or FCRM).

(2) In full analogy with the classical theory of random measures we note that if M =
{M(E) | E € &} is a FAFRM then the remaining condition (c) in Definition 3.1 in order
for M to be a FCRM is equivalent to the requirement that

Z M(E,) —— M( | E,) in the measure topology (3.1)
k=1

n—oQ nelN

for any sequence (E,).cwn of disjoint sets from &, satisfying that £ := | J,, . En € €.
Indeed, for such a sequence (F,,),cn condition (c) entails that

LP{M(E\ (Uj_, E;))} — do, asn— oo,

and hence by property (b) we obtain for any positive ¢ that

[t e (M(B) = S0 M(E)) | = 7| tiy e (MEN (U5 E)))]

- /}R Lo LP{M(EN (U, E5)) }(d)

—— 6o(R\ [—€,€¢]) =0,

n— o0
which means that Z?Zl M(Ej;) = M(U,cn Ern) in the measure topology. Similar argu-
mentation yields that condition (3.1) implies condition (c) of Definition 3.1.

Concerning existence of the various types of free random measures we have the
following main result:

Theorem 3.3. Let € be a §-ring in a non-empty set X, and for each F in & let v(E,-) be
a Borel probability measure on R. Assume that whenever F, ..., E, are disjoint sets
from £ we have that

V(U;L:1 E;,.)=v(E, )B---Br(E,,). (3.2)

Then the following assertions hold:

(i) There exists a W*-probability space (M, 7) and a FAFRM M = {M(E) | E € &}
affiliated with (M, 7), such that L**{M (F)} = v(E,-) forall E in €.
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(ii) If the given family {v(E,-) | E € &} satisfies that v(E,,-) > dy as n — oo for any
sequence (E,),cn of sets from &, such that E,, | (), then M described in (i) is
automatically a FCRM.

(iii) If the given family {v(E,-) | E € &} satisfies, in addition to the condition in (ii), that
v(E,, ) € ID(B) for all E in &, then M described in (i) is automatically a FLB.

Note that condition (3.2) entails that v(()) = §. The proof of Theorem 3.3 is obtained
as the culmination of a series of preliminary lemmas and is deferred to the concluding
section of the paper. In the remainder of the present section we focus on establishing,
under various additional assumptions, a decomposition of a FCRM into the sum of a
FLB and a “purely atomic part”, such that the two terms in the decomposition are freely
independent. In order to derive these decompositions we shall need the following natural
result.

Lemma 3.4. Let € be a ¢-ring in a non-empty set X, and let M = {M(E) | E € £} be a
FAFRM (respectively FCRM or FLB) affiliated with a W*-probability space (M, ). Let
further A be a fixed set from o(€). Then the formulae

My(E)= M(ENA), and My(E)=M(EN(X\A4), (Ecé),

define new FAFRMs (respectively FCRMs or FLBs) on (X, €), and M, and M, are freely
independent in the sense that the W*-algebras generated by the families {M,(F) | E € £}
and {M,(E) | E € £} are freely independent.

Proof. Note first of all that (2.1) ensures that M; and M, are well-defined. Secondly,
it is straightforward to check that M; and M> satisfy any of the conditions (a)-(d) in
Definition 3.1, provided that M satisfies that same condition. It remains therefore
to argue that M; and M, are freely independent as stated, and for this it suffices to
argue that the unital algebras A; and A, generated by M; and Ms, respectively, are
freely independent (cf. [21, Proposition 2.5.7]). To validate the latter assertion it is
sufficient to argue that any given finite subsets {a1,...,a,} of Ay and {b1,...,b;} of As
generate freely independent unital subalgebras of A. In this setup there exist finitely
many sets Fi, ..., E; from € and functions fi,..., fi from BJF;(R), such that each q;
is a (non-commutative) polynomial in (some of) the variables f;(M:(E;)), 7 =1,...,k.
Since € is closed under intersections and set-differences, we can subsequently choose
finitely many disjoint sets Fi, ..., F; from &, such that each E; is a union of some of the
F;’s. Let B; denote the W*-subalgebra of A generated by {M;(Fy),..., M;(F})}. Then
each M (E;) is affiliated with B4, being the sum of some of the M;(F;)’s. In particular
[;(My(Ej)) € B, for all j, and hence also ay,...,a, € B;. Similarly there exists a finite
family G4, ..., G, of disjoint sets from &, such that by,...,b,, € By, with B, being the
W*-subalgebra of A generated by {M2(G1), ..., M2(G,)}. Now, by Definition 3.1(a) and
the definitions of M; and M, the operators

Mi(F1),...,Mi(F), Mx(G1),. .., Ma2(G,)

are freely independent, and hence B; and B, are also freely independent (cf. [21,
Proposition 2.5.5]). Obviously this further entails that the unital algebras generated by
{a1,...,a,} and {by,...,b.}, respectively, are freely independent as well. O

3.1 Decomposition of a positive FCRM

In this subsection we consider a non-empty set X equipped with a §-ring & and
a FCRM M = {M(E) | E € &} affiliated with a W*-probability space (M, 7). We
assume throughout that M (FE) is positive for all E in & in the sense that sp(M(FE)) C

EJP 26 (2021), paper 49. https://www.imstat.org/ejp
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[0,00), or, equivalently, that supp(L*P{M(E)}) C [0,00) for all E € £&. We shall derive
a decomposition of M into the sum of an “atomic” FCRM and a FLB, a kin to the
fundamental decomposition obtained by Kingman in [11] for classical completely random
measures (CRM). The latter was obtained via the Laplace transforms of the considered
CRM, which give rise to a positive measure on the underlying measurable space. This
approach cannot directly be transferred to the non-commutative operator setting, since
the formula exp(A + B) = exp(A) exp(B) does not generally hold for selfadjoint operators
A and B, unless they commute. Our construction given below therefore follows a
different but related path, where the mentioned Laplace transforms are replaced by the
set function

W(E) = /OOCtLSp{M(E)}(dt)7 (E € &), (3.3)

which we shall argue is a measure on €. In case M (F) is bounded (and hence an element
of M) it holds automatically that u(E) < oo, since the appearing integral equals 7(M(E)).
In general, when it is finite, y(F) may also be identified with the first free cumulant
of L*P{M(E)} (cf. (2.8)), which we shall mostly denote simply by 1 (M (E)) rather than
k1(LP{M(E)}) to avoid too heavy notation.

Lemma 3.5. In the setting described above the formula

ue) = [, (Eee,
0
defines a (positive) measure on (X, €).

Proof. Throughout this proof we employ for brevity the notation vy for the spectral
distribution L**{M (E)} for any E from €. From Definition 3.1(b) it follows that M () = 0,
so that vy = &y, and hence u(0) = 0.

We show next that p is finitely additive on €. For this note first that if A, B are sets
from €, such that A C B, then M(A) < M(B), since M(B)—M(A) = M(B\ A) is positive.
According to Lemma 3.3 in [7] this means that the distribution functions F},, and F}
of vy and vp satisfy that F,, (t) > F,,(t) for all ¢t in R. For any K in [0,c0) this further
implies that

/ tva(dt) = /OO va({t € R | t1(k,00)(t) > s})ds
(K,00) 0
:/ VA((K,OO)O(S,OO))ds:/ (1-F,,(KVs))ds (3.4)
0 0

g/o (1_FVB(KVS))dS:/(K,oo)tVB(dt)'

Consider now two disjoint sets F1, Fy from &. If u(E;) = oo or pu(F>) = oo, then by
(3.4) (in the case K = 0) it follows that p(E; U Es) > u(E1) V u(E2) = oo, and hence
w(E1 U Ey) = u(FE1) + p(Es) in this case. If u(Ey), u(Es) < oo, then since M(FE;) and
M (Es) are freely independent, and since the free cumulants linearize free convolution
(cf. (2.9)), it follows that

M(El U EQ) = Kl(M(El U Eg)) = Iﬁ(M(El) + M(EQ)) = KI(VEI H VEQ)
= k1(VE,) + K1(vE,) = W(EL) + p(E2).

Consider finally a sequence (£, ),cn of sets from € such that £ := | J,, .y Fn € €. We must
show that u(E) = >-7, u(E,). Recall first from Remark 3.2(2) that M(Uj_, E;) — M(E)
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in the measure topology as n — oo. In particular vur_ B, = VE weakly as n — oo
(cf. (2.5)), and this further entails that

n

w(E) = / tvg(dt) < hminf/ tvun_ g, (dt) = liminf u( U Ej)
0 0

(3.5)

n

:ﬂﬁgQ:M&ﬁf;u@ﬁ

J=1

where we also invoked the finite additivity of u established above. By (3.5) we may
assume in the following that u(FE) < co, and by (3.4) this further entails that u(E,) <
1(Uj—, Ej) < oo for all n. From the finite additivity of z we have that

w(E) =S u(Ey) = n(B\ U E)

j=1 =1

for all n. Setting G,, = E'\ U;_, Ej for all n, it suffices thus to show that
(G = / tve, (df) — 0 asn - oo, (3.6)
0

Since G | 0 as n — oo, we know from condition (c) in Definition 3.1 that v, = 8, and
hence it is well-known that the convergence in (3.6) is equivalent to the condition that
the family {v¢, | n € N} is uniformly integrable in the sense that

Ve € (0,00) dK € (0,00): sup/ tvg, (dt) <e. (3.7)
nelN J(K,o00)

From (3.4) we have for any » in IN and K in [0, c0) that

/ tvg, (dt) < / tvg, (dt).
(K,00) (K,00)

Since the right hand side does not depend on n and converges to 0 as K — oo (by
dominated convergence) it follows readily that (3.7) is satisfied. O

As described in Subsection 2.1 the measure p introduced in Lemma 3.5 can be
extended to a (positive) measure on (&), which we also denote by p. We shall assume in
the following that p is o-finite. This assumption may be seen as an analog of the (less
restrictive) condition “C” presupposed in [11]. In the remainder of this section we shall
assume further that the J-ring £ satisfies condition (2.2).

Recall that an atom for p is a set A from o(€), such that u(A) > 0 and (BN A) €
{0, u(A)} for any set B from o(€). It is well-known that any o-finite measure may be
decomposed into the sum of a purely atomic part and an atom-less part. More specifically
there exists a subset I of IN and a corresponding family (A,,),cr of disjoint atoms for g,

such that if we put A = (J,,.; An, and

pe(B) = p(BN(X\R)),  (Bea(f)),

then the measure p. does not have any atoms. The “atomic part” of i is then concentrated
to the measure

pa(B) = u(BN) =S u(BAA.),  (Beale)),
nel

EJP 26 (2021), paper 49. https://www.imstat.org/ejp
Page 12/41


https://doi.org/10.1214/21-EJP620
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Completely random measures and Lévy bases in free probability

and the mentioned decomposition is

U= g =+ Le. (38)

Note that the o-finiteness of i prevents any atom of i from having infinite y-measure. In
particular
w(Ay) € (0,00) forallmnin IN. (3.9)

By a theorem of W. Sierpinski, the atom-free part y. has the following property: Any
set B from o(€), such that 0 < p.(B) < oo, admits for any n in IN a decomposition
B= U?Zl B, into disjoint sets B, ..., B, from ¢(&), such that

pe(Bj) = , i=1,...,n. (3.10)
Corresponding to (3.8) we consider now the decomposition M = M, + M., where
M,(E):=M(ENA), and M.(FE):=MEN(X\2)) forany FE in €. (3.11)

We then have the following result.

Theorem 3.6. Let X be a non-empty set, and let & be a d-ring in X satisfying condition
(2.2). Let further M = {M(FE) | E € £} be a positive FCRM on (X, ), satisfying that the
measure p introduced in Lemma 3.5 is o-finite, and consider the decomposition

M(E) = M,(E) + M .(E), (Eeé),

described above. Then M. and M, are freely independent, M, is a free Lévy basis, and
there exists a countable family (T,,),c; of operators from {M,(E) | E € €}, such that
My(E) =Y #2001, — (Eeg), (3.12)

N(An)
nel

where (A, )ner is the family of disjoint atoms for . described above.

Concerning formula (3.12), note that % € {0,1} for any E in ¢(€) and any n in

1, since A,, is an atom for u. Note also that the sum converges in the measure topology
in case [ is infinite (cf. Lemma 3.4 and Remark 3.2(2)).

Proof of Theorem 3.6. It follows directly from Lemma 3.4 that M, and M. defined by
(3.11) are freely independent FCRM’s on (X, €). In order to prove that M, is a FLB, it
remains then to verify that L*{M_.(E)} € ID(H) for any given F from . We assume first
that u.(F) < co. As described above we may then, for any n in IN, choose disjoint sets
B, ..., B from o(€), such that E = (J_, E\"”, and po(E\V) = 2B j =1, . n (ct.

(3.10)). From (2.1) it follows in particular that E](-") € € for all j,n, and therefore
LP{M(E)} = IP{Mo(E{") + - + M(ESV)} = LP{M(E{")} 8 - - 8 LP{M(E{™)}.

Appealing now to [6, Theorem 1] it suffices to prove that the family {LSP{MC(E§7L))} | n e

N, j =1,...,n} is a null-array in the sense that
. sp (n) _ c
Ve € (0,00): 11%1;2(”[/ {M(E;™) (€ €]) — 0. (3.13)

Given ¢ in (0, 00) it follows from Markov’s Inequality that

L ME™)}([—e, ) = IPM(E™)} (e, 00)) < = / thSp{M(Ej—”) \ 20)}(dt)

€

_ 1) _1 N
= BN A) = —pe(B;) = —pe(E)
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for any j,n. Since the resulting expression does not depend on j, this validates (3.13).

Assume next that p.(F) = oo. Since p. is o-finite, we may choose a sequence
(En)nen of disjoint sets from o (&), such that E' = |J,,. Ern and p.(E,) < oo for all n.
By (2.1) we have that F, € & for all n, and the argument above then ensures that
LP{M.(E,)} € ID(B) for all n. Furthermore Remark 3.2(2) in conjunction with (2.5)
yield that

LP{M (B} 88 LP{M(E,)} = L2 {1, M)} — LP{M(E)}.

Since JD(H) is closed under free convolution and weak convergence, this yields that
L*{M_.(E)} € ID(8) also in this case.
It remains to establish (3.12). By Remark 3.2(2) we note first for any F in € that

Mu(E)=M(ENA)=> M(ENA,), whereu(ENA,) € {0,u(A,)} for all n.
nel

Incase 0 = u(ENA,) = [t L{M(E N A,)}(dt), it follows that LP{M(E N A,)} = do,
and hence M(E N A,,) = 0, since 7 is faithful. In order to establish (3.12) it suffices
therefore to verify that

M(ENnA,)=M(ENA,)

whenever E, E’ € € such that u(E N A4,) = u(A,) = p(£' N A,). But given such E, F,
note that (cf. (3.9))

(A, NE\E") < u(A, \ E') = n(An) — u(4, NE") =0,

and hence it follows as above by faithfulness of 7 that M (A, N E \ E’) =0, and similarly
that M(A, N E’\ E) = 0. Therefore

M(A,NE)=M(A,NENE)+ M(A,NE\E)=MA,NENE)=M(A,NE),
as desired. This completes the proof. O

3.2 Decomposition of a signed FCRM

Let & be a §-ring on a non-empty set X, and let M = {M(E) | E € £} be a FCRM. In
this subsection we establish a decomposition similar to that obtained in the previous
subsection in the more general situation, where we drop the assumption of positivity.
The corresponding problem for “signed” CRMs was not considered by Kingman; pre-
sumably because the approach using Laplace transforms is not directly applicable. Our
approach to the case of “signed” FCRMs requires stronger moment conditions than
those considered in the positive case, where o-finiteness of the measure introduced
in Lemma 3.5 was presupposed. Specifically we require in the following existence of
second moments, i.e.

/ t* P {M(E)}(dt) < o0 forany F in €, (3.14)
R
but we shall actually need slightly more than that (see Lemma 3.7 and Remark 3.8

below). The existence of second moments allows us to consider the second free cumulant
(cf. (2.8))

ko (LP{M(E)}) :/}RtQ LM (E)}dt) — (/]RtLSP{M(E)}(dt))2 >0, (3.15)

which we denote for brevity by xo (M (E)).
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Lemma 3.7. Let M = {M(E) | E € £} be a FCRM satisfying condition (3.14). Assume
additionally that

lim k(M (E,)) =0  for any sequence (E,),en from &, such that E,, | 0. (3.16)

n—roo

Then the formulae

pa(E) = sa(M(E)) = [ 412 (1(E) k),
R
p2(E) = k2 (M(E)),
define, respectively, a signed measure p; and a positive measure ps on (X, £).

Proof. As in the proof Lemma 3.5 it follows that p1(0) = p2(0) = 0, and that g1 and s
are finitely additive on &, since x; and x both linearize H. For a sequence (D,,)nen 0Of
disjoint sets from &, such that D := UHE]N D,, € &, the finite additivity and condition
(3.14) further ensure the validity of the calculation:

n n

p2(D) —Zuz(Dj) =u2(D\ U Dj) =r2(M(D\ U Dj)),

and hence (3.16) supplies the remaining condition for uo to be a measure on (X, &). In
order to complete the proof it remains therefore only to verify that also

lim k1 (M(E,))=0 for any sequence (F,)nen from &, such that £, | 0. (3.17)
n— oo
Consider thus such a sequence (F,)nen, and for brevity put v,, = L°P{M(FE,,)} for each
n. Then Definition 3.1(c) entails that v, = do as n — oo. For any positive e this, in
conjunction with (3.16), leads to

o ({t € R | [t — k1 (vn)] + 1t > 26}) < v ({t € R| |t = 51 ()| > €}) + v ([—6, %)

<e” /]R(t — k1(Vn))? v (dt) + vy ([—€, €]°)

=2 _ c

=¢ /{g(un)—l—un([ €, €| ) mo.
In particular {t € R | |t — k1(vn)| + |t] < 2¢} # 0 for all sufficiently large n, and
for such n we can choose ¢, in R such that |t,, — r1(vy)| + |tn] < 26. But then also
[k1(Vn)| < |K1(Vn) — tn] + |tn] < 2¢, and this verifies (3.17). O

Remark 3.8. The assumption (3.16) in Lemma 3.7 may appear rather “artificial”, as it
is essentially equivalent to the statement that us is a measure. The proof of Lemma 3.7
shows that (3.16) implies that x, (M (E,)) — 0 as n — oo, and hence also that

n—oo

/ t2 LP{M(E,) }(dt) = ro(M(En)) + k1(M(Ep))* —— 0
R

for any sequence (E,)nen from &, such that F,, | . Thus (3.16) is in fact - in the
considered setup - equivalent to convergence to 0 in the square mean, which by standard
results is equivalent to uniform integrability of the sequence

{LP{M(En)} osq™" | n € N}

of transformations of L?{M(E,)} by the mapping sq: = + 2%: R — R. Consequently
a more elaborate condition on M, ensuring the validity of (3.16), is that the family
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{LP{M(E")}osq~! | E' € &, E’ C E} be uniformly integrable for any F in €. This latter
condition is satisfied, in particular, if there exists a positive number ¢, such that

sup / |t|?T¢ LP{M(E')}(dt) < 0o for any F in €,
E'ee JR
E'CE

and one could even allow for ¢ to depend on E.
In the setting of Lemma 3.7 we consider next the positive measure

p=|p1] + pa, (3.18)

where |u1| denotes the total variation measure of the signed measure p; (cf. Subsec-
tion 2.1). We extend p to a measure on o(€) (also denoted p) and assume again that
(X, &) satisfies condition (2.2). In combination with (3.14) this entails that p is o-finite
and hence it admits an atomic decomposition:

W= fha + fe

as described in Subsection 3.1. Specifically we introduce a countable family (A, )ner C
o(€&) of disjoint atoms for u, such that

po(B)=p(BN2A) and p.(B)=p(B\A) forany Bin (),

where 2 = _; A,,. We consider then the corresponding decomposition M = M, + M.

of M, where

nel

M,(E)=M(ENA) and M. (E)=M(E\2A) forany F in &.

Theorem 3.9. Let X be a non-empty set, and let £ be a é-ring in X satisfying condi-
tion (2.2). Let further M = {M(FE) | E € &} be a FCRM on (X, €) affilliated with a
W*-probability space (M, ) and satisfying (3.14) and (3.16). Consider also the decom-
position

M(E) :Ma(E)+Mc(E)7 (EE 8),

described above. Then M. and M, are freely independent, M, is a free Lévy basis, and
there exists a countable family (T,,),c; of operators from {M,(F) | E € £}, such that

My (E)=>" “mj? T., (Ee€é). (3.19)
nel

Here p is given by (3.18) and (A, )nes is the family of disjoint atoms for p described
above.

Proof. The proof is similar to that of Theorem 3.6, and we shall not repeat all details.
It follows directly from Lemma 3.4 that M, and M. are freely independent FCRM’s. To
show that L°{M.(E)} € ID(H) for any F in &, we use the facts that p. is atom-less and
that u.(F) < oo to choose, for any n in IN, disjoint sets E;"), cey E™ from &, such that
E=Uj, Ej(-"), and such that uC(E](")) = # j =1,...,n. Note then for any n in N
that .

LP{M(E)} = 6, (p\a) B (E L2 {MA(ES™) = (B \ 2)1ac}),

where 15 denotes the multiplicative unit of M. By [6, Theorem 1] it suffices thus to show
that

Ve € (0,00): max LP{M(E) — pi (B \ )1} ([, €]) —— 0. (3.20)
1<j<n n— 00
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Given ¢ in (0, 00), we find for any j,n by Chebyshev’s Inequality that
L {Mo(BM™)—pa (B \ )1 H([ e, €]°)
= LP{M(E{)} ({t € R| [t — k1 (Mo(EV))| > €})

< € 2a(MES)) = 2o (M(E \ )
pe(E

)
ne2

~

< 2p(BMN\A) = e 2po(BY) =
from which (3.20) follows readily. It remains to verify (3.19). Note initially that

Mo(E)=M(ENA) = M(ENA,)
nel
for any E in € by (2.1) and Remark 3.2(2). If u(E N A,) = 0, then in particular the
variance ko (M(E N A,,)) = 0, and hence L*?{M,(E N A,)} = . for some ¢ € R. Since
also |u1|(F N A,) = 0, and therefore x1(M,(F N A,)) = w1 (EN A,) =0, we must then
have that ¢ = 0. By faithfulness of 7 this implies that M (E N A,) = 0. To verify (3.19) it
suffices therefore to argue for any n in IN and any F, E’' from & that

WENA,) =ul4,)=uE NA,) = M(ENA,)=MENA,). (3.21)

Assuming the left hand side of (3.21) it suffices as in the proof of Theorem 3.6 to show
that M (A,NE\E') = M(A,NE'\E) =0, and as argued above this follows by faithfulness
of 7, if we validate that (4, N E\ E') = u(A, N E’\ E) = 0. But this follows exactly as
in the proof of Theorem 3.6. O

4 Free Lévy bases

For a Free Lévy basis the H-infinite divisibility of the marginals makes it possible to
transfer major elements of the theory of classical Lévy bases, as developed in [16], to
the free setting via the Bercovici-Pata bijection. Following that strategy we record in
this section some basic results on free Lévy bases. The starting point is the following:

Theorem 4.1. Let € be a §-ring of subsets of a non-empty set X.

(i) For any free Lévy basis M = {M(FE) | E € &} (affiliated with some W*-probability
space) there exists a classical Lévy basis N = {N(F) | E € &} defined on some
probability space (2, F, P), such that

AMIL{N(E)}) = L**{M(E)} forallEin€. 4.1)

(ii) For any classical Lévy basis N = {N(FE) | E € &} (defined on some classical
probability space) there exists a free Lévy basis M = {M(E) | E € &} affiliated
with some W*-probability space (M, T), such that the relation (4.1) holds.

Proof. (i) Consider a free Lévy basis M = {M(FE) | E € &} affiliated with some W*-
probability space (M, 7), and for each E in € put

p(E, ) = A=Y (LP{M(E)}).
If Ey,..., E, are disjoint sets from & we have then that

:“(UyzlEjv ) =AY LP{M(E) + -+ M(E,)})

= AT (L P{M(E)} 8- B LP{N(En)}) (4.2)
= AN LMD % - A (TP (M(E))) ‘
= (B ) % n (B ).
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In addition, for any decreasing sequence (F},)new from &, such that (), . F = 0, we
have that L**{M (F,)} - &y as n — oo, and hence by continuity of A~*,

p(Fny ) —— do. (4.3)
It follows from (4.2) and the Kolmogorov Extension Theorem that there exists a finitely
additive, infinitely divisible random measure N = {N(E) | E € &}, defined on some
probability space (2, F, P), such that L{N(E)} = pu(E,-) forall Ein &. If (E,)nen is a
sequence of disjoint sets from &, such that E := |J,,. En € €, then (4.3) implies that
Z?Zl N(E;) — N(E) in probability as n — oco. Since the terms N(E,), N(E3), N(Es),. ..
are independent, the convergence also holds almost surely. Hence N is a classical Lévy
basis.

(ii) Let N={N(FE) | E € &} be a classical Lévy basis defined on some probability space
(Q,3, P), and for any E in € put

V(E,-) = A(L{N(E)}) € ID(8).

Argumentation similar to that of the proof of (i) verifies that the family {v(E,-) | E € £}
satisfies (3.2) and the conditions in (ii) and (iii) of Theorem 3.3. Hence that same theorem
provides the existence of a FLB with the described properties. O

Next we transfer some fundamental results from [16] on classical Lévy bases to
corresponding results for free Lévy bases. In the remaining part of this section we
consider thus, as in [16], a d-ring € in X satisfying condition (2.2). Note that without
loss of generality we may assume that the U,,’s from (2.2) are disjoint or increasing in n.

Proposition 4.2. (i) Let M = {M(FE) | E € &} be a free Lévy basis affiliated with
some W*-probability space (M, ). Then there exist a signed measure ©: £ — R, a
finite (positive) measure ¥.: &€ — [0, 00) and a o-finite (positive) measure F': o(&) ®
B(R) — [0, o0] such that the free Lévy-Khintchine representation of M (E) is given
by

Crm(r)(2) = 20(F) + 22%(E) +/ ( LI 1-— zc(t)) Fg(dt), (z€C), (44

R
for any FE in €. Here Fg, is the measure on B(R) given by: Fg(B) = F(E x B) for
any B in B(R), and Fg is a Lévy measure on R for all E in €.

(ii) For any triplet (©,%, F') of measures as described in (i), there exists a free Lévy
basis M = {M(E) | E € &} (affiliated with some W*-probability space), such that
(4.4) holds.

(iii) Let M and (©,%, F) be as stated in (i). Then there exists a unique, o-finite and
positive measure k on (&) with the following properties:

(@) k(E) = |O|(E) + S(E) + [ min{l,2?} Fg(dz) for all E in €.
(b) If (E,)nen is a sequence of sets from &, such that x(E,) — 0 asn — oo, then
M(E,) — 0 in the measure topology.

(c) Suppose (E,)nen is a sequence of sets from &, such that M(E!,) — 0 in the
measure topology for any sequence (E])nen from €, such that E/, C E,, for all
n. Then k(E,) — 0 asn — oo.

The triplet (©, %, F') of measures introduced in Proposition 4.2(i) is referred to as the
free characteristic triplet of the free Lévy basis M. The measure « is referred to as the
control measure of M.
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For the measure Fg in 4.2(i) it follows e.g. by a standard extension argument that a
Borel function f: R — C is in £}(Fg), if and only if 1z ® f € £L(F), in which case

/ F(t) Fu(dt) = / 1p(2) f(£) F(dz, dt). (4.5)
R X xR

We note also that the measure F is uniquely determined on the c-algebra ¢(&) ® B(R)
by the condition: F(F x B) = Fg(B) for all E in € and B in B(RR), since this also implies
that F(U, x (R\ [-2, %])) < oo for all n, because Fy, is a Lévy measure. Here (Uy,)nen
is the sequence from (2.2), chosen to be increasing.

Proof of Proposition 4.2. (i) Let N = {N(E) | E € £} be a classical Lévy basis corre-
sponding to M as described in Theorem 4.1. Then by Proposition 2.1 and Lemma 2.3
in [16] there exist a signed measure ©: &€ — R, a finite measure ¥: & — [0,00) and a
o-finite measure F': 0(€) ® B(R) — [0, 00|, such that

Cnmy(y) = 1yO(E) — 53y°8(E) +/ (' =1 —iyc(t)) Fp(dt), (yeR),  (4.6)
R
for all Fin €. Since L*P{M(E)} = A(L{N(E)}) for all E in &, it follows immediately from
the definition of A that (©, %, F') satisfies (4.4) as well.

(i) If (0,%,F) is a triplet as described in (i), then Proposition 2.1 in [16] ensures
the existence of a classical Lévy basis N = {N(F) | E € &} such that (4.6) holds.
Subsequently Theorem 4.1 provides a free Lévy basis M = {M(E) | E € £} such that
(4.4) holds.

(iii) Let N be as in the proof of (i). It follows then from Proposition 2.1 in [16] that
there exists a o-finite measure x on o(€), such that (a) is satisfied, and such that (b) and
(c) hold with M replaced by N and convergence in the measure topology replaced by
convergence in probability. Since e.g. in (b) M(E,) — 0 in the measure topology, if and
only if N(F,,) — 0 in probability, it follows readily that x satisfies (b) and (c) as they
stand. O

Since the triplet (0, X, F') appearing in Proposition 4.2(i) is obtained by application of
Proposition 2.1 in [16] to a classical Lévy basis, it follows immediately from Lemma 2.3
of that same paper, that there exists a mapping p: X x B(R) — [0, oo] with the following
properties:

(i) p(z,-) is a Lévy measure on R for any fixed z in X.

(ii) p(, B) is a o(&)-measurable function for any fixed Borel subset B of R.

(iii) For any function h: X x R — C which is positive and ¢(€) ® B(R)-measurable or in
L1(F) it holds that

/X hat) F(da.dr) = /X ( /}R (e, ) pla. dt)) (). @.7)

where « is the control measure introduced in Proposition 4.2(iii), and the integral
Jg Bz, t) p(x,dt) is well-defined for x-almost all z in X.

We note also that p is unique up to x-null-sets: If p’: X x R — [0, o0] is another mapping
satisfying conditions (i)-(iii), then p(z,) = p'(z,-) for x-almost all z, since B(R) is
countably generated.

For the mapping p we now have the following analog of Proposition 2.4 in [16].
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Proposition 4.3. Consider a free Lévy basis M = {M(E) | E € £}, and let ©,%, F\
be the associated measures described in Proposition 4.2. Furthermore let p be the
corresponding mapping introduced above, and let § and o2 denote, respectively, the
Radon-Nikodym derivatives of © and ¥ with respect to k. Then for any set E from £ we
have the formula:

Crriy(2) = /E R(z,)s(dr),  (2€C),

where the kernel R(-,-) is given by

R(z,2) = 20(x) + 220 (x) + /

R

forall zinC~ and z in X.

Proof. By the definition of » in 4.2(iii) it is clear that |©|,~ < &, so that # and o2 are
well-defined (see Subsection 2.1). Let F be a given set from €. For any fixed z in C~
the function ¢ — =2~ — 1 — z¢(¢) belongs to £ (Fg) and to £'(p(x, -)) for all z in X, since
the considered measures are all Lévy measures. Combining formulae (4.5) and (4.7) it

follows further that

1

/E (/]R (1 jtz - Zg(t)) P(w,dt)) K(dx) - /X><]R1E(-%‘)(1 —tz -1- ZC(t)) F(dl‘,dt)
- /R <1 —1tz - 1= Z§(t)) Fp(dt).

Therefore, by the definitions of R,  and 02,

(1 —1152 1= Zg(t)) Fg(dt) = Carp) (2),

/ER(x,z) k(dz) = 20(E) + 225(E) +/

R

where the last equality is (4.4). O

Remark 4.4. For fixed z in X the “slice-function” R(z,-) of the kernel R in Proposi-
tion 4.3 is the free cumulant transform of a freely infinitely divisible probability measure
v, with free characteristic triplet (6(z), o0?(x), p(x,-)). In the literature on classical Lévy
bases the measure i, in ID(*) with classical characteristic triplet (6(z),0%(x), p(x,-)) is
often referred to as the Lévy seed at x of the classical Lévy basis N = {N(F) | E € &}
corresponding to M as in Theorem 4.1. By analogy we refer to v, as the (free) Lévy
seed of M at x. Proposition 4.3 then asserts that the distribution of the free Lévy basis
M is uniquely determined by the family {v, | « € X} of Lévy seeds and the control
measure . Accordingly we refer to the quadruplet (0,02, p, k) as the free characteristic
quadruplet of M. We note further, that since A(u,) = v, for all z in X, it is apparent
that the one-to-one correspondence in Theorem 4.1 really takes place at the infinitesimal
level, i.e. by applying A at the level of the “infinitesimal seeds”.

We consider next a fundamental class of examples of free Lévy bases, namely the
so-called factorizable free Lévy bases.

Examples 4.5. (1) Let v be a measure from JD(H) \ {6y} with free characteristic triplet
(a,b,r). Let further X be a non-empty set equipped with a §-ring &, and let n: & — [0, oc]
be a measure on . Finally put &g = {E € & | n(E) < oo}, and note that & is again
a J-ring. We assume that &, satisfies condition (2.2). This implies in particular that
o0(€p) = o(€), and that n extends uniquely to a o-finite measure on o(€).

For each F in &, we denote by v(E, -) the measure in JD(H) with free characteristic
triplet

n(E) - (a,b,7) := (n(E)a,n(E)b,n(E)r).
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If Fy,..., E, are disjoint sets from &, then v(FEy, )8 --Bv(F,, ) has free characteristic
triplet

(22:1 n(Ek)) . (a7 bv 7“) = 77( UZ:l Ek) : (av b7 T)7
and thus equals v({J;_, Ex,-). Hence by Theorem 3.3 there exists a free Lévy basis
M(177V) = {M(UJ/)(E) | E e 80} such that LSP{M(,%V)(E)} = I/(E,-) for all £ in &y. Itis
straightforward to check that in the considered set-up, the triplet (0, ¥, F') for M, ,,
described in Proposition 4.2 is given by

O=an, ¥X=0bn and F=nQr,

and consequently the control measure « is given by
#(E) = laln(E) + bn(E) + n(E) Amin{17t2}r(dt) =an(E), (E€a(é)),
where the constant ¢, is given by
¢, =lal+b+ /]Rmin{l,tg}r(dt). (4.8)

Note that ¢, > 0, since v # d9. The Lévy seed v, at a point x in X (cf. Remark 4.4)
consequently has free characteristic triplet (6(z),0?(x), p(z,)) given by

1

0(x) =c,'a, o*(x)=c;'b, and p(z,)=c,'r.

In particular the Lévy seed v, does not depend on z. We refer to free Lévy bases in this
form as factorizable free Lévy bases.

(2) In the special case where the measure v considered in (1) is the standard semi-circle
distribution 5-+v/4 — 221|_5 o)(x) dz we replace the notation M, ,, by G, and refer to G,
as a semi-circular Lévy bases. As the free characteristic triplet (a,b,r) of v is (0, 1,0) in
this case, the free cumulant transform of G, (E) is given by C¢, (g)(z) = 2*n(E) for all E
in &y. In other words G, (E) has the semi-circle distribution

1

W 477(E) - t21[72n(E)1/2’2n(E)1/2](t) dt.

In particular G, (F) is a bounded operator for all £ in £. The triplet (0, %, F') equals
(0,7,0), and the constant ¢, in (4.8) equals 1, so the characteristic quadruplet is (0,1, 0, 7).
For each z in X the Lévy seed v,, is simply v itself.

(3) In the special case where the measure v considered in (1) is the free Poisson
distribution ;- +/t(4 — t)1( 4 (t) dt with parameter 1, we replace the notation M, , by
p,.

As the free characteristic triplet (a,b,r) of v is (1,0, §;) in this case, the free cumulant
transform of P,(F) is given by

Cry()(2) = n(B)z + n(B) (7 —1-2) =n(B)(

1 —1), (€ C7),

1—=2

for all F in &j. In other words (see e.g. [21, page 35]) the spectral distribution of P,,(E)
is the free Poisson distribution Poiss® (1(E)) with parameter n(E) given by

(1= n(E))do + 5/ (t = 8)(u = )15 (1) dt, ifn(E) <1,

ﬁ (t - S)(u - t)l[s,u} (t) dt7 if 77(E) > 1,

where s = (1 —n(E))? and u = (14 n(E))?. In particular P, (E) is a bounded operator for
all £ in &j. The triplet (6, %, F') equals (,0,7 ® §1), and the constant ¢, in (4.8) equals

Poiss® (n(E))(dt) = {
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2, so that the characteristic quadruplet is (%, 0, %51, 2n). For each = in X the Lévy seed
v, is the Poisson distribution with parameter %

Free Lévy bases in this form were previously considered under the name free Poisson
random measures in [2].

We close this section by stating two propositions, both of which describe natural and
useful constructions with free Lévy bases. As the proofs of these propositions are rather
simple, we leave them as exercises for the interested reader.

Proposition 4.6. Let M = {M(E) | E € £} be a free Lévy basis with free characteristic
triplet (©,%, F). Let further p: X — Y be mapping from X into a non-empty setY, and
define

F={HCY|p '(H) €&}

and

Moo ™t ={M(¢~'(H))| H € F°}.
Then 3° is a 6-ring and M o ¢~ is a free Lévy basis. If 7° satisfies (2.2), then the free
characteristic triplet of M o p~! is given by (B o ¢~ !, S o¢~! Fo(yp,idgr)™!), where idr
denotes the identity function on R and (p,idr): X x R — Y x R is the function given by

(¢, 1dr)(z,t) = (p(x),t) (ze X, teR).

Proposition 4.7. Let M = {M(E) | E € £} be a free Lévy basis with free characteristic
triplet (©,%, F'). Let further A be a fixed set from o(€), and define

EA={Eco(&)|ANE €&},

and
MAE)=M(ANE), (Eeé&?.

Then M* is a new free Lévy basis on (X, ) with free characteristic triplet (04, %4, F4)
given by

O04E)=0(ANE), Y (E)=%(ANE), and FA(E xB)=F((ANE) x B)

for any E from & and any Borel subset B of R.

5 Integration with respect to free Lévy Bases

In this section we develop a theory of integration with respect to free Lévy bases in
parallel to the corresponding theory for classical Lévy bases in [16]. Throughout the
section we consider a /-ring in a non-empty set X, and we assume condition (2.2). We
consider further a free Lévy basis {M(E) | E € &} affiliated with a W*-probability space
(M, 7). Now let s: X — R be a simple £-measurable function in the form:

n
s = ZaklAk, where a1,...,a, € R, and A, ..., A, are disjoint sets from €. (5.1)
k=1

Then for any A in 0(€) we define the integral fA sdM of s over A with respect to M by
the formula: "
/ sdM = apM(Ax N A). (5.2)
A k=1
Remarks 5.1. (1) The right hand side of (5.2) is well-defined, since A, N A € & for all
k (cf. (2.1)). Denote by SM(&) the class of functions in the form (5.1). Since € is in
particular stable under finite intersections, it follows from the definition of a free Lévy
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basis and standard argumentation that SM(€) is a vector space, that the right hand side
of (5.2) does not depend on the choice of the representation (5.1) and that

/(as—&—s’)szoz/de—&—/s’dM
A A A

for any s, s’ in SM(E), any A in ¢(€) and any « in R. The definition of a free Lévy basis
further entails that L*{ [, sdM} € JD(8) for any s in SM(&) and A in o(€).

(2) Let N = {N(E) | E € &} be a classical Lévy basis corresponding to M as in
Theorem 4.1. Then for any s in SM(€) and A in o(€) the integral [, sdN is defined
in [16] exactly as above (with M replaced by N). It follows then from the algebraic

properties of A that
A(L{/ st}) :LSP{/ de}.
A A

In parallel to [16] we define next the class £!(M) of real valued functions on X that
are integrable with respect to M.

Definition 5.2. Let f: X — R be a 0(£)-B(R)-measurable function. Then f is called
M -integrable, if there exists a sequence (s, )nen from SM(E) such that the following two
conditions are satisfied:

(@) lim,_,~ s, = f almost everywhere with respect to the control measure for M.

(b) For any A in o(€), the sequence ([, s, dM),en converges in the measure topology
on (M, 7).

The class of M -integrable functions f: X — R is denoted by L(M).

For a classical Lévy basis N = {N(E) | E € £} the class of N-integrable functions,
here denoted by £!(N), was introduced in [16] exactly as in Definition 5.2, but with M
replaced by N and convergence in the measure topology replaced by convergence in
probability.

For an M-integrable function f it is natural to define the integral f 4 JdM with
respect to M as the limit of the sequence appearing in Definition 5.2(b). We proceed
next to show that this limit does not depend on the choice of approximating sequence
satisfying conditions (a) and (b) from the afore mentioned definition, while simultaneously
establishing that £'(M) = £L1(N), if N is the classical Lévy basis corresponding to M as
in Theorem 4.1.

Proposition 5.3. Let N = {N(FE) | E € &} be a classical Lévy basis corresponding to M
as in Theorem 4.1. Then the following assertions hold:

) LY(M) = LY(N).

(ii) If f € LY(M) and (s,)nen and (t,)nen are two sequences from SM(€), both satisfy-
ing conditions (a) and (b) of Definition 5.2, then for any A in o(&) the sequences
(f4 $ndM)pen and (fA t, dM ) share the same limit in the measure topology.

Proof. Let f be a function from £!'(M), and let (s,),en be a sequence from SM(E)
satisfying conditions (a) and (b) of Definition 5.2. Then for any n,m in IN it follows from
(1) and (2) in Remark 5.1 that

L{/Asnde/AsmdN}:Afl(LSp{/Asnde/ASMdM}) — &g, asn,m — oo,

so that ([ 4 5ndN)new is a Cauchy-sequence in probability and hence convergent in
probability. Since M and N have the same control measure, this verifies that f € £(NV)
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and hence the inclusion £!(M) C L!(N). The reverse inclusion follows by similar
argumentation, applying A rather than A~! and using completeness of the measure
topology. Hence (i) follows.

Assume next that (¢,,),cn is another sequence from SM(€) satisfying conditions (a)
and (b) of Definition 5.2. The same argumentation as above then shows that the sequence
(f4tn AN)nen converges in probability as well for any A in o(€), and it follows then from
[19] that the limit must equal that of ( f 4 SndN Jnen. Therefore the mixed sequence

/SldN,/tldN,/Sng,/ﬁng,...
A A A A

is also convergent and hence a Cauchy sequence in probability. Arguing as above the
properties of A entail that the sequence

/SldM,/tldM,/Sng,/f,ng,...
A A A A

is then a Cauchy sequence and hence convergent in the measure topology. Since the
measure topology is Hausdorff, (ii) now follows by sub-sequence considerations. O

Definition 5.4. Let f be an M-integrable function, and let (s,)nen be a sequence of
functions from SM(€) satisfying conditions (a) and (b) of Definition 5.2. Then for any A
in (&) the integral [, f dM of f over A with respect to M is defined by

/fdM: lim | s,dM,
A

n—oo A

where the limit is in the measure topology.

In the following remark we list next a number of rather immediate properties of the
integral introduced in the definition above.

Remarks 5.5. (1) If fisin £!(M) and A € &, then fA fdM is a selfadjoint operator
affiliated with (M, 7) (because f is real-valued and the adjoint operation is continuous in
the measure topology).

(2) It follows Proposition 5.3(i) that Ll(M ) is a vector space. This also follows directly
from Definition 5.2 and the fact that the linear operations on M are continuous in the
measure topology. This latter fact together with Remark 5.1(1) further entail that

/A(aerg)dM:a/AfdMJr/Ang

for any f,gin £L1(M), Ain o(€) and « in R.

(3) In Remark 5.1(1) we observed that [, sdM € JD(H) for any s in SM(€) and A in
o(€). Since ID(MH) is closed under weak convergence, and since convergence in the
measure topology implies weak convergence of the spectral distributions (cf. (2.5)),
it follows that [, fdM € JD(B) for any f in £'(M). Moreover, the continuity of A in
combination with Remark 5.1(2) imply that

A(L{/Ade}) :LSP{/AfdM}

for any f in £!(M) = L*(N), where N is a classical Lévy basis corresponding to M as in
Theorem 4.1.
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(4) Let K be a positive integer, let f1, ..., fx be functions from £!(M), and let Ay, ..., Ak
be disjoint sets from o(&). Then the integrals fAl fidM, ..., fAK fx dM are freely inde-

pendent operators in M. This fact follows immediately from (5.2) and the definition of a
free Lévy basis, in case f1,..., fx € SM(E). The extension to general functions in £!(M)
subsequently follows directly from Definition 5.4, since free independence is preserved
under limits in the measure topology (see Proposition 5.4 in [2]).

(5) Since £!(M) = L'(N) (with N as in (3)), Theorem 2.7 in [16] immediately pro-
vides the following characterization of £!(M) in terms of the characteristic quadruplet
(0,02, p,k) of M: A 5(&)-B(R)-measurable function f: X — R belongs to £!(M), if and
only if the following three conditions are satisfied:

@ [x [f(@)0(x) + [ (s(f(2)t) = f(x)s(1)) pla, dt)| w(da) < 0.
) [ f(2)?0?(z) K(dz) < oo.
© [y (Jgmin{l, f(2)*?} p(z, dt)) x(dz) < oo.
In the affirmative case it follows further from (3) and [16, Theorem 2.7] that the free
characteristic triplet (ay, 0%, Fy) of [ fdM is given by
@) ay = [ (f(@)0(2) + [ (<(f(2)t) = f(2)s(t)) pl, dt)) K(dz).
(e) UJQC = [y f(x)?0?(2) K(dz).
() Fy(B) = F({(z,t) € X xR | f(z)t € B\ {0}}) for any Borel set B in R.
In (f) F is the measure on ¢(€) ® B(R) described in Proposition 4.2 (or equivalently

given by (4.7)). For f in £'(M) the measure F is a Lévy measure on R, and by e.g. an
extension argument it follows that

/g(t) Ff(dt)=/ 9(f (@)t) - 1gy\ oy (f (2)t) F(dz, di), (5.3)
R XxR

for any function g in £ (F}).

Knowing the free characteristic triplet of f x fdM (as described in Remark 5.5(5)),

we can easily derive the following analog of Proposition 2.6 in [16], which generalizes
Proposition 4.3 (in the present paper) from indicator functions to general functions in
LH(M).
Corollary 5.6. Let M = {M(FE) | E € £} be a free Lévy basis with free characteristic
quadruplet (0,02, p, k), and let f be a function from £'(M). Consider further the kernel
R: X x C~ — C set out in Proposition 4.3. Then the function z — R(z,zf(x)) is in £ (k)
for all z in C~, and the free cumulant transform of | « [ dM is given by

€ () = /X Rz, f(2)2) s(dz), (2 €C). (5.4)

Recall that for fixed = in X the function R(z,-) is the free cumulant transform of
the Lévy seed v, at x. Thus, from the infinitesimal point of view, (5.4) shows that the
distribution of the integral | + f dM is obtained by scaling v, by f(z) at each z, followed
by an averaging with respect to the control measure x.

Proof of Corollary 5.6. Consider the free characteristic triplet (ay, UJ%, FYy) for jX fdmM
(given in Remark 5.5(5)). For z in C~ it follows then by (5.3) and (4.7) that

/IR (1 —ltz —-1- zc(t))Ff(dt) = /XX]R (% -1- zg(tf(:c)))F(dz,dt)
= /X (/}R (% —1- zi(tf(ﬂc)))p(gc,dt))n(daz:)7

EJP 26 (2021), paper 49. https://www.imstat.org/ejp
Page 25/41



https://doi.org/10.1214/21-EJP620
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Completely random measures and Lévy bases in free probability

and consequently

1
€y sante) =sor-+ 20+ [ (7 =1 =500 P

= [ +(s@8ie)+ [ (5@ - F@)0)ple.d0) s(da)

X R

+z2/Xf(q;)2g2(x) ;g(dac)—I—/X (/R(%—1—zg(tf(x)))p(x,dt))ﬁ(dm),
= [ (reme)+ 2 rwrete) + | (T =1 2 @s(o) ol ) s(da),

- / R(zf(x),2) n(dz),
X

as desired. O

Proposition 5.7. Let M = {M(E) | E € &} be a free Lévy basis with free charac-
teristic triplet (©,%, F) and quadruplet (0,02, p(-,dt),x). Let further f: X — R be a
o(€)-measurable function, and define

E(f)={Eca(®)] flp e Li(M)},
and
M) = [ fpav, (Bl
X
Then the following statements hold:

(i) The family &(f) isd-ringand f-M = {f- M(FE) | E € &(f)} is free Lévy basis.

(i) Suppose &(f) satisfies (2.2). Then the free characteristic triplet (6/,%/ F7) for
f-Mis given by
(@ 6/(E)= [, (f (1: )+ Jg (S(f(@)t) = f(z)s(t)) px, dt)) k(dz),
() 2/ (E fE x) ) k(dz),

© [ gty Y (arae) = / (e, 67 (@) o) (67 () F(dr, ),
X xR X xR
where (c) holds for any o(&(f)) ® B(R)-measurable function g: X x R — [0, c0).

Proof. (i) According to Remark 5.5(5) a set F from o(€) belongs to £(f), if and only if
the following three conditions are satisfied:

* Je !f )+ Jg (<(f )t) = f(@)s(t)) p(x, dt)| r(dz) < oo

fE )k(dx) <

- (f]R mln{l7 f(z)%?} p(:c, dt)) k(dz) < oo
In particular it is apparent that £(f) is a §-ring with the hereditary property that the
conditions E; € 0(€), E2 € £(f) and E; C E, imply that Ey € E(f).

The fact that f - M satisfies conditions (a),(b) and (d) in Definition 3.1 follows from,
respectively, (4), (2) and (3) of Remark 5.5. To verify condition (c) in Definition 3.1
consider a decreasing sequence (F,)nen of sets from &(f), such that E,, | § asn — oo. It
follows then from Corollary 5.6 that for any z in C~ the function z — R(x, zf(x)1g, (z)) =
R(z,z2f(x))1E, (x) is in £1(k), and hence by dominated convergence

n— oo

€y rim, an(2) = [ Rlo2f @)L, (o) r(dn) =0,

for any z in €. By Proposition 2.2 this implies that L*{[, flg, dM} = &, i.e.
fx flg, dM — 0 in the measure topology (cf. (2.5)).
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(ii) The formulae for ©f and ¥/ follow readily from Remark 5.5(5), which also yields
that
FI(ExB)=F({(z,t) € X xR | 1g(z)f(z)t € B\ {0}})

for any F in (f) and any Borel set B in R. From this condition the measure F/ on
a(&(f)) ® B(R) may be identified as the concentration to X x (R \ {0}) of the transforma-
tion of F by the mapping ¥: X x R — X x R given by ¥(z,t) = (z,¢f(z)). Specifically
this means that

FI(C)=F(T 1 (C N (X x (R\{0})) = /X R1c(x,tf(ﬂ?))1m\{0}(tf(ﬂf))F(dx,dt%

for any set C in o(€(f)) ® B(R), which is in accordance with the formula for F/(E x B) =
Fé(B) given above. By e.g. an extension argument it follows further that

/ gz, 1) F/ (dz,dt) = / g(@,tf(2))1r)\ (03 (tf (2)) F(dw,dt) (5.5)
XxR XxR
for any positive and measurable function g. O

6 The Lévy-Ito decomposition for free Lévy bases

Throughout this section we consider a non-empty set X equipped with a é-ring &,
which contains a sequence (£, ),cn of sets such that X = J,,.y E». We consider further
a free Lévy basis M = {M(E) | E € £} with free characteristic triplet (0,3, F) (in
particular F is a o-finite measure on o(&) ® B(R)). Our objective is to establish a Lévy-Itd
type representation of M. For this we introduce first a free Poisson random measure
Prp={Pr(A)| A€ Ar} on X x R affiliated with some W*-probability space (M, 7), and
where

Ar={A€d(&)@B(R) | F(A) < o},

and
L®{Pp(A)} = Poiss®(F(A)) forall Ain Ap.

We note in particular that o(Ar) = 0(€) ® B(R), since F is o-finite. We recall also (cf.
Example 4.5(3)) that the free characteristic triplet and quadruplet of Pr are (F,0, F ® 01)
and (3,0, 161, 2F), respectively.

Consider now additionally the function h: X x R — R given by

h(z,t) =t, (re X, teR).

By application of Proposition 5.7 we may then consider yet another free Lévy basis
h-Pp={h-Pp(A)| A€ Ar(h)} on X x R, where

Ap(h) = {A€a(&) ®B(R) | hla € £'(Pr)},
and

h'PF(A):/

1AthF=/ 1a(z,t)t Pp(dz,dt), (A€ A(h)).
X xR

X xR
Lemma 6.1. In the framework set up above the following assertions hold:
(i) For any positive number ¢ we have that

{Ex(R\[-¢¢€]) [ Eecé} CArp(h).

In particular Ap(h) satisfies (2.2).
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(ii) The free characteristic triplet for h - Pr is given by (F",0, (F ® 6,)"), where
Fh(A) = /A s(t) F(dz,dt), (A€ Ar(h)),
(F®0)"(Ax B)=F(AN(X x (B\{0}))), (A€a(&)®@B(R), B<cB(R)).
(iii) If E € & such that [, |t| Fp(dt) < oo, then E x R € Ap(h).

Proof. (i) Let E from & be given. Clearly E x (R \ [—¢,¢]) € 0(€) ® B(R) = o(Ap). It
remains thus to verify that hlgy (Rr\[—c,¢) € LY(Pr). Recalling from Example 4.5(3) that
the free characteristic quadruplet for Pr is (%7 0, %61, 2F), it follows by a straightforward
application of Remark 5.5(5) that this amounts to the conditions:

oo>/ \<<h(x,t))\F(dx,dt)=/ Io(t)| Fu(dt),
Ex(R\[—¢,¢€]) R\[—e¢,€]

and
oo > / min{1, h(x,t)*} F(dx,dt) = / min{1,¢?} Fp(dt).
Ex(R\[—€,e]) R\[—e,€]
Both conditions are satisfied, since Fz is a Lévy measure.
(ii) Since the free characteristic quadruplet for Pr is (%, 0, %61, 2F) it follows readily from
Proposition 5.7 that the free characteristic triplet for & - Pr is given as (F",0, (F x 6;)"),
where

Fh(A):/A(%h(x,t)—l—/ﬁ(g(h(w,t)s)—h(a:,t)g(s)) %61(ds)> 2F (dx, dt)
:/(t+§(t)—t)F(dx,dt)=/§(t)F(dx,dt)
A

A

for any A in Ap(h). For Ain ¢(€) ® B(R) and B in B(R) Proposition 5.7 further yields
that

(F &) (A x B) = /X La(e ) p(sh(, ) i oy (5B, 1) F 9 8y (d e d)

:iLmmemmm@ﬂMdﬂ=ﬂANXx@\WW)

(iii) Assume that F € & such that f_ll [t| Fg(dt) < oco. We must verify that hlgxg €
LY(Pr), and as in the proof of (ii) this amounts to the conditions:
1

m>4wwww=&mw+m+/ymmm

and
00 > / min{1,#?} Fg(dt),
R
which are clearly satisfied by the assumption on E and since Fg is a Lévy measure. O

Proposition 6.2. Consider the framework set up in the beginning of this section, and
assume that f_ll |s(t)| Fr(dt) < oo for all E in €. Assume further that there exists a free
semi-circular Lévy basis Gy, = {Gx(FE) | E € €} in (M, 7) with free characteristic triplet
(0,%,0), which is freely independent of Pr. For each F in & put

M(E) = (@(E) - /E <) F(d%dt))lm +Gx(E)+h-Pr(E x R) (6.1)

where 1y denotes the unit of M.
_ Then M is a free Lévy basis, and for any E in & the selfadjoint operators M (E) and
M (FE) share the same spectral distribution.
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Before the proof we note that the assumed existence of Gz, which is freely independent
of Pr can always be realized by replacing (M, 7) by its free product with another W*-
probability space (M’,7’) which contains a free semicircular basis with the specified
characteristic triplet. In comparison with the classical Lévy-It6 Decomposition we note
also that

h-Pr(ExR)= / t Pp(dz,dt),
ExR

by definition of h - Pp.

Proof. For each E in € denote by M;(E), M>(F) and M3(FE) the three terms on the right
hand side of (6.1) (in order of appearance). Note in particular that M5(F) is well-defined
according to Lemma 6.1(iii). Clearly M; and M, are free Lévy bases on (X, £) with free
characteristic triplets (II, 0,0) and (0, X, 0), respectively, where we have introduced the
signed measure

1(E) = 6(E) — /EXRg(t)F(dm,dt), (Eee).

Considering the mapping ¢»: X xR — X given by ¢(x,t) = = forall (z, ) in X xR, we note
next that M3(E) = h - Pr(¢~}(E)) for all E in €, and therefore Proposition 4.6 yields that
M3 is a free Lévy basis with free characteristic triplet (" oy~ 0, (F ® ;)" o (¢, idg) ™),
where F" and (F ® §,)" are as set out in Lemma 6.1(ii).

Since M, My, M3 are freely independent, their sum, M, is again a free Lévy basis
with free characteristic triplet (IT + F" o ¢~} % (F ® 6;)" o (¢,idg)™!). For any set £
from & note here that by Lemma 6.1(ii)

I(E) + F" oy~ Y(E) = O(E) — / <(t) F(dz,dt) + F*(E x R) = ©(E),
ExR

and for any Borel subset B of R

(F® 61)h o (1/;,idR)’1(E x B) = (F® 61)h(E xRxB)=F(ExR)N(X x (B\{0})))
— F(E x (B\{0})) = Fg(B\ {0}) = Fp(B) = F(E x B),

where we have used that Fg({0}) = 0. Since the last equation above determines F'
uniquely on 0(€)®B(R), we conclude that (F®d;)"o(y,idr) ™! = F. Altogether M has the

same free characteristic triplet as M, which clearly implies that L*? (M (E)) = L*?(M(E))
forall E'in €. O

We return now to the general framework set up in the beginning of this section
without imposing the condition [ [<(t)| Fz(dt) < co. For each € in (0, 00) we then define
M = {M(E)| Ecé&}by

MOE) = b Pe(E x ®\ [-e.d)) - [

<(t) FE(dt))ljm (E€&). (6.2)
R\[—¢,€]

Lemma 6.1(i) guarantees that M (¢ is well-defined. With ¢ as in the proof of Proposi-
tion 6.2 note that h- Py(E x (R\ [—€,€])) = h- Pr(X x (R\ [—¢,€]) Ny~1(E)). Hence
Propositions 4.6-4.7 in combination with Lemma 6.1(ii) entail that M (©) is a free Lévy
basis with free characteristic triplet (0,0, F()), where

FOExB)=(F®6)" (X x (R\ [~¢,¢) x R) N ((¢,idr) " (E x B)))
= F((X x (R\ [~¢,€])) N (E x R) N (X x (B\{0})))

(6.3)
= F(E x (B\ [—e,e]))
= Fp(B\[—¢€€)
for any F in € and B in B(R).
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Lemma 6.3. (i) With M9 as defined in (6.2), the sequence (M(l/") (E))nen is con-
vergent in the measure topology for any E in €.

(ii) If we define (limit in the measure topology)

My(E) = lim MY™(E), (Ecé),
n—oo
then My = {My(E) | E € €} is a free Lévy basis with free characteristic triplet
(0,0, F).

Proof. (i) Let E from & be given. Since the measure topology is complete, it suffices
to show that (M (/™) (E)),cn is a Cauchy sequence in the measure topology, i.e. that
LP{M/™)(E) — M®/™)(E)} % 5y as n,m — oo. Establishing this condition amounts to
verifying that

LMY (B — MY/ ™) (B} % 6, as k — oo

for any sequence (mg,ng)reny in IN x IN, such that my < ny for all &, and such that
my — 0o as k — oo. Given such a sequence (my, ng)ren, Dote first that

M(l/nk)(E)_M(l/mk)(E)

=h Pr(Ex ([~ — 1)U (L, L) - [/{_ . (t)FE(dt)}lm,

ka}

and hence by Lemma 6.1 the free characteristic triplet for M (/™) (E) — M (/™) (E) is
(0,0, o), where

ok(B) = Fe(BN (=7 =) U (G- )
for any Borel set B in R. It follows from Theorem 2.1 that it suffices to show that

(1) fR ) ox(dt) — 0 as k — oo for any continuous bounded function f: R — R, which
Vamshes in a neighborhood of 0.

: G ‘ 2 _
2) 158 (hmbup [Ct Qk(dt)> =0

k—o0
Since [ f(t) ox(dt) = f[_i SRR f(t) Fg(dt), condition (1) follows from the fact
mp ? kM
that for all sufficiently large k: the set [——, — 1)U (L, L] is contained in the neigh-

ng ng’ mg
borhood of 0 upon which f vanishes. COI’IdlthIl (2), in turn, follows e.g. from the fact
that [©_t? o5(dt) < [°_t? F(dt) for any k in IN, and here [°_t? Fg(dt) — 0 as € | 0, since

F is a Lévy measure.

(ii) It follows immediately from the definition of M, that LP{My(E)} € JD(8) for all
E in &, since JD(MA) is closed in the topology for weak convergence and by use of
(2.5). For each n in IN the operator M (!/™)(E) has free characteristic triplet (0,0, F(}/™)),
where F(1/™) is given by (6.3). We check next that M4(F) has free characteristic triplet
(0,0, F) for any F in €. By another application of Theorem 2.1 this is a consequence of
the following two facts:

(1) For any continuous bounded function f: R — R vanishing on a neighborhood of 0, it
holds that

/de(l/")—/fl 11 dFp —— deE7

by Dominated Convergence, since f]R |f|dFE < oo, because Fg is a Lévy measure.
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(2) For any positive number ¢ we have that

/t2F(1/")(dt):/ P11 110(t) Fp(dt) —— [ £* Fg(dt),

n—o00 e

3|

by Monotone Convergence. Hence

lim (nmsup/ 2 F(l/”)(dt)> = lim (/ 2 FE(dt)) —0,
€0 n—oo —€ €l0 —€

since fil t2 Fg(dt) < oo.
It remains to show that M, is a free Lévy basis, i.e. to verify the four conditions in

Definition 3.1:

(a) We already noted that L?{M,(F)} € ID(H) for all E'in E.

(b) If Fy,..., E, are disjoint sets from &, then My(E,),..., M4y(E,)nen are freely inde-
pendent. This follows from the definition of M, and the corresponding property for
M@/") since free independence is preserved under limits in the measure topology
(see Proposition 5.4 in [2]).

(c) If B, ..., E, are disjoint sets from &, then My ({J;_, Ex) = >__; Mu(Ex). Again this
follows from the definition of M, and the corresponding property of M (}/™), since
addition is continuous in the measure topology.

(d) Let (E,)nen be a decreasing sequence of sets from &, such that ﬂnem E, = (. Then
L¥{M(E,)} = 6. Indeed, the free characteristic triplet of My(E,,) is (0,0, Fg,),
and hence by Theorem 2.1 it suffices to check the following two conditions:

(1) f]R fdFg, — 0 as n — oo for any continuous bounded function f: R — R
vanishing in a neighborhood, say [—¢, €], of 0. To see this, note that

‘/]RdeEn

since F(E1 x ([—¢€,€]?)) = Fg, ([—¢€,€]?) < 0o, and (,,cp En X ([—€,€]) = 0.

S fllooFe, ([=€ €°) = [|floc F (En X ([—€,€]%) —— 0,

n—r oo

(2) liﬁ} (lim sup/ t? F, (dt)) = 0. To see this, note for any fixed positive € that

n— 00 —€

n—oo

/ t2 Fp (dt) = / t? F(dx,dt) — 0,
—e€ E,, x[—¢€,€]

because [, . . t* F(dz,dt) = [ 2 Fp,(dt) < oo, and ,,cy En % [—€, €] = 0.
This completes the proof. O

As an immediate consequence of Lemma 6.3 we obtain the following general version
of the Lévy-It6-decomposition for free Lévy bases. Note that this decomposition coincides
with that of Proposition 6.2 under the extra assumption in that proposition.

Corollary 6.4. Consider the framework set up in the beginning of this section, and

assume further that there exists a semi-circular free Lévy basis Gy = {Gx(F) | E € &}

in (M, T) with free characteristic triplet (0, %, 0), which is freely independent of Pr.
For each F in € put

M(E) = O(E)ly + G (E) + My(E),

where 1y denotes the unit of M and M, is introduced in Proposition 6.2.
_ Then M is a free Lévy basis, and for any E in & the selfadjoint operators M (E) and
M (FE) share the same spectral distribution.
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7 Proof of Theorem 3.3

Throughout this section we consider a nonempty set X and a ring € of subsets of X.
We then put

I=U {{E\,...,Ec} | E1,...,Er € €\ {0} and Ey,.. ., Ej, are disjoint}.
keN

We emphasize that we consider an element of I merely as a collection of sets, without
paying attention to the order in which these sets appear. Thus we identify an ele-
ment {1, ..., Ey} from I with the element {E. (1), ..., E; ()} for any permutation 7 of
{1,...,k}.

We equip I with a partial order “<” by declaring that {E1,...,Ex} < {F1,...,Fn}
exactly when each E; is a union of some of the F;’s. We note then that “<” is an upward-
filtering order, since for S = {F4,...,Ey} and T = {F1,...,F,,} from I we have that
S,T < U, where U is the element of I consisting of all non-empty sets in the following
family:

m

ElﬂFJ, Et\(U FJ), FJ\(QIEZ), (ZE{l,,k},jE{L,m})

j=1

In the following we consider additionally a family {v(E,:) | £ € £} of probability
measures from JD(H), satisfying that

v(Uj=1 Eiye) = v(By, ) B Bu(E, ),

whenever E, ..., E, are disjoint sets from €. For any set E from & we denote by 7 the
state on the abelian von Neumann algebra® L>(v(E,-)) given by integration with respect
to the probability measure v(E, ). Subsequently for any element S = {F, ..., E;} from
I, we let (Mg, 7s) denote the W*-reduced free product of the W*-probability spaces
(L>®(v(Ej,-)),TE,), j = 1,...,k (see [21] for details).

Lemma 7.1. For any element S = {FE1,...,E} of I there exist freely independent
operators Mg (E1), ..., Ms(Ey) from Mg, which generate Mg as a von Neumann algebra*,
and such that

L*{M(E;)} =v(Ej},), (Gj=1,...,k).

Proof. For each j in {1,...,k} we have a canonical embedding ¢;: L>(v(E;,-)) — Mg,
such that TE; = TS O Lj (see [21]). By Proposition A.4 +; gives rise to a x-homomorphism
7;: L>*(v(Ej,-)) = Mg. We then define

Ms(E;) =7;(idr), (j=1,...,k), (7.1)

where idgr denotes the identity function on R considered as an element of L>(v(Ej;,-)).
By Proposition A.4 the range of 7; equals the class of operators affiliated with the von
Neumann algebra ¢;(L>(v(Ej,)), so in particular Mg(E;) is affiliated with that von
Neumann algebra. By construction of (Mg, 75) the algebras ¢;(L>*(v(E;,-)), j =1,...,n,
are free in (Mg, 75), so in particular Mg(E;),..., Ms(E)) are freely independent with
respect to 7. For any f in BF,(R) we note next (cf. Proposition A.4) that

f(Ms(Ej)) = f(z;(idw)) = 7;(f(idr)) = 7;(f) = ¢;(f),

3L>=(v(E,")) is the vector space of all v(E, -)-essentially bounded functions f: X — C identified up to
v(E,-)-null sets.

4Operators T, . .., T}, affiliated with a von Neumann algebra M are said to generate M as a von Neumann
algebra, if M is the smallest von Neumann algebra on the considered Hilbert space containing the family

U?:r{f(Tj) | f € BFp(R)}.
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and hence Mg(E;) generates ¢;(L>(v(Ej,-)) as a von Neumann algebra. This further
implies that {Ms(El) ,Ms(E,)} generates Mg as a von Neumann algebra (cf. [21,
Definition 1.6.1]). For anyj in {1,...,k} and any function f from BJF;,(R) we note finally
that

s [f(Ms(E))] = 75[1;(f)] = 75, ( / FO) v(E;, dt),
verifying that LP{Mg(E;)} = v(Ej,-). 0

Lemma 7.2. Assume that S = {E1,...,Ey} and T = {Fy,..., F,,} are elements of I such
that S < T. Then there exists a normal *-homomorphism vgr: Mg — My such that
TS = TrolsT-

Specifically it holds for any i in {1, ..., k} (with notation from Lemma 7.1) that

ts7(Ms(E;)) = Mr(Fji1)) + -+ Mr(Fjga,)), (7.2)

whenever E; = Fj; 1)U - --U Fj(,,, for suitable j(i,1),...,j(i,1;) from {1,...,m}.

Proof. We adopt the notation from Lemma 7.1. Given any ¢ in {1,2,...,k} we may, since
S < T, write E; (unambiguously) as Fj(; 1) U --- U Fj(,,) for suitable j(i,1),...,(i,1;)
from {1,...,m}. Since the operators Mz (Fj(; 1)),..., Mr(Fj,,)) are freely independent,
it follows then that

LFP{Mr (Fji,1))+ - +Mr(Fa)y = v(Fjay, ) B Br(Fje), )
=v(FjanU--- UFj0,),) = v(Ei,-) = LP{Ms(E;)}.

Note also that since all the operators My (F}),..., Mp(F,,) are freely independent, the
sums Mr(Fjq)) + -+ Mr(Fau)), i =1,..., k, are also freely independent. Indeed,
for each i the sum Mp(Fj; 1)) + --- + Mrp(Fjq,,)) is affiliated with the von Neumann
algebra generated by L>(v(Fj(; 1)), ..., L>(v(F}(,,). ) considered as sub-algebras of
Mr. And by [21, Proposition 2.5.5] these von Neumann subalgebras are free in (M, 1)
for varying :. It follows that the two families of operators:

‘Lle{f(MT( ) oo+ Mr(Fiaay)) | fe BF(R)}

and

U{f(Ms ) | f € BF(R)}

have the same x-distribution, and since Mg(E;),..., Ms(F\) generate Mg as a von
Neumann algebra, it follows thus from Proposition A.1 that there exists a normal,
injective s-homomorphism ¢g7: Mg — My such that

s (f(Ms(E:))) = f(Mr(F1) + - + Mr(Fig,))

forany ¢ in {1,...,k} and f in BF,(R). In addition 7¢ = 7p 0 15 7.
To establish (7.2) we consider for each n in IN the function f,,: R — R defined by:

.fn(t) = tl[—n,n] (t) - nl(—oo,—n) (t) + nl(n,oo)(t)v (t S R)

Then f,(t) > tasn — oo forall tin R, and this implies that f,(Ms(E;)) 5 Mg (E;) and
that fo(Mr(Fiii1) + -+ Mr(Fia)) = Mr(Fyn) + - + Mp(Fj.,)) as n — oo (of.
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the calculation (A.4) in the proof of Proposition A.4). From formula (A.3) in that same
proof it follows then further that

is7(Ms(E;)) = P- i g7 (fu(Ms(Er))) = P- lim fo (Mr(Fj,0) + - + Mr(Fj)))
= MT(Fj(i,l)) + -+ MT(Fj(i,il,)>7
(7.3)
as desired. This completes the proof. O

Lemma 7.3. The family (Mg, 7s)ser of W*-probability spaces equipped with the family
{tsr| S, T €I, S<T} of x-homomorphisms described in Lemma 7.2 forms a directed
system of W*-algebras and injective, normal x-homomorphisms.

Proof. Given R, S,T in I such that R < § < T, we must show that tr 7 = 1570 tRs.
Writing R = {D1,...,Dp}, S={F1,...,Ey} and T = {F}, ..., F;} for suitable Dy, E;, F}
from & \ {0}, we know that

Dy, :Ei(hJ)U"'UEi(hJch)a (h: 1)"'am)a
EZ:F](z,l)UUF](z,L)a (’L:l,,k),
for suitable i(h,1),...,i(h,ky) in {1,...,k} and j(i,1),...,4(¢,{;) from {1,...,l}. Then

lih,1) Lith,kpy)

tr,r(MR(Dh)) Z Mz (Fjith1),r)) -+ Z Mz (Fj(ih k) r))
=157 (Ms(Eyn,1)) + - + 5,0 (Ms(Ei(nk)))
25,7 (Ms(Ein,1)) + - + Ms(Eith k)
=1sT (ZR,S(Dh))'
For any f in BF;,(R) it follows then (cf. Proposition A.4) that
vrr (F(MR(Dy))) = f(trr(Mg(Dy))) = f(tsr 0 tr,s(Mgr(Dp)))

=157 (f(tr,s(MRr(Dp)))) = ts,r o tr,s(f(Mr(Dy))).

Since Mp, is generated as a von Neumann algebra by the family

hgl{f(MR(Dh)) | f € BF(R)},

and since tg 7 and tg 7 o Ltr 5 are both normal, it follows by an application of Kaplansky’s
Density Theorem that tr7 = tg,s © L5, as desired. O

Proof of Theorem 3.3. We note first that assertions (ii) and (iii) are direct consequences
of (i). To prove (i), we consider the directed system (cf. Lemma 7.3)

(Ms,7s)ser, {esr | S, Tel, S<T}

of W*-probability spaces and trace preserving x-homomorphisms. Using Proposition A.3,
there exists a W*-probability space (M, 7) and injective, normal x*-homomorphisms
ts: Mg — M (S € 1), satisfying that 7 = 7 o 1g for all S in I, and that vy = t7 0 tg,7 for
any S, T in I such that S < T. We now define

M([Z)) =0, and M(E) = Z{E}(M{E} (E)) for Fin & \ {@}, (7.4)
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where Mg, (F) denotes the identity function idg on R considered as an element of
L>(v(E,-)) = M{g}. We will show that the family {M (E) | E € &} satisfies the conditions
(a)-(b) in Definition 3.1 and that L*?{M(E)} = v(F,-) for all E in &.

(@) Assume that Fy,..., E, are disjoint sets from € \ {0}, and put S = {Ey,...,E.} € L.
Consider further arbitrary functions fi,..., f, from BJF,(R). We must show that the
bounded operators fi(M(E1)),..., fr(M(E,)) are freely independent with respect to 7.
For any polynomial p in » non-commuting variables we note (cf. Proposition A.4) that

7[p(fI(M(E)),..., [o(M(E,)))]
=7 [p(f1(T ey (Mg, (B1)), - - fr(Tre,y (Mg, y (Er))))]

(
(

T[p(eipy (i(Mp 3 (B)), - o ey (Fr(Mg, 3 (Er)))) ]
(

(7.5)
=7[p(ts o tpy,5(f1): - s ts 0 vmy,s(fr))]
=7[ts(p(t1Ery.5(f1)s - s qmy.s(fr))]
=75 [P(t(my.s(f) o emy.s(fr)]-
For each j in {1,...,r} recall that t{E;},5 1s the canonical embedding of Mz, =
L>(v(Ej,-)) into the reduced free product Mg = L*(v(E4,-)) * - - - * L (v(E,,-)). Hence
the ranges of 1;p,} 5, -+ ,1{E,},5 are free in (Mg, 7s), and in particular ¢;p,y s(f1),. ..,

t(g,},s(fr) are freely independent with respect to 75. Since (7.5) holds for any polyno-
mial p in r non-commuting variables, it follows then that fi(M(E,)),..., f-(M(E,)) are
freely independent with respect to 7.

(b) Let Fy,..., E, be disjoint sets from & \ {0}, and put £ = ngl E;and S = {E,...,
E.} € I. We must show that M (F) = M(E;) + --- + M(E,). Using Corollary A.5 we find
that

M(Eq1)+---+ M(E,)
=g (dr) + - + (g, (idr) = s 0 ¢(g,}.s(dr) + - + I 0 1R, } 5(idR)
=I5 00(my,s(dr) + -+ 15 0lfp, 1 s(idr) = 15(Ms(E1) + - - + Ms(E,))
=15 (0py.s(Mey (F))) = 15905y 5(idR)
=gy (idr) = M(E),

where in the first, fourth, fifth and last equality we applied (7.4), (7.2), (7.2) and (7.4),
respectively.

To show finally that L?{M(E)} = v(FE,-) for all F in £, we assume without loss of
generality that E # (). Then since {5} = 7 o 1y, we find for any function f in BF,(R)
that

T[f(M(E))] = 7[f ey (Mg (E)))] = 7[tiy (f(Mgy(E)))] = ey (f) = /Rde(E )
which proves the desired identity. This completes the proof. O

A Appendix: Von Neumann algebra preliminaries

To accommodate potential readers with limited background in the theory of operator
algebras, we start by recalling briefly various basic concepts from that theory. For a
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thorough introduction to operator algebras we refer to the classical texts [9, 10]. First
of all an algebra (over C) is a vector space A over C, which is also furnished with an
associative multiplication satisfying the usual distributive laws in relation to the linear
operations. One may think of the matrix algebra M,,(C) as a concrete example. As in
this particular case the multiplication is generally not assumed to be commutative. We
say that A is a x-algebra, if it is additionally equipped with an involution (or x-operation)
a— a*: A— A, satisfying that (a + b)* = a* + b*, (za)* = Za*, (ab)* = b*a* and (a*)* =a
forall a,bin A and z in C.

A (C*-algebra is a *-algebra A, which is also a Banach space with respect to a norm
| - ||, satisfying additionally that ||ab|| < ||a||/||b|| and ||a*a|| = ||a||* for all a,b in A. Again,
M, (C) provides a (finite dimensional) example of a C*-algebra, and more generally
the space B(H) of continuous linear mappings 7: H — H on a Hilbert space K is a
canonical example of a C*-algebra. In fact any C*-algebra may be identified with a norm
closed, *-invariant subalgebra of B(H). As in [9, 10] we shall generally assume that a
C*-algebra A comes equipped with a multiplicative neutral element 14. If A and B are
two C*-algebras, a linear mapping ¢: A — B is called a *-homomorphism, if p(14) =14,
p(ab) = p(a)p(d), and p(a*) = p(a)* for all a,b in A.

A von Neumann algebra acting on a Hilbert space H is a x-invariant subalgebra M
of B(H), which is closed in the weak operator topology, i.e. the weak topology on B(H)
induced by the family {we ,, | £,7 € J(} of linear functionals given by

wepa) = (a&,m),  (a€ B(H)).

As this topology is weaker than that induced by the C*-norm on B(%H), a von Neumann
algebra is automatically a C*-algebra. If M and N are two von Neumann-algebras
(possibly acting on different Hilbert spaces) and ¢: M — N is a x-homomorphism, then
 is said to be normal if its restriction to the unit ball of M is continuous with respect to
the weak operator topologies on M and N.

With the above basic concepts in place, we recall next that a W*-probability space is
a pair (M, 7), where M is a von Neumann algebra (acting on some Hilbert space), and 7
is a faithful, normal, tracial state on M. Specifically 7 is a linear mapping from M into C,
which is continuous on the unit ball of M with respect to the weak operator topology and
satisfies the following conditions: 7(a*a) > 0 for all a in M \ {0}, 7(ab) = 7(ba) for all a, b
in M, and 7(1) = 1.

If I is an arbitrary non-empty index set, and (;);cr is a corresponding family of
operators in a W*-probability space (M, 7), then the *-distribution of (z;);c; is the
collection of all complex numbers in the form

(22 k),
wheren € IN, p1,...,p, € Nand z1,...,2, € {a; |i € [} U{af | i € I}.
Proposition A.1. Let (M, ) and (N, ) be W*-probability spaces, let I be a non-empty
index set, and assume that (z;);c; and (y;);c; are families of operators from M and N,
respectively. Let My denote the von Neumann subalgebra of M generated by (z;)icy,
and let Ny denote the von Neumann subalgebra of N generated by (y;)ic;-

If the x-distribution of (z;);c; (with respect to T) equals that of (y;);cr (with respect

to 1), then there exists a normal *-isomorphism ® of M onto Ny, such that 7 =y o ® on
Mo, and such that ®(x;) = y; for all i in I.

For the proof of Proposition A.1 we refer to [12, Theorem 2 in Section 6.5] or [20,
Remark 1.8].
Corollary A.2. Let (M, 7) and (N, 1) be W*-probability spaces, and let ®: M — N be a
x-homomorphism such that 7 = ¢ o ®. Then ® is automatically normal and injective, and
®(M) is a von Neumann subalgebra of N.
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Proof. Since 7 = 1) o ®, the two families of operators M and ®(M) (indexed by M) have
the same x*-distribution. By application of Proposition A.1, we obtain thus a normal
s-isomorphism @ of the von Neumann subalgebra generated by M (i.e. M itself) onto the
von Neumann subalgebra of N generated by ®(M), such that ®(a) = ®(a) for all a in M.
Obviously then ® = ®, so ® is normal and injective. In addition ®(M) = &(M), which is a
von Neumann algebra. O

Recall that a partial order “<” on a set S is called upward filtering, if, for any elements
S,T in §, there exists an element U in 8§ such that S < U and T < U.

The following result essentially amounts to the existence of inductive limits in the
category of W*-probability spaces.
Proposition A.3. Consider a set 8§ equipped with an upward filtering partial order
“<”. Consider additionally a corresponding family (Mg, 75)scs of W*-probability spaces,
and assume that whenever S,T € 8, such that S < T, there is a *-homomorphism
bsr: Ms — Mr such that g = 770 0 ®g 1.

Then there exists a W*-probability space (M, 7) and injective normal x-homomorphisms
Pg: Mg — M (S € 8), such that

Todg =79 forall Sins§,

and
®rodgr =Py forall S,Tin$§, such thatS <T.

In addition M is generated as a von Neumann algebra by the x-subalgebra | Jg g ®5(Ms).
The properties listed above characterize (M, 7) up to trace preserving *-isomorphisms.

Proof. From Corollary A.2 we know that ®s 1 is normal and injective for any 5,7 in 8
such that S < T, and moreover ®5 1(Mg) is a von Neumann subalgebra of My. Now let
M?" be the C*-algebra inductive limit of the directed system

Mg | S8}, {Psr|S5 T8 ST}

(see [10, Proposition 11.4.1] for details). Then for any S in 8 there is a *-monomorphism
®%: Mg — M?, such that ®%. o g7 = &%, whenever S, T € § such that S < T. Putting
M = Jges P%(Ms), we may then define a linear functional 7%°: M — € such that

75 =7%0®% forall Sin 8. (A.1)

Indeed, if a € ®%(Ms) N % (M7) for S,T in 8, we have that a = ®%(a’) = ®%(a”) for
suitable ¢’ in S and a” in T, and we must show that 7s(a’) = 7r(a”). Since “<” is upward
filtering, we may choose an element U of §, such that 5,7 < U. Now

0 0B y(a') = By(a) = B (a") = BY 0 Bpy(a”),
so the injectivity of ®?; implies that ®s ;(a’) = @7 (a”), and therefore
1s(a') =1y 0 Pgy(a’) =T 0o Ppy(a”) = 7r(a”),

as desired. Thus (A.1) gives rise to a well-defined mapping 7°°: M°° — C, and by
similar reasoning it follows that 7% is a linear, positive, tracial and norm-decreasing
functional on M. Since M is dense in M° with respect to the operator norm (cf. [10,
Proposition 11.4.1]), 7% thus extends to a linear, tracial, norm-decreasing functional
7: M° — C, and since 7 (1yp0) = 1 = |79, 70 is a state on M.

Consider next the GNS-representation m0: M® — B(3 o) of MY associated with 7°

(see [9, Theorem 4.5.2]), and let £y denote the unit 10 of MP considered as an element
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of H,,. Let M denote the closure of 7 o(M") in the strong operator topology, and define
7: M — C by
7(a) = (afo, &),  (a € M).

Then 7% = rom,0, so 7 is tracial on 7,0 (M?). Since multiplication is separately continuous
in each variable in the strong operator topology, it follows by a “bootstrap” argument that
T is tracial on all of M. Hence &j is a generating trace vector for M and hence also for
the commutant M’ (see [10, Lemma 7.2.14]). This implies that &, is separating for M (see
[9, Corollary 5.5.12]), and hence 7 is faithful, so that (M, 7) is indeed a W*-probability
space.

For any S in § we define next ®5: Mg — M by &g = 7,0 0 <I>%, and we note for a in
Mg that

To®g(a) = (Tomo)o®%(a) =71"0d%(a) = 7% 0 ®%(a) = 75(a).

Hence Corollary A.2 implies that @ is injective and normal. If S, T € §, such that S < T,
and a € Mg, we note furthermore that

Or o Dgr(a) =m0 0d)0dbgr =m0 0®L(a) = Ps(a).

To see that M is generated as a von Neumann algebra by (Jg.5 ®s(Ms) we use again
that M° = (Ugeg %(Ms))= (where €= denotes the norm closure of €). Since 7.0 is
norm-continuous and 7,0(M") is a C*-algebra, this implies that

o (M) = (U mr0 0 ®G(Ms)) ™ = (U Ps(Ms))
ses ses
Since the norm topology is stronger than the strong operator topology, this further
entails that

M = (0 () 7" = (U @5(M))7) = (U s(Ms)
ses ses
(where C~*° denotes the closure of € in the strong operator topology) as desired.

We establish finally the uniqueness statement. If (M’, 7’) is another W*-probability
space satisfying the conditions listed for (M,7), we consider the injective
s-monomorphisms ®: Mg — M’ corresponding to the ®g’s. It follows then that the two
families of operators Jg.g ®5(Ms) and (Jgcg P5(Ms) (indexed by (Jg.5 Ms) have the
same x-distribution. Hence Proposition A.1 yields an injective, normal #-isomorphism ¥
from M = (Uges 5(Ms))~° onto (Uges P5(Ms))™° = M, such that 7 = 7/ o . O

Before stating the next proposition we recall that the symbol «B» refers to conver-
gence in the measure topology.

Proposition A.4. Let (M, 7) and (N, ) be W*-probability spaces, and let ®: M — N be
a x-homomorphism such that 7 = i) o ®. Let further M and N denote the set of (closed
densely defined) operators affiliated with M and N, respectively. We then have

(i) ® extends to an injective mapping ®: M — N which preserves the operations of
scalar mu]tii)licatjon, strong sum, strong multiplication and the x-operation. In
addition ®(M) = ®(M), and (®)~! = &1

(ii) If (a1)ien is a sequence of operators from M, a € M and g LN a, then also
P JR—
D(a;) — P(a).
(iii) ® preserves spectral calculus in the sense that
O(f(a)) = f(P(a))

for any selfadjoint operator a in M and any function f from BF(R).
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Proof. Since 7 is a finite trace it follows from [18, Example 1, page 22] that M equals
the class of T-measurable operators affiliated with M. Hence (see [18, Theorem 28]) M
is a complete Hausdorff topological *x-algebra with respect to the measure topology. In
addition M is dense in M with respect to the measure topology, and this topology is first
countable. Of course similar statements hold for N in relation to (N, ).

Now given a in M we may choose a sequence (a,),ecn from M such that a, 5
Since @ is normal it follows then for any positive ¢ that

¥ [1e00) (1B (an) = P(am)])] = ¥ [1je o) (1B (an — am)])] = ¢[11e.00) (®(Jan — aml))]

= Y[® (L 00)(|an = am]))] = 7[Lic.00)(|an = am)] — 0,
(A.2)

as n,m — oo. Hence (®(a,))nen is a Cauchy sequence in N (C N) with respect to the
measure topology, so there exists an element b in N such that ®(a,,) 2 hasn — oo. Con-

sidering another sequence (al,)nen from M such that a/, L a, we may further consider
the mixed sequence a1, a},as,dj, ... which also converges to a in probability. Hence the
argument above shows that the sequences (®(a),))nen and ®(aq), ®(a), ®(az), ®(al),. ..
converge in probability to elements b’ respectively b from N. By subsequence consider-
ations we must have that b = b/ = b/, and hence we may define a mapping ®: M — N by
setting
®(a) = P- lim ®(a,), (a €M), (A.3)
n—oo

where (a,)nen is any sequence from M such that a, 2 aasn — oc.

From this definition and the fact that scalar multiplication, strong sum, strong
multiplication and the *x-operation are all continuous operations in the measure topology,
it follows by standard arguments that

®(N\a) = A\®(a), P(a+b)=d(a)+ (b)), (ab)=(a)®(b), @(a*)=®(a)*

for any a,b from M and ) in C. In other words ® is a *-homomorphism.

Recalling from Lemma A.2 that ®(M) is a von Neumann subalgebra of N, we check
next that ®(M) = ®(M). Since ®(M) is the closure of ®(M) in the measure topology, the
definition (A.3) clearly implies that ®(M) C ®(M). Conversely, given b in ®(M), we may
choose a sequence (a, )nen from M such that ®(a,,) 5 b. The calculation (A.2) then shows
that (a,)nen is a Cauchy sequence and hence convergent in the measure topology to
some a from M. Now (A.3) implies that b = ®(a) € ®(M). The mapping &~ ': (M) - M
(cf. Corollary A.2) similarly gives rise to a mapping ®—: ®(M) — M, and it follows easily
from (A.3) (and the corresponding definition of ®—1) that ®—! o ®(a) = a for all a in M
and that ® o ®-1(b) = b for all b in ®(M). In particular ® is injective.

Consider finally a selfadjoint element a from M, put b = ®(a) € N and note that b = b*.
We then define a mapping ¥: BF(R) — N by setting

U(f) =2(f(a)), (f € BFR)).

We show next that U(f) € ®(W+*({a})) for all f in BF(R), where W*({a}) denotes
the (abelian) von Neumann sub-algebra of M generated by a. For this note first that
®(W*({a})) is again a von Neumann algebra (cf. Lemma A.2). Given f in BF(R) we put
fn = f1{f|<n}y and note that f,(a) € W*({a}) for all n. Using [9, Corollary 5.6.29] we
find then that

T[l[E,m)(lfn(a) - f(a)|)] = T[(l[é,OO) o |fn - fl)(a)] = Al{\f7l—j'\26}(t) Lsp{a}(dt)

(A.4)
= Lsp({a})({|fn - f| > 6}) —0,

n—roo
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where we used that f,, — f point-wise and that L*P{a} is a finite measure. Thus

fa(a) 2 f(a) and hence also ®(f,(a)) = ®(f(a)). Since ®(W*({a})) is complete in the
measure topology, it follows that ®(f(a)) € ®(W*({a})) as desired, and in particular we
have that b = ®(a) € ®(W*({a})).

Note next that ¥ is a *-homomorphism (since both ® and the mapping f + f(a) are
x-homomorphisms), and furthermore ¥ is o-normal in the sense of [9, 10], since the
mapping f + f(a) is o-normal (cf. [9, Theorem 5.6.26]), and since ® preserves least
upper bounds (because ® and & ' both preserve positivity).

The observations above allow us to apply [9, Theorem 5.6.27] by which we infer that
U is the spectral mapping associated to b, i.e. f(®(a)) = ®(f(a)) for all f in BF(R). This
completes the proof. O

Corollary A.5. Let (M, 7), (N,v¢) and (£, w) be W*-probability spaces, and let ®: M — N
andI': N — £ be x-homomorphisms such that T =19 o ®, andy =wol.

Then & and I' are both normal and injective, and for any a in M we have that
To®(a)=To®(a).

Proof. Lemma A.2 ensures that ®, I' and I" o & are normal and injective, and Proposi-
tion A.4 ensures that the mappings @, I’ and I o ® are all well-defined.
Given a in M we choose a sequence (a,)nen from M converging to a in the measure

topology. Proposition A.4 then entails that ®(a,,) L, ®(a), and hence that I o ®(a,,) L

T(®(a)). In addition I' o ®(a,,) 5To ®(a), and since the measure topology is a Hausdorff
topology, we obtain the desired conclusion. O
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