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Operator models and analytic subordination for
operator-valued free convolution powers
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IAN CHARLESWORTH and DAVID JEKEL

Abstract. We revisit the theory of operator-valued free convolution powers given by
a completely positive map 7. We first give a general result, with a new analytic proof,
that the n-free convolution power of the law of X is realized by V*XV for any oper-
ator V satisfying certain conditions, which unifies Nica and Speicher’s construction in
the scalar-valued setting and Shlyakhtenko’s construction in the operator-valued setting.
Second, we provide an analog, for the setting of n-free convolution powers, of the ana-
lytic subordination for conditional expectations that holds for additive free convolution.
Finally, we describe a Hilbert-space manipulation that explains the equivalence between
the n-fold additive free convolution and the convolution power with respect to n = nid.

1. Introduction. The classical convolution of probability measures de-
scribes the distribution of the sum of independent variables realizing the
measures. For a probability measure u, one can therefore make sense of p*"
for n € N as the sum of n independent random variables with identical
distributions p. Since convolution of probability measures corresponds to
multiplication of their Fourier transforms, there is an immediate candidate
to define as p*' for t > 0 by taking an appropriate power on the Fourier
transform side; however, even if one begins with a probability measure there
is not in general a guarantee that the output of this operation is a positive
measure of total mass 1. This does happen, however, for the so-called in-
finitely divisible probability measures: for such a measure p one has a Lévy
process consisting of measures (*!);~o which in particular is a semigroup
with respect to convolution.

In the non-commutative setting of free probability, one likewise has a
notion of free convolution: the law pH v is the law of the sum of freely inde-
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pendent random variables having laws p and v individually. Corresponding
to the Fourier transform of measures is Voiculescu’s R-transform, which as-
sociates to a probability measure p an analytic function R, and linearizes
free convolution: R,m, = R, + R,. (Strictly speaking, R is therefore analo-
gous to the logarithm of the Fourier transform.) One arrives at the notion of
E-infinitely divisible law p, namely a law for which tR,, is the R-transform
of a probability measure for every ¢ > 0, and a corresponding free Lévy pro-
cess. The central limit distributions in these settings are prime examples of
infinite divisibility: if 4 is the centered Gaussian distribution of variance ¢,
one has v, = ~; similarly, if oy is the centered semicircular distribution
of variance t, one has o; = o%ﬁt. These form semigroups with respect to x
and H, respectively. A result of Bercovici and Pata shows that there is a deep
connection between the H-infinitely divisible laws and the *-infinitely divis-
ible laws: there is a bijection between these two sets of laws which preserves
domains of partial attraction [§].

Surprisingly, for every probability measure p and every ¢ > 1, the function
tR,, is the R-transform of some probability measure pB which is called the
tth free convolution power of w; this is in stark contrast to the classical setting
where real-valued convolution powers often do not exist. This fact was first
shown for sufficiently large ¢ by Bercovici and Voiculescu [9], and then proved
for all t > 1 by Nica and Speicher [2I]. Moreover, Nica and Speicher were
able to produce an explicit model of these distributions: if x = z* is an
element of a tracial non-commutative probability space (A, ¢) with law
and p € A is a projection freely independent from x with ¢(p) = 1/t, then
pap has law P! in the non-commutative probability space (pAp, td|pap)-

This paper studies free convolution powers in the setting of operator-
valued free probability, where the algebra of scalars C is replaced by a C*-
algebra B, and the state by a conditional expectation onto B. In this setting,
the central limit distribution — the semicircular law — is still characterized
by its first and second moment, but the second moment is now a completely
positive map n : B — B [28]. Motivated by scalar-valued free convolution
powers, Anshelevich, Belinschi, Fevrier, and Nica [3] showed that there is a
natural operation p — pu® with the desirable property that if o is a B-valued
semicircular distribution with variance idg then o7 is the B-valued semicir-
cular distribution with variance n. Their convolution is defined for arbitrary
B-valued distributions p when 1 —idp is completely positive (mimicking the
scalar-valued condition that ¢ > 1), and for certain distributions for arbitrary
71 completely positive. It was later shown by Shlyakhtenko [24] that n — idg
being completely positive is necessary to ensure that the n-free convolution
power -7 preserves positivity for all (multivariate) distributions. The precise
definition of n-free convolution power is given at the start of Section [3] but
it essentially amounts to a condition on B-valued R-transforms:
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R @y =mno Ry,
and a similar condition for matrix amplifications, on an appropriate domain.
(In the scalar-valued case, the completely positive maps C — C are just
multiplication by elements of [0, 00), and so this extends the usual notion of
free convolution powers.)

Shlyakhtenko [24] exhibited a construction of n-convolution powers: given
B and n : B — B such that n — idg is completely positive, he produces an
operator V living on a free Fock space so that whenever p is a B-valued
distribution realized by a variable X free from V (in a potentially larger
space), V*XV has distribution 7.

Our first main result, Theorem [3.1] gives conditions for an operator V
which guarantee that, when V is free from X which has distribution u, the
distribution of V*XV is u®". Shlyakhtenko’s construction satisfies the con-
ditions of our theorem, but the properties we demand are weaker than those
needed for the proof used in [24]. In particular, this allows us to construct a
suitable operator V' living on B® B ®,_iq B (see Lemma and the preced-
ing discussion), and to make the connection to the scalar case more explicit.
The main stroke of our proof is as follows: writing v for the distribution of
V*XV, we show that no R, satisfies the functional equation defining R, in
terms of its Cauchy transform G, implying that v = p®7. This approach
is inspired by the proof of the additivity of the (scalar) R-transform over B
given by Haagerup [13, §3] and Lehner [I8 Theorem 3.1], which was also
adapted to the operator-valued case by Dykema [12 Lemma 4.5]|.

Our second main result, Theorem [A.1] gives a formula relating analytic
subordination and conditional expectations in the setting of operator-valued
convolution powers. Analytic subordination of Cauchy transforms has been
an important tool for studying additive free convolution, beginning with the
works of Voiculescu [27] and Biane [10]. Given probability measures p, v on R
there are analytic functions w,,,w, such that

Guowy(z) = Gyowy(z) = Gumy(2).

The theory was further developed and codified by Voiculescu [29]. A key
point in this theory is that for free variables X and Y, the conditional ex-
pectation of a resolvent in X +Y onto the von Neumann algebra generated by
X is a resolvent in X, namely, By« (x)[(z—X+Y) 7] = (wu(2) —X)~!. The
theory of analytic subordination for additive free convolution was adapted to
the B-valued setting in [29, 6, [19] [5]. Our Theorem shows that an analo-
gous conditional expectation formula holds in the setting of operator-valued
convolution powers with respect to a completely positive map 77, even though
this cannot always be realized as a free sum. Namely, if X and V are as in
Theorem [3.1]and &; is the conditional expectation onto the algebra generated
by X, then
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SQV(z—-V*XV)'V* = (F(z) - X))},
where F' = G;l oG n 18 the B-valued subordination function.

As a final point of interest, we examine the particular case of n-fold con-
volution with n € N in §5] The distribution of the n-fold free convolution can
be modeled in two ways, either by the sum of n copies of the original variable
that are freely independent over B, or as a convolution power corresponding
to the completely positive map n = nid. We give an explicit transformation
of the B-B-correspondences that relates these two models, hence obtaining
a new heuristic for why these operations should be the same.

The structure of this paper is as follows. In Section [2] we recall much
of the background material needed for the rest of the paper and establish
notation. Section [3] contains our realization of operator-valued convolution
powers. Section [4] shows that our model can be used to produce subordina-
tion functions in a manner analogous to the scalar-valued setting, satisfying
the expected conditional expectation relation. Finally, in Section [ we inves-
tigate the particular case where n = nid and show that an isomorphism of
the underlying B-B-correspondence produces the familiar model of n freely
independent variables being summed.

2. Preliminaries. In this section, we review the necessary background
on B-valued non-commutative probability theory. For general background on
free probability, see [I} §5], [20], and for the operator-valued setting, see [25],
[6], 14, §§2-5].

2.1. B-valued non-commutative probability spaces. In non-com-
mutative probability theory, one replaces the (commutative) algebra L™ of a
probability space with a general unital C*- or von Neumann algebra A. The
expectation is then replaced by a state ¢ : A — C. Often A is represented
concretely as bounded operators on a Hilbert space H, and the state ¢ is
given by a vector &, i.e. ¢(a) = (£, a€). Even if (A, ¢) is given abstractly
without a particular representation on a Hilbert space, a Hilbert space H
can be obtained by the GNS construction equipping A with the sesquilinear
form (a,b)y = ¢(a*b), and there is a representation 74 : A — B(Hg) given
by left multiplication such that ¢(a) = (1, 74(a)l)u,,-.

We work in the setting of B-valued non-commutative probability, that
is, we are given a C*-algebra B, and all the scalar-valued quantities such
as the expectation and the inner product on a Hilbert space are replaced
by B-valued versions. We assume familiarity with the basic theory of unital
C*-algebras, matrices over a C*-algebra, and completely positive maps. We
refer to [I1, Chapter II| for a summary of results and for references.

DEFINITION 2.1 (B-valued probability space). Let B be a unital C*-
algebra. A B-valued probability space is a pair (A 2O B, E : A — B) where
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A is a unital C*-algebra and B C A is a unital inclusion (injective *-homo-

morphism), and F : A — B is a conditional expectation, that is:

e Elp=idp;

e FE is a B-B-bimodule map, so E[bjaby] = by E[a]bs for a € A and by, by € B;

e E is completely positive, that is, if n > 1 and A € M, (A), then E(™[A* A]
> 0 in M, (B), where E™ : M, (A) — M,(B) is the entrywise application
of E.

Next, we recall C*-correspondences, the B-valued analog of represen-
tations on Hilbert spaces; this will be important in where we perform
“B-valued Hilbert space” manipulations. For background on correspondences,
see [22], [17], |11}, §§I1.7.1-11.7.2|, and the references therein. We start with
right Hilbert B-modules, which are an analog of Hilbert spaces with a
B-valued right B-linear inner product.

DEFINITION 2.2. Let B be a unital C*-algebra. If H is a right B-module,
then a B-valued semi-inner product is a map (-,-) : H x H — B such that
for hy, hy € H:

(1) hg + (hi,hs) is a right B-module map;
(2) (h2,h1) = (h1, ho)™;
(3) (h1,h1) > 0.

One can show that the semi-inner product must satisfy an analog of the

Cauchy-Schwarz inequality and hence || k|| := ||(h, h) ||113/ ? defines a seminorm
on H. We also have ||hb|| < ||h||||b||g for h € H and b € B.

DEFINITION 2.3. If this seminorm is in fact a norm which makes H a
Banach space, then we say that H is a right Hilbert B-module. In general, if H
has a B-valued semi-inner product, then the completion of H/{h : ||h| = 0}
is a right Hilbert B-module with the right B-action and the B-valued inner
product induced in the natural way from those of H. We refer to this module
as the separation-completion of H with respect to (-, -).

DEFINITION 2.4. Let Hi and Ho be Hilbert B-modules. We say that a
linear map T : ‘Hy — Ha is right B-modular if T (hb) = (Th)b for h € H,
and b € B. We say that T is adjointable if there exists a map T* : Ho — H1
such that

<Th1, hg) = <h1,T*h2> for all h; € Hi and hy € Ha.

We denote by L£(H) the space of bounded, right B-modular, adjointable
operators on a right Hilbert B-module H. When we want to emphasize the
right B-module structure of H, we may write Hg and L(Hp).

Unlike the case of scalar-valued Hilbert spaces, adjointability is not auto-
matic. One can check that £(H) is a C*-algebra (see for instance [17, p. §|).
Now we can define the B-valued analog of representations on a Hilbert space.
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DEFINITION 2.5. Let A and B be C*-algebras. An A-B-correspondence is
a right Hilbert B-module H together with a *-homomorphism 7 : A — L(H).
Such a representation endows H with the structure of an A-B-bimodule, and
so we will write a&b for mw(a)[£b] where £ € H, a € A, and b € B.

Every completely positive map ¢ : A — B naturally gives rise to an
A-B-correspondence A ®,, B as follows.

LEMMA 2.6 (|22, Theorem 5.2|, see also [I7, Theorem 5.6]). Let A and
B be C*-algebras and ¥ : A — B be completely positive. On the algebraic
tensor product A ®q15 B, define a B-valued sesquilinear map by

(a®@b,a @)y = b p(a*a ).
Then (-,-)y is a B-valued semi-inner product. The associated separation-

completion ARy B has an A-B-correspondence structure where the left action
of A is given on simple tensors by a(a’ @ b') = ad’ @ b'.

Next, we discuss the relationship between B-valued correspondences and
B-valued probability spaces. Suppose B C A and H is an A-B-correspondence.
If £ € H, then under what conditions is the map a — (£, a) a conditional
expectation? The following is proved in [I5, Lemma 2.10], and part of it was
given also in [19, Proposition 2.10].

LEMMA 2.7. Let B C A be a unital inclusion of unital C*-algebras. Let
H be an A-B-correspondence and § € H, and define E : A — B by E(a) :=
(€,af). Then the following are equivalent:

(1) E is a B-valued conditional expectation.
(2) (&,b€) =b for every b € B.
(3) (£,&) =1 and b§ = &b for every b € B.

REMARK 2.8. This lemma is closely related to the well-known fact that
if BC Aand E: A — B is completely positive with E|g = id, then E is
automatically a conditional expectation. Indeed, letting £ = 1®1 in AQg B,
we see that Lemma (2) is equivalent to E|g = id, and so F is a conditional
expectation.

DEFINITION 2.9. In the setting of Lemma [2.7] if ¢ satisfies conditions
(1)—(3), then we call £ a B-central unit vector and we call (H,&) a pointed
A-B-correspondence.

Hence, for B C A, every pointed A-B-correspondence makes A into a
B-valued probability space. Conversely, given a B-valued probability space
(A, E), one can construct a canonical A-B-correspondence L?(A, E) by the
operator-valued GNS construction as follows. Note that A is a right
B-module and we can define a B-valued semi-inner product on A by (ai, az)
= Elajas]. We denote the separation-completion with respect to this inner
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product by L?(A, E). One can check that L?(A, E) is an A-B-correspon-
dence. If we denote by £ the equivalence class of the vector 1 € A, then we
have

Ela] = (€, af).
Thus, every B-valued non-commutative probability space can be realized
using some pointed A-B-correspondence.

In some contexts of B-valued probability spaces, one may require an
additional condition that the *-homomorphism 7 : A — L(Hp) is injective,
i.e., the representation of A is faithful. This is equivalent to saying that
Elajaaz] = 0 for all a1, ay € A only if a = 0 (since elements from .4 are dense
in L2(A, E)). Generally, if (#,¢) is a pointed A-B-correspondence, then the
representation of A restricts to a faithful representation of B since (£, b¢) = b
for b € B. Hence, 7(A) 2 B can be viewed as a B-valued probability space
and H as a w(A)-B-correspondence. In we will simply assume a pointed
B-B-correspondence (H, &) is given and that A is a C*-subalgebra of L(Hp)
containing B.

2.2. B-valued laws and analytic transforms. In order to discuss free
convolution powers, we must first describe the analog of probability distri-
butions in the B-valued setting. These are an analog of compactly supported
measures on R (the B-valued analog of measures with unbounded support
is beset with technical issues). A measure with compact support on R is
uniquely determined by its moments (i.e. the expectation of polynomials),
and thus can be viewed as a positive linear functional x4 on the polynomial
algebra C[z] satisfying |u[z¥]| < RF for some R. The description in the
B-valued setting is analogous, with C|z| replaced by B-valued polynomials.

DEFINITION 2.10. Let B be a unital C*-algebra. We define the non-
commutative polynomial algebra B(z) to be the universal unital x-algebra
generated by B and a self-adjoint indeterminate z. As a vector space, B{x)
is spanned by the non-commutative monomials byxb; ...xb; for k£ > 0 and
b; € B. Note that B C B(x) as unital x-algebras and in particular B(x) is a
B-B-bimodule.

DEFINITION 2.11 (B-valued laws, [28, 23| 2]). Let (A, E) be a B-valued
probability space and let X € A be self-adjoint. The B-valued law of X is
the map px : B{z) — B given by f — E[f(X)]. In particular, if A C L(Hg)
for some pointed B-B-correspondence (H, &), then p[f] = (£, f(X)E).

Just as in the case of probability measures on R, there is an abstract
characterization of the linear functionals p : B(x) — B that arise as the
B-valued law of some self-adjoint element with || X|| < R, namely, p is a
completely positive B-bimodule map satisfying the conditions p|p = idg and
14(boxby . .. xbg)|| < RF||bo| ... ||bx|| for all & > 0 and by, ...,b, € B. For
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details, see |23, Proposition 1.2|, [31, Proposition 2.9|, and [I5, Theorem
2.17].

We also have B-valued versions of the Cauchy—Stieltjes transform and
other analytic functions associated to a probability measure. For a probabil-
ity measure p on R and im(z) > 0, the Cauchy—Stieltjes transform is given
by

Go(2) = | —— du(x).

Z—x
The definition in the B-valued setting is similar. Let u be the B-valued law

of some self-adjoint X in a B-valued probability space (A, E). Then we want
to define, for certain z € B,

Gulz) = El(= - X))

For this to make sense, z — X must be invertible in A. But in fact, if we
denote im(z) = (z — 2*)/(2¢), then im(z) > €l implies that z is invertible
with [|z71|| < 1/e. And so since X is self-adjoint, i.e. im(X) = 0, we also
obtain [|(z — X)71|| < 1/e.

There is one more wrinkle in the definition of G, in the B-valued set-
ting. Namely, knowing the values of G,(z) is not sufficient to determine the
B-valued law o uniquely. Indeed, looking at the power series of G (2) “at
infinity” we would only obtain moments of the form u[z~tzz=!...zz7, but
for the B-valued law, we need all moments of the form p[bozb; ... xby,]. This
problem can be solved by studying matrix amplifications.

DEFINITION 2.12. Let i be the B-valued law of some self-adjoint X in a
B-valued probability space (A, E). Let

H™(B) = {z € M, (B) : im(z) > €l for some ¢ > 0}.
Let Gﬁtn) : H™(B) — M, (B) be given by
n n n)\—1
Gi(=) = Bz — X)),

where X (™ denotes the image of X in M, (A) under the canonical mapping
A — M,(A), that is, X(") = X @ I,,.

Note that the function

~(n . n)(.,—1y _ n -1 n)\—11 _ n n), \—1

G (2) =GP (") = EM[(z7 = X)) = B [z(1 — X(Wz)™]
extends to the neighborhood By, r(0) in M,(B) where R = || X||. The mo-

ments of y can then be recovered from CNJEL”) as follows: letting
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(0 by 0 ... 0 O]
00 b ... 0
z= | 1t b€ Myya(B),
... 0 by
I 0 ... 0 0]

we have ~
[GL”"'Q) (Z)]L'n+2 = lu,[bo.’L‘bl e xbn]

The study of the B-valued Cauchy transform motivates the definition of
B-valued non-commutative functions or B-valued fully matricial functions,
which are a B-valued analog of complex-analytic functions. For background
on these fully matricial (a.k.a. non-commutative) functions, see [30], [16],
[14, §3].

The appropriate domain for these functions are so-called fully matricial
domains:

DEFINITION 2.13. Let B be a C*-algebra. A fully matricial domain is a
sequence of sets 2" C M, (B) such that the following conditions hold:

(1) If z € 20 and w € 20 then z @ w € LM+,
(2) Let z € 2. For each m, let 2(™ be the direct sum of m copies of z.
Then there is some ¢ > 0 such that Bg(z(m)) C 20m) for all m > 1.

For example, it is immediate to check that H(”)(B) is a fully matricial
domain, and so is the sequence 2" given by the ball B;(0) in M, (B).

DEFINITION 2.14. Let £2 = (2(™),,cn be a fully matricial domain over B.
A fully matricial function on §2 is a sequence of functions F(™ : (") — M, (B)
satisfying the following conditions:

(1) If z € 2 and w € N then F™H) (2 @ w) = FM (2) @ F™ (w).

(2) If z € 2™ and S € M,(C) is invertible and SzS~' € 2 then we
have F("(S§z8~1) = SFM ()81,

(3) Given z € 20", there exists some § > 0 and M > 0 such that for all
m € N, for all w € Bs(2(™), we have ||F"™) (w)| < M.

One can check easily that the Cauchy transform G,(z) is a fully ma-
tricial function. Interestingly, the conditions (1) and (2) in Definition
are purely algebraic and (3) is merely a local boundedness condition, but
these conditions automatically imply the existence of local power series ex-
pansions. The inverse function theorem for fully matricial functions can be
used to show that for a B-valued law i, the transform G, (2) is invertible
in a neighborhood of zero, and thus to define the B-valued analog of the
R-transform, which plays a central role in the study of free convolution.
Here we single out the fact that we need for later use.
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PROPOSITION 2.15 ([12, Proposition 4.1], |23 proof of Corollary 5.4],
[14, Lemma 4.5.9]). Let u be the B-valued law of some self-adjoint operator

X in a B-valued probability space (A, E) with || X|| < r. Then G,(Ln) has a
unique inverse function defined on B.;.(0) in M, (B) where c is a universal
constant (we can take ¢ = 3 —2v/2). The inverse function is fully matricial.
Moreover, given § > 0, p is uniquely determined by the values of (éﬁn))_l(z)
for z € Bs(0) of My (B) and n € N.

DEFINITION 2.16 (|28, §4.8]). Let u be a B-valued law. The R-transform
of p is the function Rgn)(z) = (ng))_l(z) — 27! defined in a ball around
zero in My, (B).

2.3. B-valued free independence and free products

DEFINITION 2.17 (Free independence). Let (A, E) be a B-valued prob-

ability space. Then unital subalgebras Ay, ..., Ay containing B are said to
be freely independent (over B) if we have

Elaj...ax] =0
whenever a; € A;(;y with Ela;] = 0, provided that all consecutive indices

i(j) and i(j + 1) are distinct. Moreover, if Xi,..., Xy are self-adjoint ele-
ments of A, we say that X1,..., Xy are freely independent (over B) if the
subalgebras A; generated by B and X are freely independent (over B).

The following fundamental result in free probability relates the R-trans-
form and free independence.

PROPOSITION 2.18 ([28, §4.11], [12, Lemma 4.5]). Suppose that X and 'Y
are freely independent. For ease of notation, let Rx denote the R-transform

of the law of X. Then there is some r > 0 such that Rg?_)’_y(z) = Rg?)(z) +
Rgb)(z) for z in By(0). In particular, the law pxiy is uniquely determined
by px and py .

In this case, the law of X 4+ Y is said to be the B-valued free convolution
of ux and py, or ux+y = px B py. Since the law of X 4+ Y is uniquely
determined, this construction can be used to define the free convolution uHv
for any two given B-valued laws p and v, provided we can show that there
exists some B-valued non-commutative probability space (A, E') and some X,
Y € A that are freely independent and realize the laws u and v respectively.
This follows from the construction of B-valued free products that we will
now describe.

Suppose we are given B-valued probability spaces (Aj, Ej) for j =
1,...,N. Assume, as at the end of that A; C L((H;)p) for some pointed
Aj-B-correspondence (H;,&;). Then we want to construct some pointed
B-B-correspondence (#,¢) and s-homomorphisms p; : L((H;)B) = L(Hp)
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such that p;(L((H;)B) are freely independent over B. Two ingredients are
needed for this construction: first, decomposing #; into the span of §; and
its orthogonal complement, and second, tensor products of correspondences.

Let B C A and H be an A-B-correspondence; in general, if K C H is
an A-B-submodule, then the orthogonal complement K+ = {h : (h,k) =0
for all k € K} is also an A-B-correspondence, but K 4 K+ might not span
all of H (this is related to the fact that adjointability is not automatic for
bounded right B-module maps). However, we do have such a decomposi-
tion in the special case where K is the span of a B-central unit vector in
a B-B-correspondence. The following lemma is proved as in [23 proof of
Remark 3.3] or [14, Lemma 2.5.7].

LEMMA 2.19. Let H be a B-B-correspondence and £ a B-central unit
vector. Let H° = {h € H : (h,§) = 0}. Then we have H = B & H® as

B-B-correspondences.

We will also need the following notion of tensor products of C*-correspon-
dences.

CONSTRUCTION 2.20. Let By, ..., B, be unital C*-algebras, and suppose
that H; is a Hilbert B;_;-Bj-correspondence for each j. We can form the
algebraic tensor product

Hl ®a1g,81 Tt ®alg,8n,1 Hn

in the sense of algebraic bimodules. We define a B,-valued semi-inner product
by

<h1 Q- ®hn7 /1® ®h;L> = <hTL7 <h’n—17 < . '7<h‘17h’€l> c > /n—1>h;1>

In other words, we first evaluate (hi,h}) € Bi, then evaluate (hy,h})h
using the left Bi-module structure on Ha, then compute (ha, (h1, h})h}) € By
and so forth. Positivity of the inner product is checked by using complete
positivity in the standard way (see e.g. [I7, Proposition 4.5, [14, §2.3.2]).
We denote the separation-completion with respect to this inner product
by
Hi®p, @B, Hn

and one can show that this is a By-B,-correspondence in the obvious way.
As one would expect, these tensor products satisfy the associativity up to a
canonical isomorphism, and they distribute over direct sums of correspon-
dences in each argument.

We now come to the construction of free products of pointed B-B-corres-
pondences as defined in |26, §5|. Variants of the construction were also
explained in [28 §§2-3] and [25, §3.3, §3.5|. We use similar terminology
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to |14, §5]. Suppose that (H1,&1),. .., (HnN,En) are pointed B-B-correspon-
dences. Define

(Hjagj —Bﬁ@@ @ Hjl B - H;k'
k>1 .]17 7]k€[N]
Jr#jr+1

N
*

Here B¢ represents a copy of B as a B-B-correspondence with £ corresponding
to the vector 1.

Next, we define *-homomorphisms p; : B(H;) — B(H) as follows. For
each j, there is a natural decomposition of H as

H=H; @ M;,

M—Be@® @ oo,
k21 j1,....j5€[N]
jr?éjr{rl
#j
In each case, if we denote by U; the (unitary) isomorphism H — H; ®@g M,
we define the *-homomorphism p; by

pj(a) = Us(a ®idm; )Uj.
Note that p; is injective because p;(a) restricted to the direct summands

B®H] in H is a itself conjugated by the obvious isomorphism B&H; — H,;.
Moreover, by the same token,

(& pj(a)€) = (&, ag;),
which means that p; is expectation-preserving. It is also easy to check that
pj is a B-B-bimodule map, where B(H;) and B(H) are given a B-B-bimodule
structure through the embeddings B — B(#;) and B — B(H) given by the
left B-module structure of H; and H.

THEOREM 2.21 (see e.g. |14, §5.3.2]|). Let (#H;,&;) for j = 1 , N be
B-B-correspondences with B-central unit vectors. Let (H,§) = >x< (H],fj)
Let E : B(H) — B be the expectation given by the vector €. Then the algebras
p1(B(H1)), ..., pn(B(HnN)) are freely independent in the B-valued probability
space (B(H), E).

The construction of the free product of correspondences also naturally
produces conditional expectations from L(Hg) to L((H;)n) as follows.

PROPOSITION 2.22. Let (H,§) be the B-valued free product of pointed
B-B-correspondences (H;,§;). Let V : H; = BE; & H; — H be the natural
inclusion mapping H; onto the summands B and H3 in H.

et & : B) — )B) be given by T — . Then &; is a
(1) Let & : L(Mp) — L((H,)5) be given by T v V*TV. Then & i
conditional expectation (with the identification of A; with p;(A;)).

where
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(2) Suppose that T = p;y(ar) ... pywy(ar) where k > 1, aj € L((Hi(j))5 )
i(1) #4(2) # --- #i(k ) nd (&, ar&e) = 0 for each L. Then &[T ]
unless k=1 and i(1) =

(3) Given unital C*-algebms Aj with B € A; € L((H;)B), the expectation
E; maps C*(p1(Ar), ..., pn(AnN)) into A;.

Proof. (1) This follows by direct computation.

(2) First, suppose that i(k) # j. Then by construction of the free product
space, we have

pi1y(a1) - - . pigky(ai) [BE ® HF] C iy @ -+ @ Wi @ (BE & Hj),

and hence the image of p;1)(a1) ... pix)(ax)V is orthogonal to BE & Hj, and
so V*piy(a1) ... pigry(ax)V = 0. Thus, the result holds in this case.

Next, suppose that i(k) = j. If k = 1, then there is nothing to prove. So
suppose k> 1. Let T' = p;qy(a1) - .. pie—1)(ax—1). Then E[TT=E[T"]pj(ay)
by the bimodule property for £;. Then we note that £;[T"] = 0 by the same
reasoning as above.

(3) We recall that the x-algebra generated by p;(A;) for j =1,... N is
spanned by elements of the form p;1)(a1) ... pjx)(ar) where k > 1 and a; €
L((Hi))s) and i(1) #i(2) # - - - # i(k) and (&5, a;€;) = 0. (One proves that
arbitrary products of elements from A; are in the span of these reduced prod-
ucts, by induction on the length of the product; see the proof of |28, Proposi-
tion 1.3] or [14, Lemma 5.2.8].) By the previous step, &;[p;1y(a1) - - - pi) (ax)]
is equal to zero unless k = 1 and (1) = j, in which case it is £[p;(a1)] = a1.
In either case, the image is in A;. Hence, £; maps the x-algebra generated by
p1(A1),...,pn(An) into A;. By density/continuity, it maps the C*-algebra
generated by p1(A1),...,pn(An) into A;. =

3. Realization of operator-valued convolution powers. For B-
valued laws p and v, and 7 : B — B completely positive, we say that v is the
n-free convolution power of u, or v = u™, if we have R,(,n) =nM o R,(in) on
Bs(0) in M, (B) for all n, for some 6 > 0. In this case, by Proposition [2.15
v is uniquely determined by p and 1. Given p and 7, the n free convolution
power of u does not always exist in general, but it does always exist if n —id
is completely positive [3, 24]. In fact, when n — id is completely positive,
the following theorem describes a general construction to realize the n-free
convolution power of p.

THEOREM 3.1. Let (A, E) be a B-valued probability space. Letn: B — B
be a linear map such that n —id is completely positive. Assume that X and
V' are freely independent over B, X is a self-adjoint operator with B-valued
distribution p, and V' satisfies
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(31) VblV*bQV = Vbln(bg) for by,bs € B,

(3.2) E[VbV*] =b forbe B.

Consider the map E[T] = E[VTV*] for T € A (which is a conditional
expectation by and Remark . Let v be the B-valued law of V*XV
with respect to the expectation E. Then v = pu™1,

In the case B = C, condition is equivalent to 7(1)~'/2V being
a partial isometry (and in general, if n(1) € C, then implies that
n(1)~Y/2V is a partial isometry). In particular, when B = C, we can take
V = P/E[P]'/? for a projection P and correspondingly 7(1) = E[P]~!. This
leads to E[VTV*| = E[PTP]/E[P], or E is the natural state on the corner
PAP. We thus recover the construction of free convolution powers in the
scalar case from [21].

For general B and 1 > id, Shlyakhtenko [24] gave a free Fock space
construction of an operator V' that satisfies the stronger condition V*bV =
n(b) for b € B in place of (3.1]), and also satisfies (3.2)). This stronger condition
unfortunately does not permit V' to be a scalar multiple of a projection in
the case B = C, since if V = AP, then \2P = V*1V = (1) € C, which
forces P = 0 or 1. Besides, an operator V satisfying the weaker and
(3.2) can be constructed in a simpler way as follows.

LEMMA 3.2. Let n: B — B such that n —id is completely positive. Then
there exists a B-valued probability space (A, E) and an operator V satisfying

B1) and (32).

Proof. Let ¢ = n —1id. Let H° = B ®, B be the B-B-correspondence
associated to ¢ from Lemma and let ¢ be the vector 1 ® 1 in H°. Let
H = B® H°, where B is viewed as the trivial B-B-correspondence. Let A be
the space of right B-linear and adjointable operators on H, andlet £ : A — B
be given by E[T] = (14 0,7(140)). Let V € A be given by

V(b®h) =0 (b.
It is straightforward to check that V' is adjointable with
V*odh)=(0b+((h)DO0.
To check (3.1f), note that for by,by,b € B and h € H°,
Vo VbV (b @ h) = Vb V¥ ba(b @ (b)
= Vblv*(bgb D bg(b)
= Vb1 ((b2b + (¢, b2Cb)) & 0)
= Vb1 ((b2 + (¢, b26))b ® 0)
= Vbi(n(b2)b & 0)
= Vbin(b2)(b® h),
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where the last line follows because

Vbin(b2)(0® h) = V(0@ bin(b2)h) = 0.
Thus, (3.1) holds. Moreover, since V*(1 & 0) = (1 ¢ 0), we deduce that
EVTV*] = E[T] for T € A, and in particular E[VbV*] = b for b € B, so
(3-2) holds. m

REMARK 3.3. Conversely, the condition that 1 > id is necessary in order
for there to exist an operator V' satisfying (3.1)) and (3.2]). Indeed, if such a

V' exists, then for b € B,
n(b*b) = E[Vn(b*b)V"]

= E[VV bV V7]

= E[(bVVH)*(bVV™))

> EBVV*]*EBV VY]

= b*D.

The same equation also holds for b € M, (B) and v = v eI, e M, (B),
and so n—id is completely positive. Hence, although the proof of Theorem 3.]]

below does not directly use that n > id, the statement is vacuous outside
this case.

REMARK 3.4. It is also natural to ask when the operator V' can be realized
in a tracial von Neumann algebra. Unfortunately, the situations where this
can happen are rather restrictive, even with the weakened conditions
and . Indeed, assume that A is equipped with a faithful trace 7 and
that E is a trace-preserving conditional expectation. Then for by,by € B,

applying in order traciality, (3.1)), traciality, and (3.2]), we have
T(VVV*01Vbe) = (V01 Vb V'V,
T(V*Vn(b1)be) = 7(V*b1Vban(1)),
T(Vn(b1)b2V*) = 7(b1Vban(1)V"),
T(n(b1)b2) = 7(b1ban(1)) = 7(n(1)b1b2),
and since by is arbitrary, this yields n(b;) = n(1)b;. By taking adjoints, n(b) =
bn(1) as well, and so n(1) is in the center of B. Hence, the only situation
where these relations can be satisfied using a trace-preserving conditional

expectation is if 7 is given by multiplication by an element of the center
of B.

Now we turn to the proof of Theorem [B.I] Using a similar method to
Haagerup [13, §3] and Lehner’s [18, Theorem 3.1 analytic proof that the
R-transform is additive under free convolution, we are able to prove the
result from scratch using only the definition of free independence.
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Proof of Theorem [3.1 Let v be the B-valued law of V*XV. We must
show that R (z) =n™ oRLn) (z) for z in Bs(0) in M, (B) for all n, for some
0 > 0. Note that the R-transform being (é&n))_l(z) — z can be expressed as
G,(f) (z71+ R,(Jl)(z)) = z for invertible z € Bs(0). In light of analytic contin-
uation (see e.g. [I14, Corollary 3.9.7]), since the set of invertible z contains
an open ball in Bs(0), it suffices to prove that G,(,n)(z_1 +7™ o R,(Ln)(z)) =z
for invertible z in a neighborhood of 0. We can also write this as

EMvm 14 p™ o R,(A”)(Z) — (Vv xRy =y )y = 4

where X(™ and V(™ are the images of X and V under the inclusion A —
M, (A). In the following argument, we will omit the superscript (n) for ease of
notation. This should not cause confusion since the argument is a manipula-
tion of functional and power series identities and n remains fixed throughout.

Now for z in a neighborhood of zero,

V(z 4 0o Ru(z) = VXV) W = V(1 = 2(V*XV — o R,(2))) " 2V*
= ST VIH(VXV = no Ry(2))F2V*.
k=0

When we expand V[z(V*XV —no R,(2))]* by the distributive property, we
get terms of the form V times a product of 2V*XV’s and znoR,,(z)’s. Apply-
ing the identity repeatedly as Vzno R,(z) = VzV*R,(2)V beginning
with the leftmost occurrence of zn o R, (z) (which necessarily follows a V'),
we may replace all occurrences of n o R, (z) with V*R,(2)V in the formula
above. This yields

V(= 0 Ry(2) = VXV) WV = Y VIA(VAXV =50 Ry(2)F2v*
k=0

> VXV = V*Ry(2)V]F 2V

ol
o

D VaVH(X = Ru(2))f V2V
k=
=[1-V2V*(X — Ru(2))] ' V2V*

o

This is the operator whose expectation we want to equal z. Now our goal is
to expand this operator in terms of alternating strings of centered elements
that are freely independent, which we know have expectation zero. Thus, we
introduce a certain element from C*(B, X) with expectation zero. Let
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Bx(2) = [1 = (X — Ru(2))] " — 1
=[1 = 2(X = Ru(2))] ™" = [1 = 2(X = Ru(2)][L = 2(X = Ryu(2)] ™
= 2(X = Ru(2))[1 = 2(X — Ry(2))] ™
Note that @x(z) and 2z 'Px(2) = (X — Ru(2))[1 — 2(X — R,(2))]"! are
well-defined in a neighborhood of zero. Moreover,
E@x(2)] = EBl(z '+ Ru(2) = X) 127 =1 =Guz '+ Ru(2))z =1 =0.

We also note that V*2V — 2z has expectation zero by (3.2)).
To express [1 — V2V*(X — R,(2))]7'VzV* in terms of &x(z), we first
write

1 —-V2V*(X — R,(2))
=1 - 2(X = Ru(2)) = (V2V" = 2)(X — Ru(2))
=[1 = (VaV* = 2)(X = Ru(2))[1 = 2(X — Ru(2))] 7] [1 = 2(X — Ru(2))]
=[1 - (V2V* = 2)2 '®x(2)] [1 — 2(X — Ru(2))].

Hence,

[1—V2V*(X = Ru(2))] ' V2V*

= (1= (X = Ry [1 = (V" =) lox ()] ey
—1

= (14 ox(2)) [1 = (V2V* —2)z7'®x(2)] [z + (V2V* = 2)).
Then expanding the geometric series, we get

(1+2x(2)) (V2V* = 2)27 1 (2)]F[z + (V2V* = 2)],

k=0
or equivalently
(3.3) (V2V* = 2)2z7 by (2)]F2
k=0
(3.4) + ) ((VaV* = 2)z ' ox (2)]F(V2V* - 2)
k=0

(3.5) +) Ox()(VaV = 2)2 ' Dx(2)]F2
(3.6) + ) Ox(2)[(VaV* = 2)27 ' ®x (2)]F(V2V* - 2).

In the first sum, the & = 0 term is equal to z. All the other terms in the
four sums are alternating products of freely independent elements with ex-
pectation zero, so that freeness implies that they have expectation zero.
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Hence,
Gy(z7 ' +moRu(2)) = E[[l = V2V*(X — R,(2)]'V2V*] = 2,

as desired. =

4. Subordination and conditional expectations. Our next goal is
to prove an analog of Biane’s theorem on analytic subordination and con-
ditional expectations for free additive convolution [I0, Theorem 3.1|. For
motivation, we first sketch the result in the scalar-valued case; here we as-
sume that the non-commutative probability spaces in question are tracial
von Neumann algebras and we denote by W*(X1,..., X,,) the von Neu-
mann subalgebra generated by Xi,...,X,,. Biane showed that if X and Y
are freely independent self-adjoint elements with distributions p and v re-
spectively, then there is an analytic function F : H — H such that

G (2) = G o F(2),
but even better than that,
By (x)[(z = X +Y) 1 = (F(2) - X) ™,

where Fyy-(x) is the conditional expectation from W*(X,Y) to W*(X).
Furthermore, Biane stated this equation in terms of a certain Markov ker-
nel giving “transition probabilities from X to X 4+ Y.” In the von Neumann
algebraic framework, a Markov kernel is equivalent to a unital completely
positive map @ from one von Neumann algebra to another. In this case, the
mapping goes

= incl

& : L*(Spec(X +Y),uBr) > W (X+Y) — W' (X,Y)

PV, () 55 £%(Spee(X), p),
where the second map is the inclusion and the third map is the condi-
tional expectation. Biane’s result says that the function z + (2 — x)7!
in L>=(Spec(X +Y),nBv) is sent by @ to the function x +— (F(z) — z)~!
in L>(Spec(X), ).

We pursue an analogous result in the setting of free convolution powers.
First, consider the scalar-valued setting. Let t > 1, and let P be a projection
of trace 1/t freely independent of X. The role of X + Y in the story for
additive convolution will now be played by ¢ PX P which is an element of the
von Neumann algebra PW*(X, P)P, where the trace is given by 7p(T) =
T(PTP)/7(P) = tr(PTP). We then consider the completely positive map
@ : L>®(Spec(tPX P), u®t) — L*°(Spec(X), u)) given as follows:

o incl

@ : L>®°(Spec(tPX P), u®) = W*(tPX P) 2% PW*(X, P)P

Ew(x) =
—

tincl, (X, p) W*(X) =5 L*(Spec(X), ).
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The multiplication by ¢ in the middle map is necessary to make @ unital;
as further motivation, consider that ¢ times the inclusion PW*(X, P)P —
W*(X, P) is the adjoint of the compression W*(X, P) — PW*(X, P)P with
respect to the GNS inner products associated to the trace. In this framework,
the analog of Biane’s result on subordination and conditional expectation
would be
Ew(x)[t(zP —tPXP)"'| = (F(2) - X)7!,

where [ is a function satistying G,m = G, o F'. Here we view P as the unit
in PW*(X, P)P. We can write this equivalently as

Ewx)[tP(z —tPXP)"'P] = (F(z) — X)~".

In the more general B-valued setting of Theorem [3.1] we need to replace P
by the “partial-isometry-like” operator V. Moreover, conditional expectations
onto C*-subalgebras do not exist in general, and the partial isometry V
often cannot be realized with respect to a conditional expectation F that
preserves some trace by Remark[3.4] Therefore, we will restrict our attention
to a B-valued probability space (A, E) which is the free product of (A1, E1)
and (Ag, E2) since the free product has a canonical conditional expectation
&1 : A — A described in Proposition (this proposition holds without
assuming that either of F; and Ejs is faithful or preserves any trace). The
B-valued subordination /conditional expectation relation that we want is thus

SV (z=V*XV)T'V* = (F(2) - X)L,

We will prove the existence of such an F' using the same techniques
as in the proof of Theorem which again were inspired by Haagerup and
Lehner’s proof in the case of additive convolution (although it is also possible
to give a more combinatorial proof along similar lines to Biane’s argument
for additive convolution |10, Proposition 3.2|). We remark that for operator-
valued convolution powers, unlike the case of additive free convolution, the
existence of a subordination function F' : H(B) — H(B) such that G, =
G, o F' is immediate, since manipulation of functional identities shows that
F(2) = n71(2) + (id =~ 1)(F,(z)). However, the conditional expectation
formula is not obvious from this fact. In any case, our proof below gives an
independent argument for the existence of I satisfying G\, = G, o F'.

Finally, while we have presented the result for additive convolution pow-
ers in parallel with additive convolution, one could also view Theorem as
a subordination result for a special case of multiplicative convolution since
the operator model is multiplicative in nature. For general results on sub-
ordination for multiplicative convolution, see [10, Theorems 3.5 and 3.6],
[4, §3], and [7].

THEOREM 4.1. Let (A1, E1) and (Ag, E2) be B-valued probability spaces
and (A, E) their free product. Let X € Ay be self-adjoint and let V € A
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satisfy (3.1) and (3.2). Let pu be the B-valued law of X and let v be the
B-valued law of V*XV with respect to the conditional expectation E[T] =
E[VTV*].

Then there exists a unique fully matricial function F : H(B) — H(B)
such that G, = G, o F', and moreover I satisfies

EQV(z—=V*XV)'V* = (F(z) = X)™!  for z € H(B)

where & : A — Ay is the canonical conditional expectation from the free
product construction (Proposition |2.22]).

Proof. As before, we omit the superscripts (n) for ease of notation. First,
we show that for z in a neighborhood of zero, we have

(4.1) GlV(G (z) - V*XV) WV = (G, (2) - X)7".
Recall that G, '(2) = 27! + Ry(2) = 27! + o R,(z). From the proof of
Theorem [3.1]

V(G (2) = V*XV) W =V (27 + no Ry(z) — VXV)~'V*

14

can be expressed as the sum f. Now the conditional expectation
onto A; of an alternating product of centered terms from A; and Ay is zero
unless the product has length zero, or the product has a single term from Aj;.
Therefore, the only terms in f that survive under the conditional
expectation are the k£ = 0 terms in and . Thus,

V(G H2) = V*XV)TIW = 2 4 &y (2)z.
Recalling the definition of @x(z), we obtain
24+ Px(2)z = (1+Dx(2)z = [1 — 2(X — Ru(2))] 2
= [T+ Ru(e) = X]7' = (G () - X)L

This shows (4.1)). By substituting G, (z) instead of z into (4.1]), we deduce
that if 2! is sufficiently small, then

SV (z—V*XV) 'V = (G, o Gy(z) - X)L
This is the identity that we want with F' = G ;' o G,..

Next, we must prove that F' extends to all of H(B). Let z € H(5). Then
im(z) > €l for some € > 0. Now im(z — V*XV') =im(z) > el. Thus,

im(z — V*XV)™ ! =im[(z = V*XV) " = V*XV)(2* = V*XV) !
= (z=V*XV) lim(z* = V*XV)(z* = V*XV)~!
= —(z=V*XV) lim(2)(z* - V*XV)!
< —elz=V*XV) et = VXV !
= —€|(z=V*XV)|72 < —¢||z — V*XV| 1.
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Therefore,
im& [V(z—VXV) W < —¢llz = VXV 25 [VV7.

Since V'V* is freely independent of A; in the free product, we get & [VV*] =
E[VV*] = 1. Thus,

im&[V(z—VXV) W < —¢llz = VXV |25 [VVH.
Hence, & [V (z — V*XV)~1V*] has imaginary part less than a negative mul-
tiple of 1, and so by similar reasoning to one before, & [V (z — V*XV)~1V*]
is invertible in £(H;) and its inverse has imaginary part bounded below by
a positive multiple of the identity. Let F' : H(B) — H(.A;) be given by

F(z)=(&V(z = V*XV) 'V~ + X.

We claim that F defines a fully matricial function H(B) — H(Ay).
Preservation of direct sums and similarity by scalar matrices in Defini-
tion[2.14)(1)—(2) follows by straightforward algebraic computations since mul-
tiplication by X and V(™ respects direct sums and similarities. The local
boundedness condition, Definition (3), follows from the fact that F/(2) is
uniformly bounded for all z with im(z) > € and ||z|| < R as a consequence of
the estimates we made in the process of showing invertibility of z — V*XV
and & [V (z — V*XV)~1V*].

Now if z is invertible with ||z~!|| sufficiently small, we have F\(z) = F(z),

1

so that F(z) actually takes values in H(B). Hence, when z~! is sufficiently

small, R R

By the identity theorem (see e.g. [14, Corollary 3.9.7]), this equality extends
to all of H(B). Therefore, F(z) always maps H(B) into H(B), and hence
provides the desired extension of F'(z) to all of H(B). Moreover, since G, =
G, o F holds when z € H(B) with ||z71| sufficiently small, again by the
identity theorem this relation extends to all of H(B). Uniqueness of F' follows
again by the identity theorem because F(z) = G;' o G,(z) when 271 is
sufficiently small. =

5. On convolution powers and sums. In the case where n = nid,
the free convolution power p7 is simply the n-fold free additive convolution
pwH - B p. Thus, it is natural to ask how the construction of u®" in The-
orem [3.1] relates to the construction of free additive convolution by adding
copies of the original operator in a free product space. We will now ex-
plain the relationship through an explicit transformation of the underlying
B-B-correspondences (Hilbert spaces in the scalar-valued case).

THEOREM 5.1. Let X be an operator on the B-B-correspondence H with
the expectation given by a unit vector £&. Write H = BE @ H°. Consider the
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free product correspondence *7_(H;,§;) where (H;,&;) is a copy of (H,§).
Let X be the jth copy of X acting on the free product.

Let K be the B-B-correspondence B®", and let e be the jth canonical
basis vector. Let K° = 0@ B®1) which is the orthogonal complement of
Bey. Let V € L(K) be the operator

by + -+ b, \ "
V(bl@"'@bn):<1+\/ﬁ+>

Form the free product correspondence (K,e1) * (H,§), and view V and X as
operators on (KC,e1) * (H,£).

There exists an isomorphism of B-B-correspondences

n
B % (045.6) — (V£ K), V()
(explicitly constructed in the proof below) such that
(5.1) Po(X1+--+X,)=VXVoo.

REMARK 5.2. Note that according to Theorem (3.1} if x®"id is the B-
valued law of X, then pu®" is the law of the operator VX V' on the pointed
B-B-correspondence V[(H,§) * (KC,e1)], where the unit vector is given by
V applied to the original unit vector. Meanwhile, u®" is also the free con-
volution of n copies of u, and so it is the B-valued law of the operator
Xy + o+ Xy on #]_ (H;,§;). Thus, VXV and Xj + -+ + X, must have

the same B-valued law and Theorem [5.1] is asserting that this fact can be
witnessed by an explicit spatial isomorphism.

Proof of Theorem . In other words, V' is y/n times the projection onto
the Be, where e = (1&- - EBl)/f We denote this projection by P = V/y/n.
Note that V(e;) = ¢ for j =1,.

Note that (H, &) * (IC,e1) can be Written as

(52)  (H,€)*(K,e1) <€B/C®B (H° @5 K°)5F 05 Hye1 0 €),
k=0

where e ®¢ is the vector in the K = 0 summand KX®H. Since K° = @?:2 Be;,
we can express the underlying correspondence as

EB @ K®p (H®° ®@pBej,) @5 - ®@p (H° @p Bej,) @B H.

(B D BoosH @pBey)0p - @5 (H @5 Be;,) ©u M, 01 9€).
k=0 j1,0esjl=2,...,n
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Meanwhile, we write

H]7§J (@ @ H;?l ®B”'®B ij ®B H17§1>7
k=0 j1#ja# - #ip#1

where &7 is the vector in the K = 0 summand ;. Let ¢ be the map given
on each of the summands in +_,; (H;, ;) as follows:

H;, @B @ H;, @ Hi
=H®p--- @ H R H
=B (H°@pB)@p - Qp(H° @ B) @ H
= Be @ (H° ®p Beji—jot+1) ®B - - -
- @B (H° ®p Bej,_,—j.+1) @8 (H° ®p Bej,) @ H,
where the indices are considered modulo n. Since the string is alternating,
Ji—1 — 7i + 1 will never equal 1 modulo n, and this is why the term on the

right-hand side is one of the summands occurring in V[(#,§) * (K, e1)]. Note
that @(&1) = e ® £ as desired.

Now we prove the intertwining relation (5.1)). Fix a vector
0=h1® - @hy®hy € HS ®p- @ H;, ®H1 C ,:1(7'1]'753‘)-
J:

Let us first consider the generic case where k£ > 0. Viewing h; as an element
of H, write

XE=bEDC, Xhy=bDh,

where b,0’ € B and (, h} € H°. Then we have
Xjihm®  @h@ho) =bha® - @hx @hg+h] @ha® -+ hy @ h.
Moreover, if j # ji, then

Xj[h1® - @ hy @ ho)

=bhi ®ha® - Qhp@hy+(@h @hy®---® h ® ho,
where (; is the copy of ¢ in Hj. Thus,
(X1 4+ +Xp)[0) =bhy® - @ h @ hg

+h/1®h2®"'®hk®ho

+(n—1)bh1 ® hy ® -+ ® hy ® hg

+ZCj®h1®h2®---®hk®h0.
J#J1

Then applying the map @, we get
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Do (X1 +-+X,)[0]
=e@(Vha®ej,—jy11) @ @ (hg ®e€j,) @ ho

+e® (M ®ej—jpt1) ®he @+ @ (h ®ej,) ® ho

+e®((n—1)bh1 ® €j,—jp41)) © (h2 ® €j,—jy41) @ -+ ® (hi ® €5,) © ho

+> e0((®e j11) @ (M @ejjp11) @ (ha @ €jyjy11) ® ...

J#n
X (hk X ejk) ® hyg.

Furthermore, we can reindex the sum over j # ji of e;_j,+1 as the sum over
j 75 1 of €;j.

Now on the other hand, we need to compute VXV o ® on our original
vector. First,

Plh1 @ @hp®@hol =e® (h1 ®ej,—jp41) ® -+ @ (hg @ ej,) @ ho.

The vector is already in the image of V', so V@[0] = /n®[f]. Now we compute
the application of the operator X, which is defined by decomposing the B-
B-correspondence (H, &) * (K, e1) into a tensor product of H on the left with
other terms. To this end, we write

Zej (1 ® €j,—jo4+1) ® -+ @ (hy @ €j,) ® ho
:(h1®6j1 —jz+1) @ @ (hy ® €5,) ® ho

+Zej ® (h ® €5y J2+1) ® - (hk@ejk) ® ho,

where we have separated out the e; term and written it without the e
because e; is the state vector. We apply the operator X and obtain

XVOO] =bejjyr1® (ha®ejs—jpi1) © - @ (hp @ ej,) @ hg
(h'1 ® €y —jot1) @+ ® (hy ®ej,) @ ho

+Zbeg (h1® €j,—j41) @+ @ (hy ® €j,) @ hg

+Z<®ej (h ® €j—j41) @ -+ @ (hg ® €5,) ® ho.

When we write this again in terms of the expansion (5.2)), we tack on e;®
to the front of the second and fourth lines. Then applying V again gives

VXVO] = bV (ej—jpr1) @ (ha ® ejy—jp11) @ -+ @ (he @ ej,) @ ho
+V(e1) @ (M @ ejy—joy1) @+ @ (hx @ ej,) ® ho
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n
+D bV (e) @ (h ®ejyjoi1) @+ @ (e ® e5,) ® ho
j=2

+Y) V(e)®(®e) @ (h @ ejy—jpr1) @+ @ (hg @ ej,) @ ho.
j=2

Since V(ej) =€ and be ® ¢ = eb® ¢ = € ® b¢ for vectors ¢, our computation
of VXV @[] agrees with our previous expression for @ o (X + --- + X,,)[0].

In the cases where k£ = 0, we can further split into the case of a vector
ho from H° and a multiple of £&. These arguments proceed in a similar way,
and are left as an exercise for the reader. u

Acknowledgements. We thank Roland Speicher for discussions early
in the development of this work. We thank the Fields Institute for their hospi-
tality during the Fall 2023 thematic program on operator algebras that sup-
ported our collaboration. We thank the Mathematische Forschungsinstitut
Oberwolfach for hosting us during the workshop “Non-commutative Func-
tion Theory and Free Probability” in Spring 2024 where these results were
first presented. We thank the referees for their helpful comments.

Funding. DJ was partially supported by the Fields Institute, the Na-
tional Science Foundation (US; grant DMS-2002826), the Natural Sciences
and Engineering Research Council (Canada; grant RGPIN-2017-05650), the
Danmarks Frie Forskningsfond (Denmark; grant 1026-00371B), and the Hori-
zon Marie-Sktodowska-Curie Actions (EU; grant 101209517). IC received
travel support from the Fields Institute.

References

[1]| G. Anderson, A. Guionnet, and O. Zeitouni, An Introduction to Random Matrices,
Cambridge Stud. Adv. Math. 118, Cambridge Univ. Press, 2010.

[2]l M. Anshelevich and J. Williams, Operator-valued monotone convolution semigroups
and an extension of the Bercovici-Pata bijection, Doc. Math. 21 (2016), 841-871.

[3]l M. Anshelevich, S. Belinschi, M. Février, and A. Nica, Convolution powers in the
operator-valued framework. Trans. Amer. Math. Soc. 365 (2013), 2063-2097.

[4]| S. Belinschi and H. Bercovici, A new approach to subordination results in free proba-
bility, J. Anal. Math. 101 (2007), 357-365.

[5]| S. Belinschi and H. Bercovici, Upgrading subordination properties in free probability
theory, J. Operator Theory 93 (2025), 115-122.

[6]| S. Belinschi, T. Mai, and R. Speicher, Analytic subordination theory of operator-
valued free additive convolution and the solution of a general random matrix problem,
J. Reine Angew. Math. 732 (2017), 21-53.

[7]| S. Belinschi, R. Speicher, J. Treilhard, and C. Vargas, Operator-valued free multiplica-
tive convolution: Analytic subordination theory and applications to random matriz
theory, Int. Math. Res. Notices 2015, 5933-5958.


http://dx.doi.org/10.1017/CBO9780511801334
http://dx.doi.org/10.4171/dm/547
http://dx.doi.org/10.1090/S0002-9947-2012-05736-9
http://dx.doi.org/10.1007/s11854-007-0013-1
http://dx.doi.org/10.7900/jot.2022dec2022.2405
http://dx.doi.org/10.1515/crelle-2014-0138
http://dx.doi.org/10.1093/imrn/rnu114

26

18]
19]
|10]
[11]
[12]

[13]

14]
[15]
[16]
[17]
[18]
[19]
[20]
21]
[22]
23]
[24]

[25]

[26]

27]
28]
29]

130]

I. Charlesworth and D. Jekel

H. Bercovici and V. Pata, Stable laws and domains of attraction in free probability
theory, Ann. of Math. (2) 149 (1999), 1023-1060.

H. Bercovici and D. V. Voiculescu, Superconvergence to the central limit and failure
of the Cramér theorem for free random variables, Probab. Theory Related Fields 103
(1995), 215-222.

P. Biane, Processes with free increments, Math. Z. 227 (1998), 143-174.

B. Blackadar, Operator Algebras: Theory of C*-Algebras and von Neumann Algebras,
Encyclopaedia Math. Sci. 122, Springer, Berlin, 2006.

K. Dykema, On the S-transform over a Banach algebra, J. Funct. Anal. 231 (2006),
90-110.

U. Haagerup, On Voiculescu’s R- and S-transforms for free non-commuting random
variables, in: Free Probability Theory, Fields Inst. Commun. 12, Amer. Math. Soc.,
1997, 127-148.

D. Jekel, Evolution equations in non-commutative probability, PhD thesis, Univ. Cal-
ifornia, Los Angeles, 2020.

D. Jekel and W. Liu, An operad of non-commutative independences defined by trees,
Dissertationes Math. 553 (2020), 100 pp.

D. S. Kaliuzhnyi-Verbovetskyi and V. Vinnikov, Foundations of Free Non-Commu-
tative Function Theory, Math. Surveys Monogr. 199, Amer. Math. Soc., 2014.

E. C. Lance, Hilbert C*-Modules: A Toolkit for Operator Algebraists, London Math.
Soc. Lecture Note Ser. 210, Cambridge Univ. Press, Cambridge, 1995.

F. Lehner, On the computation of spectra in free probability, J. Funct. Anal. 183
(2001), 451-471.

W. Liu, Relations between convolutions and transforms in operator-valued free prob-
ability, Adv. Math. 390 (2021), 107949.

J. Mingo and R. Speicher, Free Probability and Random Matrices, Fields Inst. Monogr.
35, Springer, New York, 2017.

A. Nica and R. Speicher. On the multiplication of free N-tuples of noncommutative
random variables, Amer. J. Math. 118 (1996), 799-837.

W. L. Paschke, Inner product modules over B*-algebras, Trans. Amer. Math. Soc.
182 (1973), 443-468.

M. Popa and V. Vinnikov, Non-commutative functions and the non-commutative
Lévy-Hin¢in formula, Adv. Math. 236 (2013), 131-157.

D. Shlyakhtenko, On operator-valued free convolution powers, Indiana Univ. Math. J.
62 (2013), 91-97.

R. Speicher, Combinatorial Theory of the Free Product with Amalgamation and Ope-
rator-Valued Free Probability Theory, Mem. Amer. Math. Soc. 132 (1998), no. 627,
x+88 pp.

D.-V. Voiculescu, Symmetries of some reduced free product C*-algebras, in: Operator
Algebras and their Connections with Topology and Ergodic Theory, Springer, Berlin,
1985, 556-588.

D.-V. Voiculescu, The analogues of entropy and of Fisher’s information measure in
free probability theory, I, Comm. Math. Phys. 155 (1993), 71-92.

D.-V. Voiculescu, Operations on certain non-commutative operator-valued random
variables, Astérisque 232 (1995), 243-275.

D.-V. Voiculescu, Analytic subordination consequences of free Markovianity, Indiana
Univ. Math. J. 51 (2002), 1161-1166.

D.-V. Voiculescu, Free analysis questions I: Duality transform for the coalgebra of
Ox.B, Int. Math. Res. Notices 2004, 793-822.


http://dx.doi.org/10.2307/121080
http://dx.doi.org/10.1007/BF01204215
http://dx.doi.org/10.1007/PL00004363
http://dx.doi.org/10.1007/3-540-28517-2
http://dx.doi.org/10.1016/j.jfa.2005.04.008
http://dx.doi.org/10.1090/fic/012
http://dx.doi.org/10.4064/dm797-6-2020
http://dx.doi.org/10.1090/surv/199
http://dx.doi.org/10.1017/CBO9780511526206
http://dx.doi.org/10.1006/jfan.2001.3748
http://dx.doi.org/10.1016/j.aim.2021.107949
http://dx.doi.org/10.1007/978-1-4939-6942-5
http://dx.doi.org/10.1353/ajm.1996.0034
http://dx.doi.org/10.2307/1996542
http://dx.doi.org/10.1016/j.aim.2012.12.013
http://dx.doi.org/10.1512/iumj.2013.62.4863
http://dx.doi.org/10.1090/memo/0627
http://dx.doi.org/10.1007/BFb0074909
http://dx.doi.org/10.1007/BF02100050
http://dx.doi.org/10.24033/ast.322
http://dx.doi.org/10.1512/iumj.2002.51.2252
http://dx.doi.org/10.1155/S1073792804132443

Models and subordination for free convolution powers 27

[31]| J. D. Williams, Analytic function theory for operator-valued free probability, J. Reine
Angew. Math. 2017 (2017), 119-149.

Tan Charlesworth David Jekel
School of Mathematics Department of Mathematical Sciences
Cardiff University University of Copenhagen
Cardiff, UK Copenhagen, Denmark

E-mail: charlesworthi@cardiff.ac.uk E-mail: daj@math.ku.dk


http://dx.doi.org/10.1515/crelle-2014-0106

	1. Introduction
	2. Preliminaries
	2.1. ℬ-valued non-commutative probability spaces
	2.2. ℬ-valued laws and analytic transforms
	2.3. ℬ-valued free independence and free products

	3. Realization of operator-valued convolution powers
	4. Subordination and conditional expectations
	5. On convolution powers and sums
	Acknowledgements
	Funding
	References

