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POISSON BOUNDARIES
OF MONOIDAL CATEGORIES

BY SERGEY NESHVEYEV AnD MakoTto YAMASHITA

ABSTRACT. — Given a rigid C*-tensor category C with simple unit and a probability measure p
on the set of isomorphism classes of its simple objects, we define the Poisson boundary of (C, ). This
is a new C*-tensor category 2, generally with nonsimple unit, together with a unitary tensor functor
IT: C — 2. Our main result is that if 2 has simple unit (which is a condition on some classical random
walk), then IT is a universal unitary tensor functor defining the amenable dimension function on C.
Corollaries of this theorem unify various results in the literature on amenability of C*-tensor categories,
quantum groups, and subfactors.

RESUME. — Etant données une C*-catégorie tensorielle rigide C dont I’objet unité est simple ainsi
qu'une mesure de probabilité u sur 'ensemble de classes d’isomorphisme des objets simples, nous
définissons la frontiére de Poisson de (C, ). C’est une nouvelle C*-catégorie tensorielle /2 dont I’objet
unité n’est pas, en général, simple, couplée avec un foncteur unitaire tensoriel I1: ¢ — 2. Notre
résultat principal assure que si I’objet unité de 2 est simple (ce qui se traduit par une condition sur
une certaine marche aléatoire classique), alors IT est un foncteur unitaire tensoriel universel qui définit
la fonction de dimension moyennable sur C. Les corollaires de ce théoréme unifient différents résultats
connus sur la moyennabilité des C*-catégories tensorielles, des groupes quantiques et des sous-facteurs.

Introduction

The notion of amenability for monoidal categories first appeared in Popa’s seminal
work [29] on classification of subfactors as a crucial condition defining a class of inclusions
admitting good classification. He then gave various characterizations of this property analo-
gous to the usual amenability conditions for discrete groups: a Kesten type condition on the
norm of the principal graph, a Felner type condition on the existence of almost invariant
sets, and a Shannon-McMillan-Breiman type condition on relative entropy, to name a few.

The research leading to these results has received funding from the European Research Council under the Euro-
pean Union’s Seventh Framework Programme (FP/2007-2013) / ERC Grant Agreement no. 307663.  Supported
by JSPS KAKENHI Grant Number 25800058.
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928 S. NESHVEYEV AND M. YAMASHITA

This stimulated a number of interesting developments in related fields of operator alge-
bras. First, Longo and Roberts [19] developed a general theory of dimension for C*-tensor
categories, and indicated that the language of sectors/subfactors is well suited for studying
amenability in this context. Then Hiai and Izumi [12] studied amenability for fusion alge-
bras/hypergroups endowed with a probability measure, and obtained many characterizations
of this property in terms of random walks and almost invariant vectors in the associated
£P-spaces. These studies were followed by the work of Hayashi and Yamagami [9], who estab-
lished a way to realize amenable monoidal categories as bimodule categories over the hyper-
finite II; factor.

In addition to subfactor theory, another source of interesting monoidal categories is the
theory of quantum groups. In this framework, the amenability question concerns the exis-
tence of almost invariant vectors and invariant means for a discrete quantum group, or some
property of the dimension function on the category of unitary representations of a compact
quantum group [1, 32, 2]. Here, one should be aware that there are two different notions
of amenability involved. One is coamenability of compact quantum groups (equivalently,
amenability of their discrete duals) considered in the regular representations, the other is
amenability of representation categories. These notions coincide only for quantum groups
of Kac type.

In yet another direction, Izumi [13] developed a theory of noncommutative Poisson
boundaries for discrete quantum groups in order to study the minimality (or lack thereof)
of infinite tensor product type actions of compact quantum groups. From the subsequent
work [16, 33] it became increasingly clear that for coamenable compact quantum groups the
Poisson boundary captures a very elaborate difference between the two amenability condi-
tions. Later, an important result on noncommutative Poisson boundaries was obtained by
De Rijdt and Vander Vennet [6], who found a way to compute the boundaries through
monoidal equivalences. In light of the categorical duality for compact quantum group
actions recently developed in [5, 21], this result suggests that the Poisson boundary should
really be an intrinsic notion of the representation category Rep G itself, rather than of the
choice of a fiber functor giving a concrete realization of Rep G as a category of Hilbert
spaces. Starting from this observation, in this paper we define Poisson boundaries for
monoidal categories.

To be more precise, our construction takes a rigid C*-tensor category C with simple unit
and a probability measure p on the set Irr(C) of isomorphism classes of simple objects, and
gives another C*-tensor category 2 together with a unitary tensor functor IT: £ — 2.
Although the category <P is defined purely categorically, there are several equivalent ways to
describe it, or at least its morphism sets, that are more familiar to the operator algebraists.
One is an analog of the standard description of classical Poisson boundaries as ergodic
components of the time shift. Another is in terms of relative commutants of von Neumann
algebras, in the spirit of [19, 9, 13]. For categories arising from subfactors and quantum
groups, this can be made even more concrete. For subfactors, computing the Poisson
boundary essentially corresponds to passing to the standard model of a subfactor [29]. For
quantum groups, not surprisingly as this was our initial motivation, the Poisson boundary
of the representation category of G can be described in terms of the Poisson boundary of G.
The last result will be discussed in detail in a separate publication [25], since we also want to
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POISSON BOUNDARIES OF MONOIDAL CATEGORIES 929

describe the action of G on the boundary in categorical terms and this would lead us away
from the main subject of this paper.

Our main result is that if 2 has simple unit, which corresponds to ergodicity of the
classical random walk defined by p on Irr(C), then IT: C — P is a universal unitary tensor
functor which induces the amenable dimension function on C. From this we conclude
that C is amenable if and only if there exists a measure p such that IT is a monoidal
equivalence. The last result is a direct generalization of the famous characterization of
amenability of discrete groups in terms of their Poisson boundaries due to Furstenberg [7],
Kaimanovich and Vershik [17], and Rosenblatt [31]. From this comparison it should be
clear that, contrary to the usual considerations in subfactor theory, it is not enough to work
only with finitely supported measures, since there are amenable groups which do not admit
any finitely supported ergodic measures [17]. The characterization of amenability in terms
of Poisson boundaries generalizes several results in [29, 19, 9]. Our main result also allows
us to describe functors that factor through IT in terms of categorical invariant means. For
quantum groups this essentially reduces to the equivalence between coamenability of G and
amenability of G [32, 2].

Although our theory gives a satisfactory unification of various amenability results, the
main remarkable property of the functor I1: C — 2 is, in our opinion, the universality. If
the category 2 happens to have a simpler structure compared to C, this universality allows
one to reduce classification of functors from C inducing the amenable dimension function to
an easier classification problem for functors from 2. This idea will be used in [26] to classify
a class of compact quantum groups.

Acknowledgements. — M.Y. thanks M. Izumi, S. Yamagami, T. Hayashi, and R. Tomatsu for
their interest and encouragement at various stages of the project.

1. Preliminaries

1.1. Monoidal categories

In this paper we study rigid C*-tensor categories. By now there are many texts covering the
basics of this subject, see for example [35, 20, 24] and references therein. We mainly follow the
conventions of [24], but for the convenience of the reader we summarize the basic definitions
and facts below.

A C*-category is a category C whose morphism sets C(U, V') are complex Banach spaces
endowed with complex conjugate involution C(U,V) — C(V,U), T +— T* satisfying the
C*-identity. Unless said otherwise, we always assume that C is closed under finite direct
sums and subobjects. The latter means that any idempotent in the endomorphism ring
C(X) = C(X, X) comes from a direct summand of X.

A C*-category is said to be semisimple if any object is isomorphic to a direct sum of
simple (that is, with the endomorphism ring C) objects. We then denote the isomorphism
classes of simple objects by Irr( ) and assume that this set is at most countable. Many results
admit formulations which do not require this assumption and can be proved by considering
subcategories generated by countable sets of simple objects, but we leave this matter to the
interested reader.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



930 S. NESHVEYEV AND M. YAMASHITA

A unitary functor, or a C*-functor, is a linear functor of C*-categories F: ¢ — ('
satisfying F(T*) = F(T)*.

In this paper we frequently perform the following operation: starting from a C*-cate-
gory C, we replace the morphisms sets by some larger system (X, Y) naturally containing
the original C(X,Y). Then we perform the idempotent completion to construct a new cate-
gory &). That is, we regard the projections p € ) (X) as objects in the new category, and
take g S)(X,Y)p as the morphism set from the object represented by p € £ (X) to the
one by ¢ € & (Y). Then the embeddings C(X,Y) — (X,Y) can be considered as a
C*-functor C — .

A C*-tensor category is a C*-category endowed with a unitary bifunctor ®: C x C — C,
a distinguished object 1 € C, and natural unitary isomorphisms

19U ~U~U®1, QUV,WEURV)QW - U® (V& W)

satisfying certain compatibility conditions.

A unitary tensor functor, or a C*-tensor functor, between two C*-tensor categories C
and (' is given by a triple (Fo, F, F»), where F is a C*-functor C — (', F, is a unitary
isomorphism 1, — F(1¢), and F; is a natural unitary isomorphism F(U) ® F(V) —
F(U ® V), which are compatible with the structure morphisms of € and . As a rule, we
denote tensor functors by just one symbol F.

When C is a strict C*-tensor category and U € C, an object V is said to be a dual object
of U if there are morphisms R € (1, V @ U) and R € C(1, U ® V) satisfying the conjugate
equations

(v ® R*)(R®1y) =1y, (v ® R)(R®w) = w.
If any object in C admits a dual, Cis said to be rigid and we denote a choice of adual of U € C
by U. We assume that rigid C*-tensor categories have simple tensor units.
A rigid C*-tensor category (with simple unit) has finite dimensional morphism spaces and

hence is automatically semisimple by our assumption of existence of subobjects.
The quantity

d®(U) = min |[R] | R|
(R,R)

is called the intrinsic dimension of U, where (R, R) runs through the set of solutions of conju-
gate equations as above. We omit the superscript C when there is no danger of confusion. A
solution (R, R) of the conjugate equations for U is called standard if

IR[ = Rl = d(U)"/>.
Solutions of the conjugate equations for U are unique up to the transformations
(R,R)~ (T*®@ )R, (t® T"HR).

Furthermore, if (R, R) is standard, then such a transformation defines a standard solution
if and only if 7 is unitary.

In a rigid C*-tensor category C we often fix standard solutions (Ry, Ry) of the conjugate
equations for every object U. Then C becomes spherical in the sense that one has the equality
R(t®T)Ry = R,*J(T ® )Ry forany T € C(U). The normalized linear functional

try(T) = d(U) 'R (:® T)Ry = d(U)""R}(T ® )Ry

4¢ SERIE - TOME 50 — 2017 — N° 4



POISSON BOUNDARIES OF MONOIDAL CATEGORIES 931

is a tracial state on the finite dimensional C*-algebra C (U). It is independent of the choice
of a standard solution. More generally, for any objects X, U and V we can consider the
normalized partial categorical traces

try UCX QU,XQ®V)— CU,V) and (Qtrx: C(U R X,V ® X) — CU, V).
Namely, with a standard solution (Ry, Ry) as above, we have
(try ®)(T) = d(X)" (Rx®)(QT)(Rx®1), (t®trx)(T) = d(X)™' ((®@Ry)(T®)(t®Rx).

Given a rigid C*-tensor category C, if [U] and [V] are elements of Irr((C), we can define
their product in Z 4 [Irr(C)] by putting

[U]-vl= Y dimCW.U @ V)[W].
[W]elrr(0)
thus getting a semiring Z [Irr(C)]. Extending this formula by bilinearity, we obtain a
ring structure on Z[Irr(C)]. The map [U] ~ d(U) extends to a ring homomorphism
Z[Irr(C)] — R. The pair (Z[Irr(C)], d) is called the fusion algebra of C. In general, a ring
homomorphism d’: Z[Irr(C)] — R satisfying d’([U]) > 0 and d’([U]) = d'([U]) for
every [U] € Irr(C) is said to be a dimension function on C.

For a rigid C*-tensor category C, the right multiplication by [U] € Irr(C) on Z[Irr(C)]
can be considered as a densely defined operator I'yy on ¢2(Irr(C)). This definition extends to
arbitrary objects of C by the formula Ty = ) ycprr(ey dim(V, U)Ty. If d' is a dimension
function on C, one has the estimate

ITu | B2 arceyy < d'(U).

If the equality holds for all objects U, then the dimension function d’ is called amenable.
Clearly, there can be at most one amenable dimension function. If the intrinsic dimension
function is amenable, then C itself is called amenable.

1.2. Categories of functors

Given a rigid C*-tensor category C we will consider the category of unitary tensor func-
tors from C into C*-tensor categories. Its objects are pairs (o7, E), where ¢ is a C*-tensor
category and E: C — &7 is a unitary tensor functor. The morphisms (7, E) — (B, F) are
unitary tensor functors G: ¢Z — B, considered up to natural unitary monoidal isomor-
phisms, (U such that GE is naturally unitarily isomorphic to F.

A more concrete way of thinking of this category is as follows. First of all we may
assume that C is strict. Consider a unitary tensor functor E: C — ¢#Z. The functor E is
automatically faithful by semisimplicity and existence of conjugates in C. It follows that by
replacing the pair (¢#, E) by an isomorphic one, we may assume that ¢# is a strict C*-tensor
category containing C and E is simply the embedding functor. Namely, define the new sets
of morphisms between objects U and V in C as ¢Z(E(U), E(V)), and then complete the
category we thus obtain with respect to subobjects.

Assume now that we have two strict C*-tensor categories ¢ and 3 containing C, and
letE: C — o#and F: C — B bethe embedding functors. Assume [G]: (#, E) — (B, F) is

M Therefore the category of functors from C we consider here is different from the category Zens((C) defined in [25],
where we wanted to distinguish between isomorphic functors and defined a more refined notion of morphisms.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



932 S. NESHVEYEV AND M. YAMASHITA

a morphism. This means that there exist unitary isomorphisms ny: G(U) — U in 3 such
that G(T) = r)I_,l Tny for any morphism 7" € C(U, V), and the morphisms

G (U VEGU)®GV)—>GUQRYV)

defining the tensor structure of G restricted to C are given by G,(U, V) = n;}g,y(nu ®ny).
For objects U of ¢ that are notin Cput ny = 1 € B(G(U)). We can then define
a new unitary tensor functor G: ¢Z — B by letting G(U) = U for objects U in C
and G(U) = G(U) for the remaining objects, G(T) = 17VG(T)1751 for morphisms, and
G2(U, V) = nuev G2(U, V)(n' ® n'). Then [G] = [G] and the restriction of G to C C A
coincides with the embedding (tensor) functor € — 3.

Therefore, any unitary tensor functor ¢ — &7 is naturally unitary isomorphic to an
embedding functor, and the morphisms between two such embeddings E: C — ¢# and
F:C — (B are the unitary tensor functors G: ¢# — 3 extending F, considered up to
natural unitary isomorphisms. If, furthermore, ¢7 is generated by the objects of C then [G] is
completely determined by the maps Z(U,V) — AB(U, V) extending the identity maps
on C(U, V) for all objects U and V in C.

1.3. Subfactor theory

Let N C M be an inclusion of von Neumann algebras represented on a Hilbert space H.
There is a canonical bijective correspondence between the normal semifinite faithful oper-
ator valued weights ®: M — N and the ones ¥: N’ — M’ in terms of spatial derivatives [4].
Namely, for every @ there is a unique ¥ denoted by ®~! and characterized by the equation

do®  do
do'  dw'd1’
where w and ' are any choices of normal semifinite faithful weights on N and M’.

If F is a normal faithful conditional expectation from M to N, its index Ind E can be
defined as E~'(1) [18]. Suppose that M and N are factors admitting conditional expecta-
tions of finite index. Then the index is a positive scalar and there is a unique choice of E
which minimizes Ind E. This E is called the minimal conditional expectation of the subfactor
N C M [10].

Suppose that N C M is a subfactor endowed with a normal conditional expectation of
finite index £: M — N. We then obtain a von Neumann algebra M, called the basic exten-
sion of N C M with respect to E, as follows. Taking a normal semifinite faithful weight
on N, thealgebra M; C B(L?*(M,¥E))is generated by M and the orthogonal projection ey,
called the Jones projection, onto L2(N, ) C L?(M, ¥E). One has the equality M; = JN'J,
where J is the modular conjugation of M with respect to W E. From the above correspon-
dence of operator valued weights, there is a canonical conditional expectation Ey: M; — M
which has the same index as E, namely, £; = (Ind E)"'JE~!(J - J)J. Iterating this proce-
dure, we obtain a tower of von Neumann algebras

NCcCMcM CM,C---.
The higher relative commutants

N NMp={xeM|VyeN:xy=yx}

4¢ SERIE - TOME 50 — 2017 — N° 4



POISSON BOUNDARIES OF MONOIDAL CATEGORIES 933

are finite dimensional C*-algebras, with bound dim(N’ N M) < (Ind E)¥. The alge-
bras M’ N M, (k € N) can be considered as the endomorphism rings of M @y M Qpy -+ Qn M
in the category of M -bimodules, and there are similar interpretations for the algebras N’ N Moy 1,
etc., in terms of N-bimodules, M-N-modules, and N-M -modules.

1.4. Relative entropy

An important numerical invariant for inclusions of von Neumann algebras, closely related
to index, is relative entropy. For this part we follow the exposition in [22].

When ¢ and  are positive linear functionals on a C*-algebra M, we denote their relative
entropy by S(g, ¥). If M is finite dimensional, it can be defined as

Tr(Qy(log Qp —log Qy)), if ¢ <Ay forsome A >0,
0, otherwise,

S(p,¥) =

where Tr is the canonical trace on M which takes value 1 on every minimal projection in M,
and Q, € M is the density matrix of ¢, so that we have ¢(x) = Tr(xQ,,). For a single positive
linear functional ¢ on a finite dimensional M, we also have its von Neumann entropy defined
as S(y) = —Tr(Qy log Oy).

Given an inclusion of C*-algebras N C M and a state ¢ on M, the relative entropy
Hy,(M|N) (also called conditional entropy in the classical probability theory) is defined as
the supremum of the quantities

> (Si.9) = S(@iln. ¢In)

1

where (¢;); = (¢1,...,9) runs through the tuples of positive linear functionals on M
satisfying ¢ = Zf;l @;. If M is finite dimensional, this can also be written as

Hy(M|N) = S(p) — S(p|n) + sup > (S(eiln) = S(@i)).
Yi)i

where supremum is again taken over all finite decompositions of ¢.

Relative entropy has the following lower semicontinuity property. Suppose that N C M is
an inclusion of von Neumann algebras and ¢ is a normal state on M. Suppose that B; C A4;
(i = 1,2,...)are increasing sequences of subalgebras B; C N, A; C M such that | J; A; and
\; B; are s*-dense in M and N, respectively. Then one has the estimate

H,(M|N) < liminf H,(A;|B;).
1

If N C M is an inclusion of von Neumann algebras and E: M — N is a normal
conditional expectation, the relative entropy of M and N with respect to E is defined by

Hg(M|N) = sup H,(M|N),
¢

where ¢ runs through the normal states on M satisfying ¢ = ¢E [11]. If M and N are factors,
then we have the estimate Hg (M |N) < logInd E.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



934 S. NESHVEYEV AND M. YAMASHITA

2. Categorical Poisson boundary

Let C be a strict rigid C*-tensor category satisfying our standard assumptions: it is closed
under finite direct sums and subobjects, the tensor unit is simple, and Irr(C) is at most
countable.

Let 1 be a probability measure on Irr( (). The Poisson boundary of (C, i) will be a new
C*-tensor category 2, possibly with nonsimple unit, together with a unitary tensor functor
IT: C — P. In this section we define (2, IT) in purely categorical terms. In the next section
we will give several more concrete descriptions of this construction.

For an object U consider the functor t @ U: C — C, X — X ® U. Given two objects U
and V, consider the space Nat(t® U, t® V') of natural transformations from (Q U to t® V', so
elements of Nat(t ® U, ® V) are collections n = (nx)x of morphisms nx: X U - X Q V,
natural in X. For every object X we can define a linear operator Py on Nat(t ® U,: ® V') by

Px(n)y = (trx @) (nxeyv)

with the partial categorical trace introduced in Section 1.1. Denote by &(U V) C
Nat(t ® U,t ® V) the subspace of bounded natural transformations, that is, of elements 7
such that supy ||ny | < co. More concretely, taking a representative Uy for each s € Irr(C),
we can present @(U, V) as

CU.V) = (=P CU; @ U.U; ® V),

since the natural transformations are determined by their actions on the simple objects. This
is a Banach space, and the operator Py defines a contraction on it. It is also clear that the
operator Py depends only on the isomorphism class of X.

From now on let us fix a representative Uy for every s € Irr(C) as above. We write trg
instead of try,, Py instead of Py,, and so on. Similarly, for a natural transformation
n:t® U — 1 ® V we write 7, instead of g, . Let also denote by e € Irr(C) the index corre-
sponding to 1. For convenience we assume that U, = 1. Define an involution on Irr(C)
such that Us is a dual object to Us.

Consider now the operator

Py =" u(s)P;.

This is a well-defined contraction on @(U , V). We say that a bounded natural transformation
Nt @U — 1 ® V is Py-harmonic if
P u(n) =1.

Any morphism 7:U — V defines a bounded natural transformation (tx ® T)x, which
is obviously P,-harmonic for every p. When there is no ambiguity, we denote this natural
transformation simply by 7.

The composition of harmonic transformations is in general not harmonic. But we can
define a new composition as follows.

4¢ SERIE - TOME 50 — 2017 — N° 4



POISSON BOUNDARIES OF MONOIDAL CATEGORIES 935

PROPOSITION 2.1. — Given bounded P, -harmonic natural transformations n: 1 @ U - 1 ® V
andv:i @V — 1@ W, the limit

(v-mx = lim P/ (vn)x
n—00

exists for all objects X and defines a bounded P,-harmonic natural transformation
t® U — 1+ ® W. Furthermore, the composition - is associative.

Note that since the spaces C(X ® U, X ® W) are finite dimensional by our assumptions
on C, the notion of a limit is unambiguous.

Proof of Proposition 2.1. — This is an immediate consequence of results of Izumi [15]
(another proof will be given in Section 3.1). Namely, replacing U, V and W by their direct
sum we may assume that U = V = W. Then

CU) = CU.U) = t>-EP C(U; ® U)

is a von Neumann algebra and P, is a normal unital completely positive map on it. By [15,
Corollary 5.2] the subspace of P, -invariant elements is itself a von Neumann algebra with
product - such that x - y is the s*-limit of the sequence { P/} (xy)}x. O

Using this product on harmonic elements we can define a new C*-tensor category
P = P, and a unitary tensor functor IT = Il¢,,: C — P as follows.

First consider the category &3 with the same objects as in C, but define the new
spaces (U, V) of morphisms as the spaces of bounded P,-harmonic natural transfor-
mations t ® U — ¢ ® V. Define the composition of morphisms as in Proposition 2.1. We
thus get a C*-category, possibly without subobjects. Furthermore, the C*-algebras 2 (U)
are von Neumann algebras.

Next, we define the tensor product of objects in the same way as in C, and define the tensor
product of morphisms by

ven=0vey-en).
Here, given vii @ U — (® Vand 1t ® W — « ® Z, the natural transformation
VRIztQU ®Z - 1®V ® Z is defined by

(V®iz)x =vx ® iz,

while the natural transformation iy ® n:t @ U @ W — 1 ® U ® Z is defined by

(lw ® Mx = nxeu-
We remark that v ® ¢ and ¢ ® n are still P,,-harmonic due to the identities
Px(v®u) =Px(v)®t, Px(t®mn) =1® Px(n).
Note also that by naturality of n we have (vy ® tz)nxeu = nxev (Vx ® tz), which implies
that
veN=0w®n-(vey.
This shows that ®: 2 x L — L is indeed a bifunctor. Since C is strict, this bifunctor is
strictly associative.

Finally, complete the category (53 with respect to subobjects. This is our C*-tensor cate-
gory P, possibly with nonsimple unit. Since C is rigid, the category 2 is rigid as well. The
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unitary tensor functor IT: C — P is defined in the obvious way: it is the strict tensor functor
which is the identity map on objects and I1(7) = (1x ® T)y on morphisms. We will often
omit IT and simply consider C as a C*-tensor subcategory of 7.

DEFINITION 2.2. — The pair (2, IT) is called the Poisson boundary of (C, ). We say that
the Poisson boundary is trivial if IT: C — 2 is an equivalence of categories, or in other
words, for all objects U and V in C the only bounded P,-harmonic natural transformations
t® U — 1 ® V are the transformations of the form n = (ix ® T)x for T € C(U, V).

The algebra 2(1) is determined by the random walk on Irr( () with transition probabil-
ities
"d(ryd(s)’
where d(s) = d(Us) and m’; = dim C(U;, U, ® Uy). Namely, if we identify C(1) with
(=-@P C(Us) = €2 Are(0)),
s

Puls,t) =Y u(rym; 40

then the operator P, on @(1) is the Markov operator defined by p,, so (Puf)(s) =
> Pu(s 1) f(t). Therefore JP(1) is the algebra of bounded measurable functions on the
Poisson boundary, in the usual probabilistic sense, of the random walk on Irr(() with tran-
sition probabilities p,, (s, ). We say that u is ergodic, if this boundary is trivial, that is, the
tensor unit of 2 is simple.

We say that u is symmetric if u(s) = wu(5) for all s, and that p is generating if every simple
object appears in the decomposition of Uy, ® --- ® Uy, for some sq,...,s, € supp u and
n > 1. Equivalently, p is generating if  J,,.., supp u** = Irr(C), where the convolution of
probability measures on Irr(C) is defined b§

d
CEINIGEDY ”(S)“(r)mbﬁo?(r)'

s,r

We write u” instead of w*". The definition of the convolution is motivated by the identity
Py P, = Pyyy.

We remark that a symmetric ergodic measure u, or even an ergodic measure with
symmetric support, is automatically generating. Indeed, the symmetry assumption implies
that we have a well-defined equivalence relation on Irr(C) such that s ~ ¢ if and only if # can
be reached from s with nonzero probability in a finite nonzero number of steps. Then any
bounded function on Irr(C) that is constant on equivalence classes is P,,-harmonic. Hence
W is generating by the ergodicity assumption.

Let us say that Cis weakly amenable if the fusion algebra (Z[Irr(C)], d) is weakly amenable
in the sense of Hiai and Izumi [12], that is, there exists a left invariant mean on £°° (Irr(C)). By
definition this is a state m such that m(Pg(f)) = m(f) forall f € £°(Irr(C)) and s € Irr(C).
Of course, it is also possible to define right invariant means, and by [12, Proposition 4.2] if
there exists a left or right invariant mean, then there exists a bi-invariant mean. By the same
proposition amenability implies weak amenability, as the term suggests. But as opposed to
the group case, in general, the converse is not true. Using this terminology let us record the
following known result.
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PROPOSITION 2.3. — An ergodic probability measure on Irr(C) exists if and only if C is
weakly amenable. Furthermore, if an ergodic measure exists, then it can be chosen to be
symmetric and with support equal to the entire space Irr(C).

Proof. — If p is an ergodic measure, then any weak® limit point of the sequence
n~! Zz;}, uF defines a right invariant mean. For random walks on groups this implica-
tion was observed by Furstenberg. The other direction is proved in [9, Theorem 2.5]. It is an
analog of a result of Kaimanovich-Vershik and Rosenblatt. O

It should be remarked that if the fusion algebra of C is weakly amenable and finitely
generated, in general it is not possible to find a finitely supported ergodic measure [17,
Proposition 6.1].

To finish the section, let us show that, not surprisingly, categorical Poisson boundaries are
of interest only for infinite categories.

PROPOSITION 2.4. — Assume C is finite, meaning that Irr(C) is finite, and  is generating.
Then the Poisson boundary of (C, i) is trivial.

Proof. — The proof is similar to the proof of triviality of the Poisson boundary of a
random walk on a finite set based on the maximum principle. Fix an object U in C and
assume that n € @(U ) is positive and P,-harmonic. We claim that if n # 0 then there
exists a positive nonzero morphism 7 € C(U) such that n > T. Assuming that the claim
is true, we can then choose a maximal 7" with this property. Applying again the claim to the
element n — T, we conclude that n = T by maximality.

In order to prove the claim observe that n, € C(U) is nonzero. Indeed, by assumption
there exists s such that g # 0. Since the categorical traces are faithful, and therefore partial
categorical traces are faithful completely positive maps, it follows that Ps(n). # 0. Since
s € supp u"* for some n > 1, we conclude that n, = Py» (1), # 0.

Denote the positive nonzero element 5, € C(U) by S. Fix s € Irr(C). Let (Ry, Ry) be a
standard solution of the conjugate equations for U, and p € C (Us ® Uy) be the projection
defined by p = d(s)~' RyR*. By naturality of  we then have Ng,eu, = P ® S, whence

Ps(n)s > (tr; @) (p) ® S = d(s) 2t ® S).

Using the generating property of u and finiteness of Irr(C), we conclude that there exists a
number A > 0 such that ; > ¢ ® AS for all 5. This proves the claim. O

3. Realizations of the Poisson boundary

As in the previous section, we fix a strict rigid C*-tensor category C and a probability
measure y on Irr(C). In Sections 3.2 and 3.3 we will in addition assume that u is generating.
Let IT: C — P be the Poisson boundary of (C, ). Our goal is to give several descriptions
of the algebras J2(U) of harmonic elements.
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3.1. Time shift on the categorical path space

Fix an object U. Denote by ML(,O) the von Neumann algebra @(U) = (®°-P, C(Us®U).
More generally, for every n > 0 consider the von Neumann algebra

M = Endp(t 1 ® U),

SO M((J”) consists of bounded collections n = (7x,,.....xo)X,....Xo of natural in X,, ..., Xo
endomorphisms of X, ® --- ® Xo ® U. We consider M[(]") as a subalgebra of Ml(,"ﬂ) using
the embedding

Taking compositions of such conditional expectations we get normal conditional expecta-
tions

Eno: M — M.
These conditional expectations are not faithful for » > 1 unless the support of u is the
entire space Irr(C). The support of E, ¢ is a central projection, and we denote by Wg’) the
reduction of M, l(]") by this projection. More concretely, we have a canonical isomorphism

(1) MP =12 P U, @ ®Us,®U).

S715e00>81 ESUPD U
so€lrr(0)

The conditional expectations E,o define normal faithful conditional expectations
Eno: pﬂfig’) — ijg)) = MI(JO), and similarly E, 11, define conditional expectations £,+1 .
Denote by My the von Neumann algebra obtained as the inductive limit of the alge-

bras ng) with respect to &, . In other words, take any faithful normal state ¢g))

on Wg)). By composing it with the conditional expectation £, we get a state qbgl )
on cﬂ/lg’). Together these states define a state on | J, cﬂ/lg’). Finally, complete | J, cﬂ%g’)
to a von Neumann algebra ¢#y in the GNS-representation corresponding to this state.
Denote the corresponding normal state on My by ¢y .

Note that if we start with a trace on W(L(,)) which is a convex combination of the
traces try, U, then the corresponding state ¢y on My is tracial. Since it is faithful on ng)
for every n, it is faithful on ¢#y . This shows that ¢}y is a finite von Neumann algebra.
Furthermore, the ¢y -preserving normal faithful conditional expectation £,: My — Wg’)
coincides with £,41 , on @ﬂfig’ﬂ). It follows that on the dense algebra | J,,, cﬂ/lg") the condi-
tional expectation &, is the limit, in the pointwise s*-topology, of €n+1.n Cnta.n+1°** Em+1,m
as m — oo. Hence &), is independent of the choice of a faithful normal trace ¢((JO ) as above.

Define a unital endomorphism 6y of |, Ml(]") such that 6y (M l(]")) C Ml(]"H) by
Ou (MDXyt1,enXo = NXpg1sX2.X1®X0 -

Considering c%g‘) as a quotient of M((Jk) we get a unital endomorphism of  J,, oﬂ/lgl).
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LeMMA 3.1. — The endomorphism 0y of | J, cﬂ/lg’) extends to a normal faithful endomor-
phism of oMy, which we continue to denote by Oy .

Proof. — Consider the normal semifinite faithful (n.s.f.) trace 1//1(10 ) = >, d(s)* try,eu on

MY = - CUs; ®U)
N

and put vy = 1//{,0)
to show that the restriction of ¥y to |, Q/'lflg’) is Oy -invariant. Indeed, if the invariance
holds, then we can define an isometry U on L2(cMy, Yu) by UAy, (x) = Ay, (Ou(x))
forx € |, ng) such that ¥y (x*x) < co. Let H C L?(cMy, Yv) be the image of U and
M be the von Neumann algebra generated by the image of 6y. Then H is ¢M-invariant.
We can choose 0 < ¢; < 1 such that Oy (e;) — 1 strongly and Yy(e;) < oo. Now, if
X € oMy issuch that x|y = 0, then Yy (Oy (¢;)x0y (e;)) = 0, and by lower semicontinuity
we get Yy (x) = 0, so x = 0. Therefore we can define 6y as the composition of the map
My — B(H), x — UxU*, with the inverse of the map ¥ — M|g.

It remains to check the invariance. By definition we have Cn42,+100 = OuCntinm
on ojl/lg’ﬂ) for all n > 0. This implies that £,4+10y = 0y €, on |, o/%gc). It follows that
forany x € |, Wg’) we have

Yuby (x) = Yu €100 (x) = Yubu Eo(x) = Yu Eobu Eo(x).
This implies that it suffices to show that Yy E9fy = Yy on CMS))' Since try,gu = trs(t ® try),
it is enough to consider the case U = 1. Note also that o0y = P, on ojl/lg)). Thus we have

to check that 1 P, = 1 on W%O) = {*°(Irr(C)). This is equivalent to the easily verifiable
identity u * m = m, where m = Y__ d(s)*6;. O

Eo. Then Yy is an n.s.f. trace. In order to prove the lemma it suffices

We call the endomorphism 8y of ¢y the time shift. Now, take n € o]ﬁ/lg)). Then for every
n > 0 we can define an element ™ e M l(]") by

(n) _
X, Xo = 1Xn®-®Xo-

Consider the image of 7 in oﬂ/lg” and denote it again by 7™, since this is the only element
we are interested in. Then 5 is P,-harmonic if and only if £;,0(n") = 7, and in this case
Entinm (n" 1) = »™ for all n. Therefore if 7 is P, -harmonic, then the sequence {1, is
a martingale. Denote by (® € My its s*-limit.

PROPOSITION 3.2. — The map n + 1'® is an isomorphism between the von Neumann
algebra P(U) of P,,-harmonic bounded natural transformations t @ U — 1 ® U and the fixed
point algebra OJM?JU. The inverse map is given by x — Eo(x).

Proof. — By definition we have ™ = 0, (). It follows that if 5 is P,-harmonic, so that
n™ — 7 then the element 7> is Oy -invariant. We also clearly have (1) = .

Conversely, take x € QM%U . The proof of Lemma 3.1 implies that £,4+10y = 6y E,.
Hence the martingale {x, = E,(x)}, has the property x,+1 = Oy (x,). As Eoby = Py
on MY, we conclude that xo is P,,-harmonic and x{™ = x.

We have thus proved that the maps in the assertion are inverse to each other. Since they
are unital completely positive, they must be isomorphisms. O
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The bijection between 2(U) and oﬂ%?}] could be used to give an alternative proof of
Proposition 2.1. Namely, we could define a product - on harmonic elements by
ven = (). Since vy js the s*-limit of the elements vy = (vy)),
and Eo((vn)®) = Pl (vn), it follows that P/ (vn) — v -5 in the s*-topology, which is
equivalent to saying that Pj(vn)x — (v -n)x for every X.

3.2. Relative commutants: Izumi-Longo-Roberts approach

We will now modify the construction of the algebras ¥y to get algebras ¢/ and an
identification of 2(U) with o7 N Ny . Conceptually, instead of considering all paths of
the random walk defined by w, we consider only paths starting at the unit object. The time
shift is no longer defined on this space, but by considering a larger space we can still get a
description of S2(U) in simple von Neumann algebraic terms. For this to work we have to
assume that u is generating, so that we can reach any simple object from the unit.

This identification of harmonic elements is closely related to Izumi’s description of
Poisson boundaries of discrete quantum groups [13]. A similar construction was also used
by Longo and Roberts using sector theory [19]. More precisely, they worked with a some-
what limited form of u and what we obtain is a possibly infinite von Neumann algebra for
what corresponds to the finite gauge-invariant von Neumann subalgebra in their work.

We first put V' = @sesupp u Us. In the case supp w is infinite, this should be understood
only as a suggestive notation which does not make sense inside C. Given an object U,
by C(V®" ® U) we understand the space

P U, e U, UU;,& ®U;®U)
S Sk ESUpD W'
endowed with the obvious *-algebra structure. Similarly to Section 3.1 we have completely

positive maps

Entin = 3 u(s)(try ®0): LV @ U) - LV © U),

and taking the composition of these maps we get maps
Eno: CVE" @ U) — CU).

Then a)g') = try Enp is a state on C(V®" ® U). We denote by ng') the von Neumann
algebra generated by C(V®" ® U) in the GNS-representation defined by this state. The
elements of JV%’;) are represented by certain bounded families in the direct product of the
morphism sets

CUs, ® @ Us; ®U.Ug, ® - ® Uy ® V).
Since the positive elements of ¢/ g) have positive diagonal entries, the state w((J” ) is faithful
on Q]VS’).
There is a natural diagonal embedding C]VS’) — C]VS’H) defined by T +— 1y @ T.
The map €41, extends then to a normal conditional expectation JVE}’H) — o]vg’) such

that wg’) Entin = a)g'+1). This way we obtain an inductive system (JV("), a)((]"))n of von
Neumann algebras, and we let (¢, wy) be the von Neumann algebra and the faithful state
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obtained as the limit. As in Section 3.1, composing the conditional expectations &, 41, and
passing to the limit we get wy -preserving conditional expectations &,: Ny — J\/g’).

When U = 1, we simply write JV(") and ¢/ instead of JV%") and V4. If U’ and U are
objectsin C, then the map x > x®ty defines an embedding Ny < Ny gy - In particular,
the algebra o/ is contained in any of /.

When 7 is a natural transformation in @(U ), the morphism

Nyen = @ Uy, ®-®Us,
Sk

defines an element in the diagonal part of ¢/ ("), which we denote by 1. Note that the direct
summand sy = e of (1) can be identified with the diagonal part of ¥/, and yi"! simply
becomes the component of 7™ in this summand. If 7 is P, -harmonic, the sequence {n*hy,
forms a martingale and defines an element 5[l € o So)_

PROPOSITION 3.3. — For every object U in C, the map n +— nl*° defines an isomorphism
of von Neumann algebras P (U) 2= N N Ny.

Proof. — Ifpisaharmonic element in @(U ), the naturality implies that the elements 7y, @m
commute with the image of C(V®") for m > n. Thus, n!*! = lim,, nyem is in the relative
commutant. Since j is generating, it is also clear that the map 7 — 5[l is injective.

To construct the inverse map, take an element x € o' N ¢Ny. Then x, = &,(x) is an
element of (V™)' N le/g‘). Hence, for every n > 1 and s € supp u”, there is a morphism
xn,s € C(Us ® U) such that x, is the direct sum of the x, ; (with multiplicities). It follows
that we can choose 7(n) € C(U) such that |n(n)|| < |x| and x, = ()™ The elements
n(n) are not uniquely determined, only their components corresponding to s € supp u” are.
The identity €414 (Xn4+1) = X, translates into P, (n(n + 1)) = n(n)s for s € supp .

We now define an element 1 € @(U ) by letting
ns = n(n)s if s € supp u" for some n > 1.

In order to see that this definition in unambiguous, assume s € (supp ) N (supp u" %)
for some n and k. Then by the 0-2 law, see [23, Proposition 2.12], we have || P’ — PIT“L" | —0
as m — oo. Since the sequence {n(m)}, is bounded and we have n(n); = P&”*’k (ntn +m+k))s
and n(n + k)s = P)'(n(n + m + k))s, letting m — oo we conclude that n(n)s = n(n + k)s.
Hence 7 is well-defined, P,,-harmonic, and x, = n"l. Therefore x = !l

The linear isomorphism 2(U) — ¢V N Ny and its inverse that we have constructed, are
unital and completely positive, hence they are isomorphisms of von Neumann algebras. [J

As in the case of Proposition 3.2, the linear isomorphism P(U) = V' N Ny could be
used to give an alternative proof of Proposition 2.1, at least for generating measures.
Applying Proposition 3.3 to U = 1 we get the following.

COROLLARY 3.4. — The von Neumann algebra o)V is a factor if and only if u is ergodic.

Under a mildly stronger assumption on the measure we can prove a better result than
Proposition 3.3, which will be important later.
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PROPOSITION 3.5. — Assume that for any s,t € Irr(C) there exists n > 0 such that

supp(u” * 85) N supp(u” * &;) # 0.

Then for any objects U and U’ in C, the map n— (1yr ® 1)1 defines an isomorphism of von
Neumann algebras P (U) = Ny N Nurgu-

Proof. — Thatwe getamap 2 (U) — Ny N Ny gu does not require any assumptions
on i and is easy to see: if 7 is a harmonic element in @(U ), the naturality implies that the
elements 7y emgy: commute with C(V®" @ U’) for m > n, and hence (1yr ® nylel =
limy, nyemegy: liesin Ny N Nyrgu-

To construct the inverse map assume first U’ = U, for some . Take x € N N Nyrgu-
Similarly to the proof of Proposition 3.3 we can find elements n(n) < &(U ) such that
In(m)] < x| and E,(x) = (tpr ® n(n))". The identity €410 (Xnt1) = X, means now
that P, (n(n + 1))s = n(n)s for s € supp(u” * §;). We want to define an element n € 8(U)
by

ns = n(n)s if s € supp(u” *8;) for some n > 1.
As in the proof of Proposition 3.3, in order to see that 5 is well-defined, it suffices to show
that if s € supp(u” * 8;) N supp(u"** % §;) for some n and k, then P — P[[’*k|| -0
as m — oo. Since y is assumed to be generating, there exists / such that ¢ € supp u'. But
then
s € (supp ") N (supp " HIHE),

so the convergence || P/ — Pﬁ”“‘ || = 0indeed holds by the 0-2 law. This finishes the proof
of the proposition for U’ = U;, and we see that no assumption in addition to the generating
property of u is needed in this case.

Consider now an arbitrary U’. Decompose U’ into a direct sum of simple objects:

U'=U, & & Us,.

Denote by p; € C(U’) the corresponding projections. Then the inclusion p; Ny pi C
pi Nureu pi can be identified with JVUW C JVUS’_@,U.

Take x € Ny N Nyrgy. Then x commutes with p;. Since the element xp; lies in
(’j‘//Us,» N OjVUsi®U’ it is defined by a P,-harmonic element n(i) € &(U ). In terms of these
elements the condition that £, (x) commutes with C(V®" ® U’) means that n(i)s = 1n(j)s
whenever s € supp(u” * ds;) N supp(u” * s, ), while to finish the proof we need the equality
n(@) =n(j).

Fix s € Irr(C) and indices i and j. By assumption there exists # € supp(u” * &5,) N
supp(u” * 85, ) for some n. Since i is generating, there exists m such that s € supp(u”™ * ;).
Then

s € supp(u™ " x 85;) N supp(u™ " x 8y, ),

and therefore n(i); = n(Jj)s. O
Note that the proof shows that the additional assumption on the measure is not only
sufficient but also necessary for the result to be true. Even for symmetric ergodic measures

this condition does not always hold: take the random walk on Z defined by the measure
w = 271y + 8;). At the same time this condition is satisfied, for example, for any
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generating measure u with u(e) > 0. Indeed, for such a measure we can find n such that
s € supp(u” * 8;), and then s € supp(u” * 65) N supp(u”™ * ;).
Applying the proposition to U = 1 we get the following result.

COROLLARY 3.6. — Assume  is ergodic and satisfies the assumption of Proposition 3.5.
Then Ny is a factor for every object U in C.

REMARK 3.7. — It is sometimes convenient to consider slightly more general construc-
tions allowing multiplicities. Namely, instead of V' = €D ¢qypp, Us We could take V = P, ¢/ Uy,
where (s;);es 1s any finite or countable collection of elements running through supp u. For
the state on C(V) we could take C(Us,, Us;) > T + 84 trs; (T), where A; > 0 are any
numbers such that Zml:s Ai = u(s) for all s € supp p. All the above results would remain
true, with essentially identical proofs.

3.3. Relative commutants: Hayashi-Yamagami approach

We will now explain a modification of the Izumi-Longo-Roberts construction due to
Hayashi and Yamagami [9]. Its advantage is that, at the expense of introducing an extra
variable in a II; factor, we can stay in the framework of finite von Neumann algebras.

We continue to assume that w is generating. We will use a slightly different notation
compared [9] to be more consistent with the previous sections.

Let R be the hyperfinite II;-factor and t be the unique normal tracial state on R.
Choose a partition of unity by projections (es)sesupp . in SR Which satisfy

T(es) = %(SS)), where ¢ =

SESupp i

When (sp,...,s1) € (suppp)”, we write e5, = €5, @ - @ €5, € RE". As in Section 3.2,
put V = Djequppp Us- Now, for a fixed object U in C, instead of the algebra C(Ver @ U)
used there, consider the algebra

CVe QU) = D C(Us, @+ ® Uy, @ U. Uy, ® -+ ® Uy @ U) ® e, R"e..
S 8k E(supp w)"

It carries a tracial state rl(]" ) defined by
(T ®x) =38, g c"d(s1) - d(sn) tru,, 0-a0,, o (T)T®" (x)

for T ®@x € C(Us, ® @ Uy, ® U. Uy, @+ ® Uy ® U) ® e, B¢, Let 7y be the

von Neumann algebra generated by ~0(V®" ® U) in the GNS-representation defined by tl(]" ).

These algebras form an inductive system under the embeddings
AP > AGT. Toxs> Y (®T)® (s ®x).
SESupp i

Passing to the limit we get a von Neumann algebra ¢#y equipped with a faithful tracial
state ty . We write o7 for ¢#q.
Given n € C(U), consider the elements

r){n} = Z MUy, ®-®Us, ® es, € Q%gl)
s+ €(supp p)"
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If n is P,-harmonic, then the sequence { n¥™y, forms a martingale with respect to the
Ty -preserving conditional expectations &,: Ay — (%g’). Denote its limit by 5*°*. Then
we get the following analogs of Propositions 3.3 and 3.5, with almost identical proofs, which
we omit.

PROPOSITION 3.8. — For every object U in C, the map 1 +— 1n'°* defines an isomorphism
of von Neumann algebras P (U) = # N Ay. If in addition to the generating property the
measure | satisfies the assumption of Proposition 3.5, then the map n — (' ® 1) also
defines an isomorphism of von Neumann algebras P (U) = Ay N Ay gu for any object U’

The work of Hayashi and Yamagami contains much more than the construction of the
algebras ¢#y and, in fact, allows us to describe, under mild additional assumptions on ,
not only the morphisms but the entire Poisson boundary I1: ¢ — &2 in terms of Hilbert
bimodules over 4.

For objects X and Y consider their direct sum X @ Y, and denote by px, py € C(X ®Y)
the corresponding projections. We can consider px and py as projections in ¢#Zxgy, then

rx(Axey)rx = oAx and py (Axey)py = Ay. Put
Axy = py(HAxey)Px-

The ¢Ay-cAx-module ¢#Zx y can be described as an inductive limit of completions of the
spaces

L @Xx. Ve gY)= P (U, 80U, ®X.Uy® ®Us ®Y)®ey e,
4,55 €(supp w)"

Denote by ¢/#x the Hilbert space completion of ¢/ x with respect to the scalar product
(x,y) =r(y™x).

Then &y is a Hilbert o#y - c#-module (it is denoted by X in [9]). Viewing #y as a Hilbert
bimodule over ¢#, we get a unitary functor F from C into the category Hilb g of Hilbert
bimodules over ¢ such that F(U) = ¢/ on objects and defined in the obvious way on
morphisms in C. We want to make F into a tensor functor. By the computation on pp. 40—
41 of [9] the map

Cve Ve @ X)® LV, Ve ®Y) — C(V® Ve @ X ® Y),
S®a)R(T®b) > (SR iy)T ® ab,

defines an isometry

F(X.Y): Sy ®a Hy - Hxer-

LEMMA 3.9. — Assume that for every s € Irr(C) we have
(U * 85)(supp u™) — 1 as n — oo.

Then the maps F>(X,Y) are unitary.
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Proof. — 1t suffices to prove the lemma for simple objects. Assume X = Uy for some s.
For everyn > 1 and s, € (supp n)", let pg:) € C(Us, ® --- ® Uy, ® X) be the projection
onto the direct sum of the isotypic components corresponding to U, for some ¢ € supp u”.
Put

PP= > "W ee. e
s« €(supp p)"
Then tx (p™) = (u” * 8;)(supp u"). Therefore by assumption p®™ — 1 in the s*-topology.
It follows that, to prove the lemma, it suffices to show that if

T®xelUs,® Uy Uy @ @Uy ®XQY)®ey Res,

is such that p" (T ® x) = T ® x, then T ® x is in the image of F>(X, Y). The assumption
on T means that the simple objects appearing in the decomposition of Uy ® --- ® Uy, ® X
appear also in the decomposition of U;, ® --- ® Uy, for ¢t € (suppp)”. This implies
that T can be written as a finite direct sum of morphisms of the form (S ® ty)R, with
ReCWU, ® - QUs,,Up,, ®---Q Uy, ®Y)and S € G(Utn®'~®U,l,Us;1®~~®Usfl®X).
Since we also have density of ey JRe;, Res, in ey Res,, this proves the lemma. O

We remark that the assumption of the lemma is obviously satisfied if supp u = Irr(C).
It is also satisfied if u is ergodic and u(e) > O, since then |u” * §s — u"||; — 0 by [12,
Proposition 3.3].

Once the maps F>(X, Y) are unitary, it is easy to see that (F, F3) is a unitary tensor functor
C — Hilb .

ProPOSITION 3.10. — Assume the measure u satisfies the assumption of Lemma 3.9. Let
B be the full C*-tensor subcategory of Hilb g generated by the image of F: C — Hilb g. Then
the Poisson boundary T1: C — P of (C, ) is isomorphic to F: C — 8.

Proof. — The functor F extends to the full subcategory 53 of & formed by the objects
of C using the isomorphisms P(U) = o7 N Ay It follows immediately by definition that
this way we get a unitary tensor functor E: 2 — B if we put E»(X,Y) = F»(X,Y). We
then extend this functor to a unitary tensor functor 2 — 3, which we continue to denote
by E. To prove the proposition it remains to show that E is fully faithful. In other words,
we have to show that the left action of ¢y on $#y defines an isomorphism ¢Z N Ay =
Endo@;_ch((gl(]).

Let us check the stronger statement that the left action defines an isomorphism
Av = End. g(SH#y). Recalling how ¢#y was constructed using complementary projec-
tions in ¢#Zygy, it becomes clear that the map ¢Zy — End.g(&/y) is always surjective,
and it is injective if and only if the projection py € ¢/ has central support 1. Using the
Frobenius reciprocity isomorphism

CVe @U) = C(Ve" V" U @ U),

it is easy to check that ¢/y ey = L*(Ay, ty) as a Hilbert o7y - 7Z-module. Hence the
representation of ¢#Zy on ¢/y g is faithful. Since Ay gy = Hu ® o Ay it follows that
the representation of ¢#Zy on ¢/ is faithful as well. O
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A similar result could also be proved using the algebras ¢y from Section 3.2 instead
of oAy . The situation would be marginally more complicated, since in dealing with the
Connes fusion tensor product ® . we would have to take into account the modular group
of wy. We are not going to pursue this topic here, although it could provide a somewhat
alternative route to Proposition 5.2 below.

4. A universal property of the Poisson boundary

Let C be a weakly amenable strict C*-tensor category. Fix an ergodic probability
measure p on Irr(C). Recall that such a measure exists by Proposition 2.3. Let IT: C — 2 be
the Poisson boundary of (C, ).

For an object U in C define

d% . (U) = infd ¥ (F(U)),

where the infimum is taken over all unitary tensor functors F: C — ¢# from C into rigid
C*-tensor categories ¢/Z. We will show in the next section that dnalin is the amenable dimension
function on C. The goal of the present section is to prove the following.

THEOREM 4.1. — The Poisson boundary T1: C — P is a universal unitary tensor functor
such that d¢. = d P11

min

In other words, dnclin = d T and for any unitary tensor functor F: C — % such that
a’nclin = d " F there exists a unique, up to a natural unitary monoidal isomorphism, unitary
tensor functor A: 2 — o# such that ATl =~ F.

For a rigid C*-tensor category ¢/, consider a unitary tensor functor F: C — ¢/, with no
restriction on the dimension function. As we discussed in Section 1.2, we may assume that
oA is strict, Cis a C*-tensor subcategory of ¢Z and F is the embedding functor. Motivated
by Izumi’s Poisson integral [13] we will define linear maps

Ou,y: AU, V) = LU, V).

We will write @ for O,y and often omit the subscripts altogether, if there is no danger of
confusion. The proof of the theorem will be based on analysis of the multiplicative domain
of ®.

For every object U in ( fix a standard solution (Ry, Ry ) of the conjugate equations in C.
Define a faithful state ¥y on o7 (U) by

Yu(T) =d°(X)"'Ri(T ® \Ry.
Since any other standard solution has the form ((# ® t)Ry, (1t ® u) Ry) for a unitary u, this
definition is independent of any choices. More generally, we can define in a similar way “slice
maps”
tQVYy:cAUQRV)— A U).
Then, since ((t ® Ry ® )Ry, (1 ® Ry ® t)Ry) is a standard solution for U ® V, we get
(@) Yvey = Yu (@ Yv).

By definition the state ¥y extends the trace try on C (U).
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LEMMA 4.2. — The subalgebra C(U) C A (U) is contained in the centralizer of the
state Yy .

Proof. — Ifuisaunitary in C(U), then the state ¢y (v -u™) is defined similarly to ¥, but
using the solution ((t ® u*)Ry. (u* ® () Ry) of the conjugate equations for U. Since Yy is
independent of the choice of standard solutions, it follows that ¥y (4 - u*) = Y. But this
exactly means that C(U) is contained in the centralizer of vy . O

It follows that there exists a unique y-preserving conditional expectation
Ey: A U) — C(U). For objects U and V we can consider ¢Z(U,V) as a subspace
of 7 (U & V). Then Eygy defines a linear map

Eyy: AU, V) — CU,V).
Again, we omit the subscripts when convenient.

LeEMMA 4.3. — The maps Ey,y satisfy the following properties.

(i) Euyv(T)* = Evu(T"),
(1) if T € AWU,V)yand S € C(V,W), then Eyw(ST) = SEy,v(T),
(iil) for any object X in C we have Eygx.vex (T ® ix) = Eu,v(T) ® ix.

Proof. — Properties (i) and (ii) follows immediately from the corresponding properties
of conditional expectations. To prove (iii), it suffices to consider the case U = V. Take
S € C(U ® X). Then we have to check that

Vuex (S(T ® 1) = Yuex(S(E(T) ®1)).
This follows from (2) and the fact that by definition we have (t ® ¥x)(S) € C(U). O

Now, given a morphism T € ¢#(U, V), define a bounded natural transformation
Ouy(T):t®U — 1 ® V of functors on C by

Ouy(T)x = Exeuxev(x ®T).
LEMMA 4.4. — The natural transformation ®y,y (T') is Px-harmonic for any object X in C.
Proof. — Tt suffices to consider the case U = V. We claim that
(try @)E(tx ® T) = E(T).
Indeed, for any S € C(U) we have
try (S(try ®)E(ix ® T)) = trxgu (E(tx ® ST)) = Yxeu( ® ST) = Yy (ST) = try (SE(T)),

where in the third equality we used (2). This proves the claim.
We now compute:

Px(O(T))y = (try @) (O(T)xgy) = (trx ®ty ® y)(E(x @ty ® T)) = E(ty ® T) = O(T)y,
so ©(T) is Pxy-harmonic. O
It follows that @y, y is a well-defined linear map ¢#Z(U, V) — 2(U, V).

LEMMA 4.5. — The maps Oy,y satisfy the following properties:

(i) Ouy(T)* = Oy u(T*),
(i) if T € AU, V)and S € C(V, W), then Oy (ST) = SOy (T);
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(iil) for any object X in C we have Ougx,vex (T ® ix) = Ouy(T) ® 1x and

Oxeuxev(x ®T) =1x ® O,y (T),
(iv) the maps Oy : A (U) — P (U) are unital, completely positive, and faithful.

Proof. — All these properties are immediate consequences of the definitions and the prop-
erties of the maps Ey,y given in Lemma 4.3. We would like only to point out that the property
Oe®T) =t ® O(T) follows from the definition of the tensor product in 2, the corre-
sponding property for the maps E is neither satisfied nor needed. O

Our goal now is to understand the multiplicative domains of the maps Oy : o7 (U) — P (U).
We will first show that these domains cannot be very large. More precisely, assume we have
an intermediate C*-tensor category ¢ C B C o7 such that d = d % on (. For an
object U in C denote by E L“,%) 1A (U) — B(U) the conditional expectation preserving the
categorical trace on ¢#Z. Then we have the following result inspired by [33, Lemma 4.5].

LEMMA 4.6. — We have Oy = ®UE53.

Proof. — We will first show that a similar property holds for the maps E, so
Ey = EyES.

Consider the normalized categorical trace trfJ% on o#(U). We have yy = trgz -0)
for some Q € ¢#Z(U). The identity Ey = EyE &73 holds if and only if the conditional
expectation E f]%) is Yy -preserving, or equivalently, Q € B(U).

By assumption we have d ¥(U) = d<3(U) for every object U in (. It follows that
a standard solution (RC%), Rf) of the conjugate equations for U and U in 3 remains
standard in ¢Z. We have Ry = (T ® L)jo for a uniquely defined T € B(U). Then

B *
Q = SZRTT* € BO).

We also need the simple property E )?)@U (x®T)=1xQF Ujj (T). This is proved similarly
to Lemma 4.3(iii), using that tr}‘}%@U = tr[‘? (trf’, ®t) and the fact that tre” is defined using

standard solutions in 3, so that (tr}?g R)(BX @ U)) C BWU).
The equality Oy E gg = Oy is now immediate:
OEA(T)y = E(x ® EX(T)) = EEP(x ® T) = E(x ® T) = O(T)x.
This proves the assertion. O
Since the completely positive map Oy is faithful, the multiplicative domain of @y = Oy E U“%
is contained in that of E {;B , which is exactly JB(U). Therefore to find this domain we have

to consider the smallest possible subcategory that contains C and still defines the same
dimension function as ¢#.

LEMMA 4.7. — For every object U in C there exists a unique positive invertible element
ay € AU) such that

t® all/z)RU and (al_]l/2 ® )Ry

Jform a standard solution of the conjugate equations for U in oA.
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Proof. — We can find an invertible element 7 € ¢# (U) such that ¢t ® T)Ry and
((T*)~!' ® )Ry form a standard solution in ¢Z. Then we can take ay = T*T, since
Taal/2 is unitary and hence the morphisms (¢t ® a;]/z)RU and (al_]l/2 ® )Ry still form a
standard solution.

Any other standard solution for U and U has the form (t ® va(l]/2)RU, (va[_]l/2 ® )Ry

for a unitary v € ¢# (U). By uniqueness of the polar decomposition the element va ;,/ s

positive only if v = 1. O

Note that if we replace (Ry, Ry) by ((t ® u) Ry, (u ® 1) Ry) for a unitary u € C(U), then
ay gets replaced by uagyu™.

LEMMA 4.8. — Forevery object U in Cwe have d”(U) < d ¥*(U), and if the equality holds,
then we have Oy (ay)™" = Oy (ay').

Proof. — As usual, we omit the subscript U in the computations. Consider the solution

r=0®0()"*R, F= (0@ Y?*® )R
of the conjugate equations for U in 2. Then from the equality
r*r = R*(1®0(@a))R = O(R* (1 ® a)R),
we have ||r|| = d (U)'/2. On the other hand, we also have
*F = R*(®(a)' @ )R.

By Jensen’s inequality for positive maps and the fact that the function t ~ ¢! on (0, +00) is
operator convex (see, e.g., [22, B.2]), we have ®(a)~! < ®(a!). Hence we have the estimate

FF < R*(O@@ ) ® )R =0O(R*(a"' ®)R),
and we conclude that ||7|| < d ¥/(U)"/2. Hence d *’(U) < d ¥’(U), and if the equality holds,
then we have ||7|| = d<*(U)"/? and
R*©() ' ® )R = R*(®@@ ) ® )R.

Since T +— R*(T ® t)R is a faithful positive linear functional on 2 (U), this is equivalent
to ®(a)~' =0@@™). O

If we have d ’(U) = d < (U), we can then apply the following general result, which is
surely well-known.

LEMMA 4.9. — Assume 0: A — B is a unital completely positive map of C*-algebras and
a € Aisapositive invertible element such that 0(a) ™' = 0(a™"). Thena lies in the multiplicative
domain of 9.

Proof. — It suffices to show that a'/2 lies in the multiplicative domain. This, in turn, is
equivalent to the equality 8(a)'/? = 6(a'/?).

1/2

Using Jensen’s inequality and operator convexity of the functions ¢ — —¢'/2 and ¢ +— 7!,

we have

6(a)"/? = 6(a'?). 6(a™")'? = 6(a”"?), and 6(a""*)7" < 6(a'/?).
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The second and the third inequalities imply
0(a=1)"12 < 9(a'?).
Since B(a') = H(a)!, this gives 0(a)/? < 6(a'/?). Hence 0(a)'/? = 0(a'/?). O
To finish the preparation for the proof of Theorem 4.1 we consider the maps © for ¢7 = 2.

LEmMMA 4.10. — Themaps Op,y: (U, V) — P(U, V) defined by the functor IT: C — P
are the identity maps.

Proof. — Tt suffices to consider U = V. Take n € 2 (U). Let us show first that ©(n)g = 1y,
that is, E(n) = n1. In other words, we have to check that for any S € C (U) we have

Yu(Sn) = try (Sny).
This follows immediately by definition, since
(R (Sn® )Ry)1 = Ry (S ® )Ry
Now, for any object X in C, we have

Omx = Ex ®n) = O(x ® N1 = (x ® n)1 = nx.
Therefore we have ©(n) = 1. O

Proof of Theorem 4.1. — The equality dndlin(U ) = d(U) for objects U in C follows from
Lemma 4.8.

Let F: C — 7 be a unitary tensor functor such that dnalin = d?F. As above, we
assume that F is simply an embedding functor. Consider the minimal subcategory ;73 C A
containing C C ¢ and the morphisms ty ® ay ® ty for all objects V., U and W in C, where
ay € A (U) are the morphisms defined in Lemma 4.7. This is a C*-tensor subcategory,
in general without subobjects. Complete 3 with respect to subobjects to get a C*-tensor
category 3. By adding more objects to ¢#Z we may assume without loss of generality that
B C A. Lemmas 4.5, 4.8 and 4.9 imply that the maps Oy, define a strict unitary tensor
functor 53 — L. Thus 093 is unitary monoidally equivalent to a C*-tensor subcategory
P C P, possibly without subobjects. Completing 2 with respect to subobjects we get a
C*-tensor subcategory 2’ C P, which is unitarily monoidally equivalent to 3.

We claim that the embedding functor &2 — P is a unitary monoidal equivalence.
Indeed, by construction we have d & ' U) = drgin(U ) for every object U in C. By Lemmas 4.6
and 4.10 it follows then that the identity maps 2 (U) — P (U) factor through the
conditional expectations Egy: PU) - P (U). Hence L (U) = &L (U). Since the
objects of C generate <P, this implies that the embedding functor &2 — 2 is a unitary
monoidal equivalence.

We have therefore shown that 2 and .3 are unitarily monoidally equivalent, and further-
more, by properties of the maps © such an equivalence A: 2 — A can be chosen to be the
identity tensor functor on C. Considered as a functor 2 — &7, the unitary tensor functor A
gives the required factorization of F: C — .

It remains to prove uniqueness. Denote by py € &2 (U) the elements ay constructed in
Lemma 4.7 for the category 2. By the uniqueness part of that lemma, it is clear that any
unitary tensor functor A: 2 — o# extending the embedding functor C — ¢# must map
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pu € L (U)into ay € ¢ (U). But this completely determines A up to a unitary monoidal
equivalence, since by the above considerations the category 2 is obtained from C by adding
the morphisms py and then completing the new category with respect to subobjects. O

We finish the section with a couple of corollaries.

The universality of the Poisson boundary implies that up to an isomorphism the boundary
does not depend on the choice of an ergodic measure. But the proof shows that a stronger
result is true.

COROLLARY 4.11. — Let C be a weakly amenable C*-tensor category and j1 be an ergodic
probability measure on Irr(C). Then any bounded P, -harmonic natural transformation is
Pg-harmonic for every s € Irr(C), so the Poisson boundary T1: C — P of (C, ) does not
depend on the choice of an ergodic measure.

Proof. — By Lemma 4.10 the maps Oy y: LU, V) — (U, V) are the identity maps,
while by Lemma 4.4 their images consist of elements that are Pg-harmonic for all s. O

When C is amenable, then d&, = d ¢ and we get the following.

COROLLARY 4.12. — If C is an amenable C*-tensor category, then its Poisson boundary
with respect to any ergodic probability measure on Irr(C) is trivial. In other words, any bounded
natural transformation 1 @ U — + ® V which is Ps-harmonic for all s € Irr(C), is defined by a
morphism in C(U, V).

Proof. — The identity functor C — C is already universal, so it is isomorphic to the
Poisson boundary. O

We remark that if we were interested only in proving this corollary, a majority of the above
arguments, being applied to the functor C — %2, would become either trivial or unnecessary.
Namely, in this case a standard solution of the conjugate equations in C remains standard
in 2, so we have Ey = E g, and the key parts of the proof are contained in Lemmas 4.6
and 4.10. The first lemma shows that given n € 2 (U) we have E(ix ® ) = E(ix ® E (1)),
while the second shows that E(tx ® n) = nx. Since E(ixy ® E(1)) = tx ® E(n), we therefore
see that 5 coincides with E(n) € C (U).

Corollary 4.12 is more or less known: in view of Proposition 3.8, for measures considered
in [9] it is equivalent to [9, Theorem 7.6]. For an even more restrictive class of measures the
result also follows from [19, Theorem 5.16].

5. Amenability of the minimal dimension function

As in the previous section, let C be a weakly amenable strict C*-tensor category. We
defined the dimension function dnclin on (C as the infimum of dimension functions under
all possible embeddings of € into rigid C*-tensor categories, and showed that it is indeed
a dimension function realized by the Poisson boundary of C with respect to any ergodic

measure. The goal of this section is to prove the following.

is amenable, that is, = ||T'y || holds
ble, th d’ (U) = Ty || hold.

min

THEOREM 5.1. — The dimension function dlgin
for every object U in C.
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We remark that already the fact that the fusion algebra of a weakly amenable C*-tensor
category admits an amenable dimension function is nontrivial. We do not know whether this
is true for weakly amenable dimension functions on fusion algebras that are not of categor-
ical origin. If the fusion algebra is commutative, this is true by a result of Yamagami [34].

Let 1 be an ergodic probability measure p on Irr(C) and consider the corresponding
Poisson boundary IT: ¢ — 2. By Theorem 4.1 we already know that d%. = dTI.
Therefore Theorem 5.1 is equivalent to saying that 4 <’ IT is the amenable dimension function
on (.

We will use the realization of harmonic transformations as elements of o/’ N oy given
in Section 3.2. It will also be important to work with factors. Therefore we assume that
in addition to being ergodic the measure u is generating and satisfies the assumption of
Proposition 3.5 (recall that for the latter it suffices to require p(e) > 0). Recall once again that
by Proposition 2.3 such a measure exists. We also remind that by Corollary 4.11 the Poisson
boundary does not depend on the ergodic measure, but its realization in terms of relative
commutants does. We then have the following expected (in view of Proposition 3.10 and the
discussion following it), but crucial, result.

PROPOSITION 5.2. — For every object U in C, we have d"(U) = [Ny: o]\/](l,/z, where
[Ny: No is the minimal index of the subfactor N C Ny .

Before we turn to the proof, recall the construction of ¢/Vyy. Consider V = Pequpp u Us-
We will work with V' as with a well-defined object. If supp p is infinite, to be rigorous, in what
follows we have to replace V by finite sums of objects U, s € supp i, and then pass to the
limit, but we will omit this repetitive simple argument. With this understanding, ¢/ is the

inductive limit of the algebras ng’) = C(V®" ® U) equipped with the faithful states a)g’ ).

Given another object U’, the partial trace « ® try defines, for each n, a conditional
expectation /Y 81/)® v = g’,) which preserves the state a)l(}’,)® v - The conditional expectation
Nvgu — Ny which we get in the limit, is denoted by Ey y, or simply by Ey if there is
no danger of confusion. Fix a standard solution (Ry, Ry) of the conjugate equations for U

in C.

LEMMA 5.3. — The index of the conditional expectation Ey: Ny — N equals
d%U)?, the corresponding basic extension is Ny C N ve» With the Jones projection
ey = dC(U)_IRURz} € JVE??@U C MNygg and the conditional expectation Eg: N yepg — Nu-

Proof. — By the abstract characterization of the basic extension [8, Theorem 8] it suffices
to check the following three properties: Eg(ey) = d “(U) 21, Eg(xey)ey = d“(U)2xey
for all x € oNygy. and eyxey = Ey(x)ey for all x € ¢Ny. The first and the third
properties are immediate by definition. To prove the second, it is enough to show that for
allx € C(X ® U ® U) we have

dU)((t @ trg)(x(tx ® RuRy)) ® 1) (tx ® RuRyy) = x(ix ® RuRy).
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The left hand side equals

(x ®w ®RY ®17)(x @ ® 15)(ix ® RuRy ® 1y ® 1) (1x ® tw ® Ry ® 15)(1x ® Ry Rfy)
=(x ®w @R ®1p)(x ® 1y ® 1) (ix ® Ry ® ww @ 15)(tx ® Ry RYy)
=(x ®w ®RY ®15)(x ¥y ® 15)(lx ® Ry ® Ry)(ix ® RYy)
= x(tx ® RuR}),

which proves the lemma. O

This lemma implies in particular that there exists a unique representation

7 Nyes = BIL*(Ny. wv))
that extends the representation of ¢/ and is such that 7 (ey) is the projection onto the

closure of A, (V) C L2(Ny, ov).

LEMMA 5.4. — The representation w: Ny gp — B(L*(MNy.wv)) is given by
T () Aoy (¥) = Ay (L@ R (x @ )y ® 1y @ w)(t ® Ry & w))
Jorx e, N _andy e, NP

UeU

Proof. — Let us write 77 (x) for the operators in the formulation of the lemma. The origin
of the formula for 7 is the Frobenius reciprocity isomorphism

CV® @U) = C(VE" V" QU ®U), T+ (T ®15)(tyen ® Ry),
withinverse S — (t® R{;)(S ®ty). Up to scalar factors these isomorphisms become unitary

once we equip both spaces with scalar products defined by the states a)g' ) and wl(l”), respec-

tively. The algebra C(V®* @U @ U ) is represented on C(V®", V®" @ U @ U) by the operators
of multiplication on the left. Being written on the space C(V®" ® U), this representation is

exactly 77. Therefore 7 certainly defines a representation of the x-algebra  J,, oV 212@0 on the

dense subspace |, LZ(JVZ’), wgl)) of L?(o/Ny.wy). In order to see that this representation
extends to a normal representation of ¢/Vy; 7, observe that the vector A, (1) is cyclic and

(T () Awy (1), Awy () = d°(U) oy g (evxer).
since for every z € C(U ® U) we have
try (v ® RE)(z @ w)(Ry ® w)) = d°(U) 'Ry (v @ Ry ® 1)
(z®w @) (Ru ® w ® L) Ry
=d°(U) 'RyzRy = d°(U) try g5 (2R Ry)
=d’(U)* trygp(zev) = d9(U)? trygg (evze).

Itisclear that T (x) A ey, (V) = Awy (xy) forx € |, N (n ), so 77 extends the representation
of Ny on L?(Ny,wy). Therefore to prove that # = 7 it remains to show that 7 (ey) is
the projection onto Ay, (¢/), that is,

#(ev) Aoy (V) = Ay (Eu () for y e J N

But this is obvious, as (iy ® R[*J)(RUIQI*J Quy) = R(*J QL. O
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It is easy to describe the modular group o®V of wy. For s« = (s1,...,5,) € (supp n)”,
let us put
p(s1) - p1lsn)

L .
T dlUyy)-d (U,

Then

S it
ol (x) = (SS*) x for x € C(Us, ® - ® Uy, ® U, Uy, ® --- @ Uy @ V).

Sx

What matters for us is that since the automorphisms o;’Y are approximately implemented

by unitaries in ¢/, the relative commutant ¢/’ N ¢y is contained in the centralizer of the
state wy .

Consider the modular conjugation J = J,, on L*(c/Ny,oy). By Lemma 5.3 and
definition of the basic extension we have

J NI =n(Nygn)-
Therefore the map x — Jx*J defines a *-anti-isomorphism
N NNy = Ny N Nygo-
Identifying these relative commutants with P(U) and P (U), respectively, we get a *-anti-
isomorphism L(U) = 2(U), which we denote by n — nV.
LEMMA 5.5. — For every n € P(U) we have
N = (R @)ty ® N ®17)(1g ® Ry).
Proof. — Consider the element /) = (R}; ®15) (1 ®n®175) (15 ® Ry). In terms of families
of morphisms this means that
ix = (tx ® Rf ® 15)(Nygi ® 1) (x ® tj ® Ry).
or equivalently,
(3) (x ® Ry)(ix ® w) = (tx ® Ry yep-

For every n consider the projection py: L2(Ny, wy) — L2(HNY, a),(f)). Letx € o' N Ny
be the element corresponding to 1, and X € JV/U N Nyey be the element corresponding
to 7. By Lemma 5.4 and the way we represent 7 by X, for every y € ¢ g’) we have

@ Pt Ay (7) = Aoy ((® R (ivengy ® w)(y ® 15 ® w)(t ® Ru ® w)).
On the other hand, since x is contained in the centralizer of wy, we have
Pnd X T Aoy (V) = pnloy (9X) = Aoy (Vyen)
= Ay (LR RY( ® 1 ® 1) ® Ry @ w)iyen)
= Aoy (L® RY)Nyenguer (v ® tg ® W) ® Ry ® 1w)).
By (3) the last expression equals (4), so
Pt ($) Aoy () = pud X T Awy ().

Since this is true for alln and y € c?\/("), we conclude that 7 (x) = Jx*J. O
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Proof of Proposition 5.2. — The operator valued weights from ¢y to oV are parametrized
by the positive elements a € oV N Ny by a+ E% where E* is defined by
E%x) = Ey(a'*xa'/?). The map E® is a conditional expectation if and only if the
normalization condition Ey(a) = 1 holds. Moreover, by the proof of [10, Theorem 1],
(E%)~!is given by x = Ej'(a~"/2xa~1/2). Therefore we have

[Nv:eMo= min  Ey(@Eg'@’)= min d%U)?Ey(a)Ey(Ja ")),
aGJ/,ﬂJVU, aeJ\/ﬂC/‘VU,

a>0 a>0
where Ey = d“(U)2JEG (J - 1) J: (N ygg) = HNu-
Ifa € o N Ny corresponds to n € P(U), we have
Ey(a) = d°(U)"' Ru(n® )Ry
By Lemma 5.3 we have Ey ((x)) = n(Eg(x)) for x € ¢/Nygp. Hence by Lemma 5.5 we
get
Ey(Ja™'J) = d“U) 'Ry (1™")" ® )Ry
=d°(U) 'Ry(RY ® 15 @ w)(ig ® 17 ® 15 ® )iy ® Ry ® w)Ry
=d“WU) 'Ry (g ® 17 Ry.
We thus conclude that [NV y: ¢/V]o is the minimum of the products of the scalars
Ry(n® R}, and Rt ®n YRy
over all positive invertible € S2(U). This is exactly d < (U)2. O

Proof of Theorem 5.1. — The estimate | Ty|| < d’(U) comes for free. We thus need to
prove the opposite inequality.

Let Egj : Ny — oW be the minimal conditional expectation. Let us first assume that
Ny (and hence /) is infinite. Then by Proposition 5.2 and [11, Corollary 7.2] we have the
equalities

2logd P (U) = logInd Ef = H , »(Ny| ).
U
Let ¢ > 0 and ¥ be a normal state on ¢/ such that
Hy(NylN) = 2logd P (U) — .

When A is a finite subset of supp u, consider the projection py = P, ts in o]\/(l). If
Ay, ..., A, are finite subsets of supp i, then pg, = p4, ® -+ ® p4, is a projection in JV("),
and we consider the corresponding corner

Ny =pa NP pa.= P CU, @ @U; ®U.Uy, @+ ® Uy ®U)
Si 8] €A;
i=1,...,n

in ng’) and the similarly defined corner o¥** in V™. When ¥ (pa,) # 0, define also a
state ¥4, on o]\/‘g* by ¥4, = ¥ (pa,) 'V (pa, - pa,)- By the lower semicontinuity of relative
entropy, we can find n and finite sets Ay, ..., A, such that

Hy, (Vg V) = Hy(HNylN) —e.
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By Proposition A.3, the inclusion matrix 'y, y of N efl/g* satisfies

2log T, ull = Hy,, (N lNV).

Therefore we have the estimate
log | Ta,.ull = logd ”(U) —e.

But the transpose of the matrix I'4, p is obtained from I'y by considering only columns
that correspond to the simple objects appearing in the decomposition of Uy, ® -+ ® Uy,
for s; € A;, and then removing the zero rows. Hence

ITull = [ITa,.ull
Since ¢ was arbitrary, we thus get | Ty || = d ¥ (U).

If oy is finite, we consider the inclusion o¥# ® M C Ny ® M for some infinite
hyperfinite von Neumann algebra M with a prescribed strongly operator dense increasing
sequence M,, (C) C M; for example, we could take a Powers factor R, with the usual copies
of M,(C)®* in it. Then the minimal conditional expectation Ny ® M — oV ® M is given
by E {;/D ® ¢, and its index equals that of Egj . Since the inclusion matrix of V** ® M, (O C
Ny* ® My, (C) is the same as that of JVA* C ijg*, we can then argue in the same way as
above. O

Since amenability of dimension functions is preserved under homomorphisms of fusion
algebras by [12, Proposition 7.4], we get the following corollary.

COROLLARY 5.6. — Let I1: C — P be the Poisson boundary of a rigid C*-tensor category
with respect to an ergodic probability measure on Irr(C). Then P is an amenable C*-tensor
category.

Combining this with Corollary 4.12 we get the following categorical version of the
Furstenberg-Kaimanovich-Vershik-Rosenblatt characterization of amenability.

THEOREM 5.7. — A rigid C*-tensor category C is amenable if and only if there is a prob-
ability measure p on Irr(C) such that the Poisson boundary of (C, p) is trivial. Furthermore,
the Poisson boundary of an amenable C*-tensor category is trivial for any ergodic probability
measure.

Therefore we can say that while weak amenability can be detected by studying classical
Poisson boundaries of random walks on the fusion algebra, for amenability we have to
consider noncommutative, or categorical, random walks. We can also say that nontriviality
of the Poisson boundary I1: C — P with respect to an ergodic measure shows how far a
weakly amenable category C is from being amenable.
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6. Amenable functors

In this section we will give another characterization of amenability in terms of invariant
means. We know that on the level of fusion algebras existence of invariant means is not
enough for amenability. Therefore we need a more refined categorical notion.

DEFINITION 6.1. — Let C be a C*-tensor category and F: C — ¢/ be a unitary tensor
functor into a C*-tensor category o7 with possibly nonsimple unit. A right invariant mean
for F is a collection m = (my,y )y, of linear maps

muy: CU.V) > FFU), F(V))
that are natural in U and V' and satisfy the following properties:
(i) the maps my =my,u: @(U) — oA (F(U)) are unital and positive;
(ii) for any n € C(U, V) and any object Y in C we have
myey,vey (N ®ty) = F2(mu,y(n) ® tr));
(iii) for any n € @(U, V) and any object Y in C we have
mygu,yev(y ®n) = F2(tpy) ® mu,y(n)).
If a right invariant mean for F exists, we say that F is amenable.
Note that naturality of my,yr and property (i) in the above definition easily imply that the

maps my are completely positive, and my,y (7)* = my,y(n*). As usual, we omit subscripts
and simply write m instead of my,> when there is no confusion.

The relevance of this notion for categorical random walks is explained by the following
simple observation, similar to the easy part of Proposition 2.3.

PROPOSITION 6.2. — Let C be a rigid C*-tensor category, |1 be a probability measure
onIrr(C), and I1: C — &P be the Poisson boundary of (C, ). Then the functor 11: C — P is
amenable.

Proof. — Fix a free ultrafilter ® on N, and then define
1 n—1
— lim — k
m(n)x = lim - I;) Pr(n)x.

All the required properties of a right invariant mean follow immediately by definition. For
example, property (iii) in the definition follows from the identity Px (ty ® n) = ty ® Px(n).
O

For functors into categories with nonsimple units we do not have much insight into the
meaning of amenability. But if we fall back to our standard assumption of simplicity of
tensor units, we have the following result.

THEOREM 6.3. — Let ¢Z and C be rigid C*-tensor categories with simple units and
F: C — oA be aunitary tensor functor. Then F is amenable if and only if C is weakly amenable
and d " F is the amenable dimension function on C.
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Let F: C — ¢/ be an amenable unitary tensor functor with a right invariant mean m. For
simplicity we assume as usual that C and ¢7 are strict and F is an embedding functor. Let
us start by showing that existence of F' implies weak amenability.

LeEmMMA 6.4. — The linear functional myq: @(ﬂ) ~ {°rr(C) — A1) = Cis aright
invariant mean on the fusion algebra of C equipped with the dimension function d °.

Proof. — In addition to the operators Py on @(11) we normally use, we also have the
operators Qx given by

Ox(y = d°X) ™'y ® ) (nyex) = d°(X) " iy ® RY) (nyex ® 13)(1y ® Rx),

where (Ry, Ry) is a standard solution of the conjugate equations for X in C. Since
Nrex @ty = (x N tzg)y,
we can write this as
Ox(n) = d“(X)™' Ry (x ® n ® 13) Ry
Applying the invariant mean we get
m(Qx(m) = d“(X)™' Ry (x ® m(1) ® 1z) Ry = m(n).

Thus m is a right invariant mean on £ (Irr(()). O

Since C is weakly amenable, we can choose an ergodic probability measure and consider

the corresponding Poisson boundary IT: C — . We then have the following result, which
has its origin in Tomatsu’s considerations in [33, Section 4].

LEMMA 6.5. — For every object U in C the map Ay: P (U) — A (U) obtained by
restricting my to P (U) is multiplicative.

Proof. — Recall that in Section 4 we constructed faithful unital completely positive maps
Ou: AU) - P U), Ou(T)x = Exeu(t ® T). By faithfulness of Oy, the multiplicative
domain of ®y Ay is contained in that of Ay . Therefore in order to prove the lemma it suffices
to show that @y Ay is the identity map.

Let us show first that for any n € 2 (U) we have ©A(n)1 = 11, that is,

E(m(n) = n.
Take S € C(U). Then we have
try (SE(m(n) = Yy (m(Sn) = d “(U) ' Ry (m(Sm@) Ry = d “(U) ' m (R (Sn@) Ry).
Since the element R[*] (Sn ® 1) Ry liesin &P (1), it is scalar. This scalar must be equal to
R (Sm ® )Ry = try(Sny).
Hence we obtain

try (SE(m(n))) = try (Sn1),

and since this is true for all S, we get ®A(n)1 = 1.
Now, for any object X in C, we use the above equality for ty ® n instead of  and get

OA(Mx = E(x ® m(n)) = E(m(ix ® n)) = OA(x ® ) = (ix ® N1 = 1x.
which implies the desired equality ®A(n) = 7. O
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Proof of Theorem 6.3. — Consider an amenable unitary tensor functor F: C — o/#. By
Lemma 6.4 we know that Cis weakly amenable. By Lemma 6.5 and the definition of invariant
means, any right invariant mean for F defines a strict unitary tensor functor A: 2 — &%,
where 2 C P is the full subcategory consisting of objects in C. Extend this functor to
a unitary tensor functor A: 2 — ¢#. Then d(U) < d*(U) for any object U in C,
but since by Theorem 5.1 the dimension function d *’TI on ( is amenable, we conclude that
d¥U) =d?U) =Ty

Conversely, assume (Cis weakly amenable and F: C — ¢/ is a unitary tensor functor such
that d ¥’ F is the amenable dimension function. Then by Theorem 4.1 there exists a unitary
tensor functor A: 2 — o7 such that ATl =~ F. By Proposition 6.2 there exists a right
invariant mean for the functor IT: € — . Composing it with the functor A we get a right
invariant mean for AII, from which we get a right invariant mean for F. O

Applying Theorem 6.3 to the identity functor we get a characterization of amenability of
tensor categories in terms of invariant means.

THEOREM 6.6. — A rigid C*-tensor category Cis amenable if and only if the identity functor
C — C is amenable.

Note that by the proof of Theorem 6.3, given an amenable C*-tensor category C, we
can construct a right invariant mean for the identity functor as follows. Choose an ergodic
probability measure p on Irr(C) and a free ultrafilter  on N. Then we can define

. 1 n—1 .
m(n) = ,}gnw;];)f’u(n)n.

On the other hand, the construction of a right invariant mean for a functor F: 0 — &#
such that C is weakly amenable, but not amenable, and d ¥’ F is the amenable dimension
function, is more elusive, as it relies on the existence of a factorization of F through the
Poisson boundary C — 2.

7. Amenability of quantum groups and subfactors

In this section we apply some of our results to categories considered in the theory of
compact quantum groups and in subfactor theory.

7.1. Quantum groups

Let G be a compact quantum group. We follow the conventions of [24]. In particular, the
algebra C[G] of regular functions on G is a Hopf x-algebra, and by a finite dimensional
unitary representation of G we mean a unitary element U € B(Hy) ® C[G], where Hy is a
finite dimensional Hilbert space, such that (1 ® A)(U) = U;,U;s. Finite dimensional unitary
representations form a rigid C*-tensor category Rep G, with the tensor product of U and V/
defined by U13V>3 € B(Hy) ® B(Hy) ® C[G]. The categorical dimension of U is equal to
the quantum dimension, given by the trace Tr(py ) of the Woronowicz character.
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Recall that G is called coamenable if | 'y || = dim Hy for every finite dimensional unitary
representation U. There are a number of equivalent conditions, but using this definition as
our starting point we immediately get that

Rep G is amenable < G is coamenable, and of Kac type.

Coamenability of G is known to be equivalent to amenability of the dual discrete
quantum group G. Recall that the algebra of bounded functions on G is defined by
Em(é) = £%°-Derrr() B(Hs), and the coproduct Az g (é) — Z“(G) ® Em(é) is defined
by duality from the product on C[G], if we view Ew(é) as a subspace of C[G]* by associ-
ating to a functional w € C[G]* the collection of operators 75(w) = (t ® w)(Us) € B(Hy),
s € Irr(G). The quantum group G is called amenable, if there exists a right invariant mean
on G, that is, a state m on E‘”(G) such that

m(® q&)A = ¢(-)1 for any normal linear functional ¢ on E‘”(G).

The restriction of such an invariant mean to Z(£*° (G)) >~ (°°(Irr(G)) defines a right
invariant mean on the fusion algebra of Rep G equipped with the quantum dimension
function. Therefore

G is coamenable < G is amenable = Rep G is weakly amenable.

Among various known characterizations of coamenability the implication (G is amenable
= G is coamenable) is probably the most nontrivial. This was proved independently in [32,
Theorem 3.8] and in [2, Corollary 9.6]. We will show now that our results on amenable
functors are generalizations of this.

THEOREM 7.1. — If G is amenable, then the forgetful functor F:RepG — Hilbs is
amenable, and therefore G is coamenable.

Proof. — We will only consider the case when Irr(G) is at most countable, so that Rep G
satisfies our standing assumptions, the general case can be easily deduced from this.

As discussed in [25, Section 4.1], the space @(U, V) can be identified with the space of
elements

n € £°(G) ® B(Hy, Hy) such that V(e ® )(n)Us1 = 1 @1,
where o: Km(é) — L®(G)® L (G) is the left adjoint action of G. Under this identification
we have
y ®n=(®ny ®)(A® )0,

where 7y : £%°(G) — B(Hy) is the representation defined by ¥, while the element 7 ® 1y has
the obvious meaning. From this we immediately see that if m is a right invariant mean on G,
then the maps m ® :£°(G) ® B(Hy, Hy) — B(Hy, Hy) define a right invariant mean
for F. Thus F is amenable. By Theorem 6.3 we conclude that |y || = dim F(U) = dim Hy
for every U, so G is coamenable. O

As for the Poisson boundary of Rep G, from the universal property of the Poisson
boundary it is easy to deduce that if G is coamenable (and so Rep G is weakly amenable),
then the Poisson boundary of Rep G with respect to any ergodic measure is the forgetful
functor RepG — Rep K, where K C G is the maximal quantum subgroup of G of Kac
type. This will be discussed in detail in [26].
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7.2. Subfactor theory

Let N C M be a finite index inclusion of II;-factors. Denote by t the tracial state on M,
and by E the trace-preserving conditional expectation M — N. We denote [M : N] =
Ind E, and the minimal index of N C M by [M : N]o. Put M_; = N, My = M, and choose
a tunnel

- CM_3CM_,CM_; CM,,

so that M_, 1 is the basic extension of M_,_; C M_, foralln > 1. Forevery j < 1
denote by M jSt C M, the s*-closure of Unzl(M Jf_n N M;) with respect to the restriction
of 7. The inclusion N5 C M*' of finite von Neumann algebras is called a standard model
of N C M [29].

Let By (M) be the full C*-tensor subcategory of the category Hilby of Hilbert
bimodules over N generated by L?(M). Let M; be the basic extension of N C M,
so that Endy.y(L?(M)) = N’ N M,. The embedding N — M, induces a morphism
L*(N) - L*2(M) ®y L*>(M) in By (M), which defines a solution of the conjugate equa-
tions for L2(M) up to a scalar normalization. Moreover, it can be shown (compare with
Proposition 5.2) that the categorical trace corresponds to the minimal conditional expecta-
tion M; — N, and consequently d(L*(M)) = [M; : N](l)/2 = [M : Nlp. It is also known,
see Proposition B.1, that the inductive system of the algebras Endy_y (L2(M)®N™), with
respect to the embeddings 7' + t72(3s) ® T, can be identified with (M’,, .| N M}),>; in
such a way that the shift endomorphism 7' = T ® t72(a) of U,»; Endy .y (L (M)®N")
corresponds to the endomorphism y~! of Uns1(M”5, 11 N My), where y is the canonical
shift.

The normalized categorical trace on Endy_y (L?(M)) defines a probability measure jis
on the set of isomorphism classes of simple submodules of L2(M). More explicitly, it can
be shown that the value of the normalized categorical trace on any minimal projection
p € N' N M; equals

, 1/2 [M : N]
(r(p)t'(p) M N’
where 7’ is the unique tracial state on N’ C B(L?(M)). See [10, Section 2] and [29,
Section 1.3.6] for related results. Then the measure g is defined by
[M : N]

— ’ /
palP L2 D] = mp (27 (p))

where m,, is the multiplicity of pL?(M) in L*(M).

Recall that an inclusion for which [M : N] = [M : N]p, is called extremal. From the
above considerations, unless N C M is extremal, we see that the categorical trace defines a
tracial state of | J,,»(M”,, ;, N My) that is different from 7.

Let us first review what our results say about ( By (M), ust) for extremal inclusions. From
the identification of | J,,».; Endy.y (L2(M)®V") with | J,,5,(M”,, ,; N M) we conclude that
the von Neumann algebra ¢/V; 23 constructed in Section 3.2 is isomorphic to M}*. More
precisely, we take V' = L2(M) for the construction of ¢/Vy2(pr), so unless N’ N My is abelian,
we apply the modification of our construction of the algebras ¢/; discussed in Remark 3.7.
The subalgebra ¢V C ¢/ 72(ar) corresponds then to N5 = y~'(M;') € M;". In particular,
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Nstis a factor if and only if g is ergodic. Proposition 3.3 translates now into the following
statement, which is closely related to a result of Izumi [14].

PROPOSITION 7.2. — Let I1: By (M) — P be the Poisson boundary of (Bn (M), jist).
Then, assuming that N C M is extremal, we have

P(L*(M)) = (N N M,

More generally, by the same argument we have P(L>(M)®N") =~ (M%,, . ) N M.
Since L?(M) contains a copy of the unit object induced by the inclusion N — M, we
have pusi(e) > 0. Hence the supports of uZ are increasing, and therefore the isomorphisms
P(L2(M)®NT) = (M, +1) N M} completely describe the morphisms in the category .
In fact, recalling that M is the basic extension of N C M*®', see [29, Section 1.4.3], we
may conclude that 2 can be identified with 3 xst (M5). We leave it to the interested reader
to find a good description of the functor IT: By (M) — Byst(M*).

Consider the principal graph I'yy of N C M. Then ;2 can be identified with
Ty, FZtM,M] . Recall also that we have the equality | Ty, ar || = ||, || by [29, Section 1.3.5].

Turning now to Theorem 5.1 and Proposition 5.2, we get the following result (again, to be
more precise we use the modification of the construction of ¢y described in Remark 3.7).

THEOREM 7.3. — Assume N C M is extremal and N is a factor. Then we have
ITNamll* = [M*: N¥o.

If Mt is also a factor, this can of course be formulated as | Ty ar[|? = [M : N5Yo.

Applying Theorem 5.7 we get the following result, which recovers part of Popa’s
characterization of extremal subfactors with strongly amenable standard invariant [29,
Theorem 5.3.1].

THEOREM 7.4. — Assume N C M is extremal. The following conditions are equivalent:
(i) Nstisafactor and |Uy p||* = [M : Nlo;
() (M, ) NMt =M, ., NM foralln>1.

Proof. — As we already observed, the condition that Nt is a factor in (i) means exactly
that the measure ug is ergodic. The condition [Ty, ||*> = [M : N]o means that T2l =
d(L?(M)). Since the module L?(M) is self-dual and generates By (M), this condition is
equivalent to amenability of By (M).

On the other hand, by Proposition 7.2 and its extension to the modules L2(M)®N"
discussed above, condition (ii) is equivalent to triviality of the Poisson boundary
of (B (M), st).

This shows that the equivalence of (i) and (ii) is indeed a consequence of Theorem 5.7. [

If we write the proof of the implication (ii)=-(i) in terms of the algebras M’ ,,  , N M,
instead of Endy_y (L2(M)®N™), we get an argument similar to Popa’s proof based on [28],
which was our inspiration. On the other hand, our proof of (i)=>(ii) seems to be very different
from his arguments.

Next, let us comment on the nonextremal case. One possibility is to consider the comple-
tion of Unzl (M j’ _,NM;) with respect to the trace induced by the minimal conditional expec-
tation (that is, the categorical trace) instead of t. Then all the above statements continue to
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hold if we replace Nt and M5t by the corresponding new von Neumann algebras. Note that
the inclusion N5t C M5t defined this way is the standard model in the conventions of [30].
Then, for example, the implication (i)=(ii) in Theorem 7.4 corresponds to [30, Lemma 5.2].

But some results, notably Theorem 7.3, continue to hold for the inclusion NSt ¢ Mt
defined with respect to 7 in the nonextremal case also. The proof goes in basically the same
way as in the extremal case, by noting that the proof of the inequality || Ty |2 > [Ny @ Mo
in Theorem 5.1 did not depend on how exactly the inductive limit of the algebras C(V " ®U)
was completed to get the factors o/ C Ny . Therefore we have

Tl = M2 N¥o.

The opposite inequality can be proved either by realizing that the dimension function
on Ayst(M;') defines a dimension function on 3y (M), or by the following string of
(in)equalities:

ITNpmlI* = [Tw,pn, I < ||F1vst,11/115‘||2 < [M}": N*o,

compare with [29, p. 235]. We remark that from this one can easily obtain the implication
(i1) = (vii) in [29, Theorem 5.3.2] promised in [29].

Appendix A

Estimating relative entropy

In this appendix we estimate the relative entropy for embeddings of finite dimensional
C*-algebras.

Let N C M be a unital inclusion of finite dimensional C*-algebras, {z;}recx be the
minimal central projections of N, and {w; };<;. be the minimal central projections of M. Let
A = (axi)k, be the multiplicity matrix of the inclusion N C M, so thatay; = 0if zzw; =0
and (Nzxw;)' N (zgMwzr) = Mat,,, (C) otherwise, and {ny }; be the dimension function
of N, so Nz = Mat,, (C). The following proposition generalizes results of Pimsner and
Popa for tracial states in [27, Section 6].

ProrosITION A.1. — For any state ¢ on M we have

(zi)p(wy)ag; min{ag;, ny }

Hy(M|N) <> ¢(ziewy) log PERTAE

k.l

’

and the equality holds if ¢ is tracial.

The proof follows closely the proof for tracial states given in [22, Theorem 10.1.4]. The
key part is the following estimate.

LEmMA A.2. — For any positive linear functional W on M we have

=3 WG tog LML) ) 5(y) = 370 () log LR

o V(zrwy) o V(zkwy)
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Proof. — Put My = zx Mw;zx and Ni; = Nzpw;. For ¥ (zxw;) # 0 consider the state
1p[fkl = W(kal)_IWMkl

on My;. As usual in entropy theory, it is convenient to define a function n by 1(¢) = —t log?
for r > 0. We will constantly use the obvious equality

S(@) = o(1)S(@(1)™'w) + n(w(1))
for positive linear functionals w. Recall that the von Neumann entropy is defined by

S(@) =Tr(n(Qw))-
Let us start by estimating S(v). We have

SW) =D SWlmw) = Y_ v @)SE )™ Vlaw) + Y 0¥ (w)).
1 1 1

By [22, Lemma 2.2.4] applied to the projections z;w; in M w; we have

S ) Wlarwn) = 3 SO @) W) — 3 (M) ALY
k k

v (w;) = V()
It follows that
() SW) =Y vzew)SWr) + Y 0 (wy).

k.l 1

On the other hand, since @@, My; is a subalgebra of Mw; of full rank, by [22, Theo-
rem 2.2.2(vii)] we have

SWImw) <Y SWlm) = Y v (zw)SWr) + Y 0 zewr)).
k k k

Therefore

(6) SW) =Y vEw)SWr) + Y 1 (zew)).
k,l k.l

Turning to S(y|x), by [22, Theorem 2.2.2(ii)] we have
@)
SWIN) =Y SWinz) < Y SWCw)lnz) = Y ¥ Ew)SWrilng )+ Y 1 Gewr)).
k k,l k,l k,l

On the other hand, since the von Neumann entropy is concave by [22, Theorem 2.2.2(ii)],
we have

SWlnz) = ¥(20)S (Z ‘”f(kzz))’)wzsz)—‘w(- wl)mk) ED)
1

> D ¥ rw)SWaalng) + 1 (z0).
l

Therefore

®) SWIN) = Y ¥ GEew)SWailng) + Y 1 ).

k.l k
Now, by [22, Theorem 2.2.2(vi)] we have

[S(Wk1) — S(Wkilng,)| < logag.
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This, together with (6) and (8), gives
SW) = SWIn) <Y _¥(w)logar + Y n((zewn) — > 0¥ (z)),
k.l k,l k

which is what we need as

NV (k) = — Y _ ¥ (zewr) log ¥ (zx).
)

The lower bound for S(y) — S(¥|n) follows similarly from (5) and (7), if we in addition
use that
SWr) — SWkilng,) = —SWkilng,) = —logng,
so that

S(Wx1) — SWkiln,,) = —logmin{ag;, ng}. O

Proof of Proposition A.1. — Given a finite decomposition ¢ = ), ¢; we want to obtain
an upper bound on

S(@) — S(eln) + Y _(S(eiln) — S(g)).

By Lemma A.2 we have

¢ (Zk)akt

S(p) = S(pln) < D e(zwn) log = 20s

k.l
and
@i (wy) min{agg, ng }
@i (zrwy)

D (S(@iln) — S(@i) < D ¢izwy) log

ik,l

Since ) ; ¢i(zxw;) = @(zrwy), using the concavity of log we get

@i (wy) min{ag;, ng }

@i (zgwy) @i (wy) min{agy, ng}
> @i(ziwy) log < p(zxw;) log
; @i (zkwr) —~ ¢(zxwr) @i (zkwr)
_ @(wy) min{ag;, ng}
= ¢(zxw;) log
P(zgwr)

Putting all this together we get the required upper bound on H,(M|N). That this bound
is exactly the value of H,(M|N) for tracial ¢ is proved in [27, Section 6], see also [22,
Theorem 10.1.4]. O

The following result generalizes another estimate of Pimsner and Popa for tracial states,
given in [28, Theorem 2.6].

ProPoOSITION A.3. — For any state ¢ on M we have

Hy(M|N) < 2log || A]|.
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Proof. — Consider the sets Q = {(k,/) € K x L | ax; # 0} and
A== Cr)wnea | & =0, ZEH =1} cRE.

k.l
Define a function f on Rg by

%- 1)%-(2)
fE) =) & log ALK
kI gkl

where é(l) > &k and Sl(z) = > i &k1. By Proposition A.1 we have H,(M|N) < f(§)
for £ € A defined by &; = ¢(zxw;). Therefore it suffices to show that f (&) < 2log | 4| for
all £ € A. We will prove that this is the case for any nonzero matrix A with nonnegative real
coefficients.

Let { € A be a maximum point of the function f|A. We may assume that {z; > 0
for all (k,l) € , since otherwise we can simply modify the matrix A by letting ag; = 0
for (k,/) € Q such that {; = 0, which can only decrease the norm of A4, since by the
Perron-Frobenius theory the norm of A* 4 is the maximum of the numbers p > 0 such that
A*Aw > pw for some nonzero vector w € RJLF. By removing zero rows and columns of 4
we may also assume that the projection maps 2 — K and @ — L are surjective, so the

numbers ¢ ,El) and ¢ 1(2) are well-defined and strictly positive forallk € K and /! € L.
Using that 5t ; 5
1 _ and — Io @ _ 91 ’
95, 085 T 950, 085 ~ @
we get
) = 10g S5 %
ks S

Since ¢ is a maximum point of f|a, the gradient of f at this point is orthogonal to A, so

é-]({l)é-(z) al
S
for some A € R. Then f(¢) = A, and it remains to show that A < 2log || A]|.
Put

log k2L kL — ) forall (k,I) €

1 2
ve = (Y2 and w; = ()12,
Then, using that {y; = e */2avw;, we get

A §k1 o Z(l) A
S 3

Vg

Al2 Al2

so that Aw = e*/?v. Similarly we get A*v = e*/2w. We thus see that w is an eigenvector
of A* A with eigenvalue e*. Hence e* < | A|?. O

Note that the maximum of the function f|a from the above proof is exactly 2log| 4|
Indeed, let w € Ri be an eigenvector of A*A with eigenvalue || A4]|> normalized so that
|wll2 = 1, which exists by the Perron-Frobenius theorem. Then letting &; = || A| ~2ax; (Aw)xw;
we get f(§) = 2log | A]l. This of course does not imply that the supremum of H,(M|N)
over all states ¢ equals 2log || 4|, even if ny > ay;, since we only know that our upper bound
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on H,(M|N) is sharp for tracial states, and for tracial states the numbers ¢(zxw;) cannot
be arbitrary.

Appendix B

Canonical shift on the tower of relative commutants

Let N C M be a finite index inclusion of II; factors. Put M_y = N and My = M.
Iterating the basic extension with respect to the trace-preserving conditional expectations we
get the Jones tower

M_{CMyCM; CMyC---.
We also choose a tunnel
e CM_35CM_,CM_1 CM,.

Lete; € My, j € Z, be the corresponding Jones projections. Denote by t the unique
tracial state on |, M, and by E; the t-preserving conditional expectation  J, M, — M;.
Thus, M; 1 = Mje; M;, meaning that My, is spanned by the elements xe; y for x, y € M;,
ejxe; = E;_1(x)e; for x € Mj,and E;(e;) = Al, where A = [M : N]~1.

Consider the canonical shift y on | J i <k (M ]’ N Mp). This is an automorphism such that
y(ej) = ej42 and y(M]f N M) = M].'+2 N My 4,. It can be defined as follows, see, e.g., [22,
Section 10.4]. The representation of M;4; on L?(M;) given by the definition of the basic
extension extends uniquely to a representation of | J, M, such that

ej+nAj(x) = Jjej_,,JjAj(x) = Aj(xej_n) foralln > 1,

where Aj: M; — L?(M;) is the GNS-map and J; is the modular conjugation. In this repre-
sentation we have Mj 4, = J;M|_, J;. Define a x-anti-automorphism y; of ;. (M; N M)
by

yj(x) = Jjx*J; on L*(M;).
The canonical shift is defined by y = y;41y;. This definition is independent of j € Z. The
automorphism y is completely characterized by the properties that it maps M j’ N My into

Mjf+2 N My, and satisfies
©) y(x)ej41 = /\j_kejH coeegxegyieg---ejp for x € M]’ NMy, j<k.

The following proposition, which is at the origin of the classification theory of subfactors,
is a well-known result of Ocneanu.

ProrosITION B.1. — There is an isomorphism of the inductive system

L Q- L Q-
Endy.y (L2(M)) =227 Endy_y (L2(M)®N2) “207 Bndy y (LA(M)®N3) — -

onto the system
MllﬂM1—>ML3ﬂM1—>ML50M1—)--- s

where all the arrows are the inclusion maps, such that the shift endomorphism T +— T ® t12(ar)
of U,>1 Endn.y (L%(M)®N™) corresponds to the endomorphism y ! of Ups1 (ML, NMy).
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Despite being well-known, this is usually formulated in a weaker form, see, e.g., [3,
Section 4], and it seems to be difficult to find a clear complete proof of the proposition as
it is stated above in the literature. We will therefore sketch a possible proof for the reader’s
convenience.

We start by considering the N -bimodule maps
Umn: L* (M) ®n L*(My) — L*(Mygnt1) (m,n > 0),

U (A (X) ® A (1)) = AFDOD2N (e eolmi €1 Emin -+ €nY)
— A_(m+l)(n+1)/2/\m+n+1(xem C e Cmtn€m—1"""Cmtn—1"""€0 ...eny).
LeEMMA B.2. — The maps um, n are unitary, and the following identities hold:
(10) Uk+m+1,0Ukm ® t12(p,) = Ukmtn+1(L2(a1,) ® Um,n)-
Proof. — Using the identities

1
Emin—i(Cmin—rk " emiEm_k (X*x)em—k clmin—k) = At Em—k—l(X*x)

for k = 0,...,m, it is easy to check that the maps u,, , are isometric. Identity (10) is also
straightforward. To prove surjectivity of u,, ,, observe first that

Muem - eminMmin = Mmtn+1.
This can be seen by induction on n, using that
Muyenm - eminMpmin = Myem - emin—1Mmin—16minMpin
and My, yneminMpyyn = My 4n41. From this, in turn, by induction on m we get
Muem - emtnem—1-""€min—1-+-€0" - enMy = Mpiny1,
since the left hand side can be written as
Myenw - eminMm_16m—1-- €min—1---€0- -exMy.

This proves surjectivity of um, ». O
By distributing parentheses in L2(M)®N" e.g., as

L>(M)®y (L>(M) @y (-+- (L>(M) @y L*(M))---)),

and using the isomorphisms u ,,, we get an isomorphism vy,: L2(M)®N" — L2(M,_;), and
hence an isomorphism

Vn: Endy.n (L2(M)®N") — N' 0 Map—1.

By (10) the isomorphism v,, and hence v,, is independent of the way we distribute paren-
theses in L2(M)®N",

LemMMA B.3. — Forany T € Endy_y (L?(M)®N™) we have

Vnt+1(T @ tr2ary) = Yu(T) and Yui1(p2y ® T) = y(¥a(T)).
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Proof. — Asv,41 = uy—1,0(vy ® 1), for the first equality it suffices to show that
Un—1,0: L*(Mp—1) ® N L*(M) — L*(Mp)

is a left M»,—1-module map. It is clear that u,_1 ¢ is an M,_;-module map. Therefore it is
enough to show that u,_; gex = exup—1,0 fork =n —1,...,2n — 2. Consider three cases.

(1) k =n — 1. We have, for x € M,,_; and y € M, that
Un—1,0(en—1An—1(x) ® A(Y)) = A2 Ay (En—a(x)en—1---e0y) = A2 An(en—1Xen_1 - €0y),
which is what we need.

(i1) k£ = n. In this case, using that e, A,—1(x) = Ap—1(xey—2), we get

un—l,O(enAn—l (x) & A(y)) = A_n/zAn(xen—Zen—l tee eoy) = A_n/2+lAn(xen—2 tee Eoy)-

On the other hand,
entin-1,0(An-1(x) ® A(y)) = A" > Ay (Ep-i(xen—i---e0y)) = A>T Ay (xen—s - eqy),
SO again u,—1,0€y = €pUn—1,0.

(iii) n < k < 2n — 2. Using again that ey = Ju_1€24_k—2Jn—1 on L*(M,_;) and
ex = Jnean_iJn on L2(M,), we get

Un—1,0(ek An—1(x) ® A(y)) = A2 Ay (xern_i—2en—1 - €0y)
and
exttn—1,0(An—1(x) ® A(y)) = 17"?Ap(xen— - oyern—i)-
As ey, commutes with y € M and
€n_k—2€n—1°""€0 = Alp_1 €y _k€op k2" €0 = €x—1"""€0€2,k,

this gives u,—1 06k = €xUn—1,0.

Turning to the second identity, as v,41 = ug,—1(t ® v,), it suffices to show that

Uon—1(t ® X) = y(X)ugn—1 for x € N' N Mp,_;1.

Since y(x) € M{ N M»,4+1 commutes with M, recalling the definition of u¢_,—1 we see that
this boils down to showing that w,_1x = y(x)w,_1, where w,_1: L>(M,,_1) — L?>(M,,) is
defined by

Wn—1An—1(y) = An(eo - en—1y).
It is convenient to prove a stronger statement. Define a map 7: M5,y — M3, 41 by

—2n
w(x) =21 €0 €2p—1X€2p€2p—1 """ €p.

It is easy to see that 7 is a x-homomorphism. By (9) we also have 7(x) = y(x)eo for
x € N' N My,—y. It follows that in order to prove the second part of the lemma it suffices
to show that
Wp—1x = w(x)w,—1 forall x € My, ;.

Since m(x) = xeg for x € N, this identity holds for x € N. Hence to finish the proof it is
enough to check this identity for x = e, k = —1,...,2n — 2. That is, we have to show that
Wp_1e—1 = A lege_1e1eow,_1 and w,_jex = exireow,_1 fork = 0,...,2n — 2. This is
done similarly to the first part of the proof of the lemma by considering different cases: two
cases for w,_1e_; = A" lege_1e1eqw,_; corresponding ton = 1 and n > 1, and four cases
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for w,_1ex = exyreowy—1 correspondingto0 <k <n—-2,k=n—-2m=>2),k =n-—1
(n>1andn <k <2n-2. O

Proof of Proposition B.1. — It follows from Lemma B.3 that the isomorphisms
V_(n_l)l//n: Endy.y (LZ(M)®Nn) - MLZn-H N M,

define the required isomorphism of the inductive systems. O
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