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POISSON BOUNDARIES OF TYPE III FACTORS AND THE
RELATIVE BICENTRALIZER CONJECTURE

SHUOXING ZHOU

ABSTRACT. We study Poisson boundaries associated with normal regular
strongly generating hyperstates on von Neumann algebras with separable
preduals. We establish their rigidity and double ergodicity, characterize the
Choquet—Deny property, and obtain criteria for the weak Dixmier property.
We prove that every continuous factor with separable predual admits irre-
ducible embeddings with the weak Dixmier property into the hyperfinite
factors of type III), 0 < A < 1, and into some hyperfinite factor of type
IIIp. Using techniques developed for these Poisson boundaries, we prove that,
for every inclusion with a faithful normal conditional expectation M C N,
M C ¢(N) has the weak Dixmier property. By Marrakchi’s characterization,
this gives the relative bicentralizer conjecture.

1. INTRODUCTION

Throughout this paper, we assume that all von Neumann algebras have separable
preduals. The main application of the Poisson boundary techniques developed here
is a proof of the relative bicentralizer conjecture (Theorem G). The proof adapts the
arguments for double ergodicity and the weak Dixmier property to the continuous
core.

We construct Poisson boundaries from normal regular strongly generating hy-
perstates, where mw = mw = M; see Definition 3.7.

Example 3.9 supplies such a hyperstate with any prescribed faithful normal mar-
ginal, together with a modular symmetry and a finite second logarithmic moment.
We use these properties to construct type IIT Poisson boundaries and, in Section 7,
to identify the harmonic elements of an inner ucp map on the continuous core.
Weak closures of bounded sets are understood in the ultraweak topology.

Theorem A (Theorem 5.2). Let M be a von Neumann algebra with separable
predual and ¢ be a normal regular strongly generating hyperstate on B(L?*(M))
with the Poisson boundary B,. Assume that one of the following conditions holds:
(i) M is properly infinite, i.e., M = My & M @ Min;
(ii) M is finite with normal faithful trace T and p = fu(M)< cubr,ués)dp(u) for
some p € Prob(U(M)).
Then any W*-inclusion M C A equipped with a normal faithful ucp map P : A —
B, with P|yr = idas has the weak Dizmier property.

As a corollary of Theorem A, we recover the classical weak Dixmier property for

W*-inclusions with expectation [Pop00, Mar21]. The argument uses the existence
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of nrsg hyperstates, double ergodicity, and the passage from inner ucp averaging to
unitary averaging.

Corollary B ([Pop00, Mar21] Corollary 5.3). Any W*-inclusion M C A with
normal faithful conditional expectation has the weak Dizmier property.

Definition 1.1. Let M C A be a W*-inclusion. A ucp map P : A — A is called

M -inner if
P(a) = szaz,j, Z zrzp =1,
k k

for a sequence (zx,) C M, where the second sum converges strongly and the first con-
verges ultraweakly. We say that M C A has the inner UCP-Dizmier property
if, for every a € A,

{P(a) : P is an M-inner ucp map}dw N(M' NA) # 0.

To establish Theorem A(i), our strategy is to first utilize the noncommutative
Poisson boundary theory to deduce that the inclusion M C A automatically satisfies
the inner UCP-Dixmier property (Corollary 3.12). To bridge the gap from this ucp-
averaging condition to the classical weak Dixmier property, which relies strictly on
unitary averaging, we must prove that these two properties are in fact equivalent.
The following theorem establishes this crucial equivalence for the properly infinite
case.

Theorem C (Theorem 5.1). Let M C A be a W*-inclusion such that M is properly
infinite. Then M C A has the weak Dizmier property if and only if it has the inner
UCP-Dixmier property.

Theorem D (Theorem 6.3). Let M and ¢ satisfy either condition (i) or condition
(i) of Theorem A. Let M C A be a W*-inclusion equipped with a normal faithful
semifinite M -bimodular positive map

P:A — B,
in the extended-positive-cone sense specified before Lemma 6.1. For every © € Ay
for which P(x) is bounded, we have
conv{uzu* |ueU(M)} N (M'nA) # 0.

Remark 1.2. A bounded M -bimodular positive map F : A — B(L?*(M)) is com-
pletely positive. Indeed, for [x;;] € M, (A)+ and aq,...,a, € M,

D (F(wij)ajés, aily) = <F > ajwija; 5¢,§¢> 2 0.
2 2
Since M&y is dense, [F(x;5)] > 0. This observation concerns bounded linear maps;

it is not a claim of ordinary complete positivity for maps defined only on the positive
cone with extended-positive values.

Corollary E ([Iso25] Corollary 6.4). Let M C A be a W*-inclusion with a normal

faithful semi-finite operator-valued weight T : Ay — ]/\4\+. Then for any z € A4
with T'(z) < 400, we have

conv’{uzu* |u e UM)} N (M' NA) £ 0.
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We now apply the existence and rigidity of type III Poisson boundaries to irre-
ducible embeddings. A factor is called continuous if it is of type II or type III. For
0 < A <1, let Ry denote the unique hyperfinite type III, factor with separable
predual [Con76, Haa87].

Theorem F (Theorem 8.8). Let M be a continuous factor with separable predual.
For every 0 < X\ < 1, there exists a normal unital embedding 1y : M — Ry such
that

L,\(M)/ N Ry, =Cl1.

Moreover, M admits a normal unital irreducible embedding into some hyperfinite
type 11y factor with separable predual. The type 111y target is not prescribed in
advance. Moreover, these irreducible inclusions can be chosen to have the weak
Dixzmier property.

The following table records selected earlier results and the cases covered by
Theorem F. Here R is the hyperfinite IT; factor and Ry = R®B((?).

Source M Target R, Some hyperfinite R, Target R1
111, 0<A<l1
I, [Pop81] Thm F Thm F Thm F
I, [Pop81] Thm F Thm F Thm F
111 [Pop21] [Pop85] Thm F Thm F
111, [Pop81] Thm F [AHHM20] if Thm F
O<p<l1 A=
Thm F for all A
111, [Pop21] Thm F [Mar20] [Mar20]

For target Ry, the cases of type II; and type III,,, 0 < p < 1, already follow from
[Pop81, Theorem 3.2 and Corollary 4.1], as recalled after [Pop21, Corollary 1.3].
The type Il case follows by amplifying the type II; embedding. The remaining
cited results are [Pop21, Corollaries 1.3 and 6.6], [Pop85, Corollary 3.4], [AHHM20,
Corollary 5.7], and [Mar20, Theorem D(i)]. The latter three results are stated
as the existence of irreducible hyperfinite subfactors. Applying them to M’ in a
standard representation and taking commutants gives the displayed embeddings.
Indeed, P € M’ and PN M’ = C1 imply M C P’ and M' N P’ = C1.

Our construction starts with a rigid type III boundary and uses at most two
crossed products by countable amenable groups. The resulting ambient factors
are not asserted to be Poisson boundaries, and the resulting embeddings are not
asserted to admit normal conditional expectations onto M.

We now apply the Poisson boundary techniques developed above to the rela-
tive bicentralizer conjecture, using the symmetric hyperstate of Example 3.9. For
an inclusion with expectation M C N, let ¢(N) denote the continuous core of N.
Marrakchi’s characterization [Mar25, Theorem D] identifies the relative bicentral-
izer conjecture with the weak Dixmier property for M C ¢(N). We prove the
following result.
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Theorem G (Theorem 7.1). Let M C N be a W*-inclusion with a faithful normal
conditional expectation. Then M C ¢(N) has the weak Dizmier property. Conse-
quently, for every faithful normal state ¢ on M,

B(M C ¢(N),¢) = {¢" : t e RY' v (M’ n¢(N)).

Here B(M C ¢(N),¢) is the relative bicentralizer recalled in Section 7, and
(¢")ter denotes the canonical group of unitaries in c¢s(M) C ¢(N) implementing
0®. The proof comes from the Poisson boundary arguments for double ergodicity
(Theorem 3.11) and for E(x) € Har(P) in Lemma 6.1. We apply the symmetric
inner ucp map supplied by Example 3.9 to ¢(IN). Estimates for smooth spectral
cutoffs then identify its harmonic elements with M’ N ¢(N). Cesaro averaging and
Theorem 5.1 then give the weak Dixmier property when M is properly infinite;
in the finite case the inner ucp coefficients can be chosen as scalar multiples of
unitaries, so the same Cesaro means are already unitary averages.

Status and relation to the OpenAlI Math Release. This preliminary ver-
sion is prepared for submission to Hexagon immediately after the author learned
of the OpenAl Math Release [OAI26a, OAI26b], in order to record the present in-
dependently developed proof. The exposition has not yet been fully polished. The
proof of the relative bicentralizer conjecture was developed independently of those
manuscripts and does not use their results. Its conclusion overlaps with that of
[OAI26a], but its method comes from the Poisson boundary techniques developed
in this paper. The approach in [OAI26a] uses bicentralizer flows and a spectral com-
parison of multiplication maps; our argument uses a symmetric inner ucp map on
the continuous core, estimates for spectral cutoffs, and the passage from harmonic
elements to the weak Dixmier property.

Al assistance statement. Gemini 3.1 Pro and GPT astra 6 were used in the
development and preparation of this manuscript. The author is responsible for the
mathematical content and its presentation.
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2. PRELIMINARIES

2.1 Continuous cores and dual weights Let N be a von Neumann algebra
with separable predual, and let p be a faithful normal state on N. Define

A=c,(N) =N %y R.
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Let T: Ay — ]\A]+ be the canonical operator-valued weight, and let ¢ 4 = po T be
the dual weight of p. Write 7 for the canonical trace on A, and let

d ) )
h:ﬂ’ HZ]Ogh, )\t:hztzeth_
dr

Products of measurable operators are understood as closed products. We normalize
the dual action ¢ and the dual operator-valued weight by

G(N) = =N, T(a) = / 5, (x) dr.
R
Proposition 2.1. For every positive integrable function g on R,

(2.1) meHD=Mﬂmm»=/g@d&

R
In particular, we have

(2.2) W) =2 (5> 0)

Proof. For r,t € R, functional calculus gives
o) — G (tH) = G () = e"irteitH = git(H=1)
By uniqueness of the self-adjoint generator of a strongly continuous unitary group,
(2.3) or(H)=H —r.
Let €y be the spectral measure of H. For a positive integrable function g, (2.3)

gives

T@H»=A¢H—mw

(2.4) _ /R < /}R g(s —7) dr> A (s)
- (/Rg(s)ds> 1.

Since 4 = po T and p(1) =1, (2.4) gives (2.1).
For s > 0, the definition of h and (2.1) give
T(]l(s,oo) (h)) =pA (hil]l(s,oo) (h))
= YA (e_H]l(log §,00) (H))

oo
1
:/ e tdt = ~.
log s s

See also [Haa79a, Theorem 1.2(2)]. In particular, h is T-measurable. O

Lemma 2.2. For every 0 # d € Ay, there exists x € Ay such that
0#Fx<d,  palr)<oo.
Proof. Choose 0 > 0 such that 15.)(d) # 0. By semifiniteness of 7, there is a
nonzero projection
P < 1is500)(d), 0 < 7(p) < o0.

By (2.2), choose s > 0 such that 7(1(5.00)(h)) < 7(p), and let e = 1o 4(h) and
g=pAe. Let (1 —e)p =v|(1—e)p| be the polar decomposition. The kernel of
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(1 — e)p inside the range of p is the range of ¢ = p A e, and the range of (1 — e)p is
contained in the range of 1 — e. Hence
v'u =p—q, " <1-—e.
Thusp—qg~wvv*<1l—e,so0p—q¢31—eand
m(q) 2 7(p) —7(1—¢) > 0.
Since g < e, we have

pala) = 7(ghq) = 7(q(ehe)q) < s7(q) < oo.
Thus z = dq satisfies

0F#xz=06¢<dp<d,  palr)=0dpalg) <oo.

3. POISSON BOUNDARIES OF TYPE III FACTORS
Let M be a von Neumann algebra with separable predual.

Definition 3.1. Let M C A be a W*-inclusion. A normal state @ on A is called
an M -hyperstate if its restriction |y to M is faithful. Given a fized normal
faithful state ¢ on M, we say that ¢ is an (M, ¢)-hyperstate if oy = .

Proposition 3.2. Let p € B(L*(M)). be a normal M-hyperstate. Set ¢ = ¢|ar,
and let &5 € L*(M)4 be the canonical cyclic and separating vector implementing
¢. Then there exists a unique normal M-bimodular ucp map P, : B(L*(M)) —
B(L?(M)) such that for all T € B(L*(M)),

P(T) = (Pp(T)Ep: )

Moreover, there exists a (not necessarily unique) sequence (z)72, C M such that

oo

(3.1) Po(T) =Y (Jzp )T (T2 J)
k=1

for all T € B(L*(M)), where J is the modular conjugation operator on L?(M).

Proof. We first prove the existence and construct the explicit form of P,.

Since ¢ € B(L%*(M)). is a normal state, there exists a positive trace-class op-
erator p on L?(M) with Tr(p) = 1 such that ¢(T) = Tr(pT). We can decompose
p = > Mel€k) (x|, where (&) is an orthonormal system in L?(M), A, > 0, and

A= 1.

For any x € M, since ¢|y = ¢, we have:
[2€4]I* = ¢(a*x) = p(a*x) = Tr(pa*a) = > A(@"wlr, &) = > Aol
k k

Hence
(32) Amlletnl? < la€ol? (2 € M, m> 1),

Define the operator R, : M&s — L?*(M) by R, (z€s) = z&,. By (3.2),
| Rin(z€s) | < \/%Hxﬁ(b\\, so R,, extends to a bounded operator on L?(M). Fur-

thermore, for any z,y € M, we have R,,(yzy) = yz&m = yRn(xf,). Hence
Ry, e M'.
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By standard Tomita-Takesaki theory, M’ = JM J, so there exists y,, € M such
that R,, = JymJ.
Now, for any x,y € M and T € B(L*(M)), we calculate:

oy Ta) = Tr(py™Tx) = My Tabe, &) = Y Me(Tx&r, y&r)
k B

k

= T Ty J s, TyrTyéo)
k

— < (Z Ak.Jy;;JTJykJ> 2, y§¢>> .

k

(3.3)

Define 2z, = VAryr € M. Let Pu(T) = Y, (J25 )T (J 21 J).

By (3.3), p(y"Tx) = (Pu(T)2€p, y€s)-

Taking z = y = 1, we immediately obtain ¢(T') = (P, (T)e, &s)-
Since M¢, is dense in L?(M), the identity

(Po(T)a80, y&o) = p(y"T)

uniquely determines P, (T) for every T. Thus P, is unique.
Finally, we verify the properties of P,. Since JzpJ € M’, P, is structurally
completely positive and M-bimodular. Setting T' = 1 gives:

(Po(D)aéy, y€s) = (y™z) = p(y*z) = (x€s,yEp)-

This forces P,(1) = 1. Thus ), JzjzpJ = 1, which implies J(}", zjzx)J = 1,
concluding that >, z;2r = 1. Therefore, P, is a ucp map. It is normal: for 7' > 0,
the partial sums in its defining series increase strongly, and interchanging the two
increasing suprema shows that it preserves bounded increasing nets of positive
operators. ([

Definition 3.3. Let Har(P,) = {T € B(L*(M)) | P,(T) = T} denote the space
of p-harmonic operators. The Poisson boundary (B,,() is defined as a von
Neumann algebra that is isomorphic to Har(P,) as an operator system, together
with the canonical hyperstate ¢ := Plaar(p,)-

Proposition 3.4. The Poisson boundary B, always exists, is unique, and is
amenable.

Proof. Let w € BN\ N be a free ultrafilter. We define a map F : B(L*(M)) —
Har(P,) by taking the ultraweak limit of the Cesaro means:

n—1
E(T) = w- lim % > PHT) for all T € B(L*(M)).
k=0
Since P, is normal, E is a unital completely positive idempotent with range
Har(P,). It need not be normal, and its range need not be a subalgebra for the
original product on B(L?*(M)). Thus we do not call it a conditional expectation
onto an ordinary von Neumann subalgebra. Its range is injective as an operator
system.
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By the Choi-Effros theorem, equipping the operator system Har(P,) with the
Choi-Effros product defined by

zoy= FE(xy) forz,y € Har(P,)

makes (Har(P,),o) a C*-algebra with its original norm. The harmonic opera-
tor system is ultraweakly closed, hence a dual Banach space with the quotient of
B(L?*(M)). as predual. Sakai’s characterization therefore makes this C*-algebra a
von Neumann algebra, with its canonical ultraweak topology agreeing with the in-
herited one; see also [Izu02]. The inclusion M C Har(P,) is multiplicative for this
product, since E is M-bimodular. The canonical Poisson transform is a normal
unital complete order isomorphism onto the harmonic operator system. We use
this transform whenever we identify boundary elements with operators on L?(M);
products of two boundary elements must otherwise be taken in the Choi—Effros
algebra.

The uniqueness of B, follows from the fact that any two von Neumann algebras
that are completely isometrically isomorphic as operator systems are necessarily
*_isomorphic.

Finally, since B, = Har(P,) as injective operator systems, B, is amenable as a
von Neumann algebra. ]

Definition 3.5. We say that an M-hyperstate ¢ € B(L*(M)). is regular if
o(Jz*J) = p(z) for all z € M.

Proposition 3.6. Assume that ¢ € B(L?*(M)). is a reqular M-hyperstate. Let
¢ = |y and ¢° = p|jarg. Since &y € L2(M)4 is fized by J, for z € M, we have
(J2*J€p,Ep) = ¢(2) = ¢°(J2*J). Hence we can naturally identify L?*(M,$) =
L3(JM J,¢°) sharing the same canonical cyclic vector {s. The same argument as
in Proposition 3.2 guarantees the existence of a JMJ-bimodular ucp map Pg :
B(L?>(M)) — B(L?*(M)) such that

@(T) = (PY(T)s, &) for all T € B(L*(M)).
Moreover, there exists a sequence (yi)3>, C M satisfying > p—, yxyi = 1 such that

PoUT) = Yoy ykTys. Note that we do not necessarily have (yx) = (2x) unless
(M, @) is tracial.

For k > 0, we define the k-th convolution @** by ¢**(T') = (PE(T)¢s, &4).

Definition 3.7. Let ¢ be a normal regular M -hyperstate, and write
Po(T) =Y (Jz )Tz ), PYT) = uTyi.
k k
We say that ¢ is strongly generating if
Clz]

w —T T w

=Cly] =M.
Here no adjoints are adjoined in forming either algebra. We abbreviate normal,
regular, strongly generating to mrsg. In the nontracial setting we impose both
density conditions; we do not assert that one follows from the other.

These conditions do not depend on the choice of inner ucp coefficients. Indeed,
comparison with a minimal Stinespring representation expresses each coefficient of
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either representation as a square-summable scalar combination of the coefficients
of the other. These combinations converge in norm: for example,

H chzkH < ||(ck)|]l2 when Zzz,zk =1,
k k

and the analogous inequality holds for (y) because ), yxy; = 1. Thus the norm-
closed linear spans, and hence the weakly closed unital algebras, agree. When
¢ = | is tracial, the same coefficient family can be used for z; and yg, recovering
the tracial definition.

Proposition 3.8. Let ¢ be a normal reqular M -hyperstate.  Assume that
Cl{zx}k>1] is weakly dense in M. Then the normal state

o}

@ — Z 2—n—1¢*n

n=0

is faithful on B(L?(M)). Moreover, M is the largest von Neumann subalgebra of
Har(P,) for the original operator product on B(L?*(M)).

Proof. Write ¢ = ¢|p. Let T € B(L?>(M))y satisfy (T) = 0. Since all the
coefficients are positive, ¢*™(T") = 0 for every n > 0. Expanding the iterates of P,
and using positivity, we obtain

<T(JwJ)§¢, (JwJ)£¢> =0

for every word w in (zi), including the empty word. The weak density of C[z]
implies that the vectors (Jw.J)&, have dense linear span in L?(M). Thus T = 0,
proving that @ is faithful.

Let N' C Har(P,) be a von Neumann subalgebra for the original operator prod-
uct, and let vy = JzjJ. For T € N, the operators T,T*,TT* are fixed by P,,
SO

(3.4) > (T = Tog) (kT = Twg)* = Py(TT*) = Pyp(T)T* = TP, (T*) + TT* = 0.
k
Thus [T, v,] = 0 for every k. Applying (3.4) to T™ also gives [T, v;] = 0 for every
k.
The weak density of C[{zi}r>1] gives T € (JMJ)" = M. Since M itself is
contained in the harmonic space, it is the largest such subalgebra. ([

The following example gives an nrsg hyperstate with any prescribed faithful
normal marginal. The additional modular symmetry and moment bounds will be
used in Proposition 8.4 and in Section 7.

Example 3.9. Let M have separable predual, let ¢ be a faithful normal state on
M, and write £ = ;. There exists a faithful nrsg (M, ¢)-hyperstate p on B(L?(M))
with inner ucp coefficients (yx) C M for Pg having the following properties:

(i) The series Y, yryj; converges strongly to 1, and the normal ucp map
Q(a) - Zykay27 ac M;
k

satisfies ¢ o Q = ¢.
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(ii) The hyperstate is given by

o(T) = (Tyi&,yié), T € B(L*(M)),
k

and satisfies
@(JT*J) = ¢(T) (T € B(L*(M))),
P(B5) = p(ATY) <0, pl(log Ag)?) < oc.

(iii) Each y; admits a bounded modular continuation to /2, and the map

(3.5)

(3.6) yk — 0}, (Uh)

permutes the family (yg).
(iv) If ¢ is tracial, we may further choose

Yk = AUk, A >0, ug EU(M), ZA%ZL
k

Expectations of positive unbounded operators are defined by monotone spectral
truncation.

Proof. Choose elements a,, € M, entire analytic for ¢, whose linear span is weakly
dense in M and such that {a,& : n > 1} has dense linear span in L?(M). One
obtains such a sequence by applying the Gaussian regularizations

a—> (r/w)l/Q/ e_rtzaf(a) dt, reN,
R

to a countable strongly dense subset of the unit ball; see [Tak03].
Let b, = afi /Q(Q:‘L). The standard-form identities give

Jan& = b€, ané = JbyJE.
Choose ¢, > 0 such that
> enlllanlZ + 1ball2) < oo.

Rescaling the coefficients, we may assume that

(3.7) C = ealahan +b). Ol =1,

where the series converges in norm. In particular, 0 < C < 1. For n € L?(M),
write wy,(T') = (I'n,n), and set

Y=Y cnlWane +Wiane)
n

M
Since JayJ, Jb,J € M’, for x € M, we have
Y(x) = (JCT2'2¢, 21 2¢) < ¢(x).
Let n € L?(M), implement ¢ — v, and define
SO = ch(wanf + leln&) + w"']'

Then ¢|p = ¢. Since Jn = n and w, (JT*J) = wy,(T), the state ¢ is J-symmetric
and hence regular. The totality of (a,¢) makes ¢ faithful on B(L?(M)).
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The inequality ¢ —¢ < ¢ implies that the map = — xn extends to a contraction
re M. Let p=JrJ € M. Then

pE=n=JpJ§,  |ple <1
The two coefficient families associated with ¢ are
(’zk) = (\/CIbRa \/aan)nzl ) {p}v
(yr) = (Venar, \/ab:;)n21 U {p*}.
The two representations are
o(T) = Z<TJsz£ Tz J€)
(3.8) )
Z Tyr&, yi€) (T € B(L*(M))).
k

Since ¢|y = ¢ and p(Ja*J) = ¢(a) for a € M,

dozia=1, > myi=1
k

k

strongly. Moreover,

an € Clzg),  ap €Cly],  Clz] =Clys] =M,

so ¢ is nrsg. By (3.8),

$(Q(a)) =Y (ayi& ui&) = o(a) = ¢(a),  a€ M.

k

This proves (i) and the first assertion of (ii).
To verify (iii), note that

Uzg(an) =by, U?ﬁ(bn) =a,.

It remains to treat p*. For r > 0, define
pr = (T‘/7T)1/2 /R 67Tt20'f>(p) dt.

The identity Jp§ = p¢ and the commutation relation JAY = AlJ give Jp,& = p,€.
The Tomita identity and the separating property of £ imply

Ufi/2(p;f) =DPr; J?ﬁ(pr) = Py

The boundary values on the half-strip are bounded by ||p||eo- The three-lines the-
orem and the ultraweak closedness of the analytic generator give 032 (p) = p*; see
[VD14, p. 5]. Thus (3.6) exchanges the paired coefficients and fixes p*.

We next check (3.5). The vectors a,€, b,& and p€ belong to the domain of the

Tomita operator Sy = J A;/ ®. Hence
P(8g) =D calllanéll® + [167€01%) + eIl

n

<> enlllanllZ + [1ballZ) +1 < oo.

n
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Here the equality follows by monotone spectral truncation. Since JAyJ = A;l,
J-symmetry gives @(Agl) = ¢(Ay). The inequality (logt)? <t-+t"1—2 ¢ >0,
proves ¢((log Ay)?) < co. In particular,

(3.9) P(llog Ag|) < oo, p(logAg) = 0.

(iv): The modular action o is trivial, so every element of M is entire analytic.
Since M is linearly spanned by its unitaries, we may choose the a,, in the preceding
construction to be unitaries with the same density properties. For this choice,

b, = a}, and hence
C=2 (Z cn> L

By (3.7), 2>, ¢n = 1. Since each wq, ¢ restricts to ¢ on M, we have 1) = ¢. Thus
n =0 and p = 0. Omitting the zero coefficient, the inner ucp coefficients of @) are

Yon—1 = \/Cnlp, Yon = /Cnln, n > 1.
This has the required form y; = Ayuy, with >, A2 = 23" ¢, = 1, which finishes
the proof. 0

From now on, we fix a normal faithful state ¢ on M and an nrsg (M, ¢)-
hyperstate ¢ in the sense of Definition 3.7, and let (B,,() denote its
Poisson boundary. By Proposition 3.8, the normal state g =2 27" 1p*" is
faithful on B(L?(M)). All the states ¢*™ agree with ¢ on Har(P,), so the canonical
boundary state ¢ is normal and faithful.

Proposition 3.10. We have M' N B, = Z(M).

Proof. By identifying B, with Har(P,), we consider elements in M’ N Har(P,).
Note that M’ N B(L*(M)) = JM.J. Thus, it suffices to compute JM.J N Har(P,).

By the standard form of P, we have P,(JMJ) C JMJ. Since ¢ is regular, for
any T' € JM J, we have:

P°(Po(T)) = (Po(T)Ss,€0) = ¢(T) = ¢°(T).

Here the first equality uses P,(T) € JMJ and the fact that {, implements ¢°
on JMJ. Hence, the restriction P,|sars preserves the normal faithful state ¢ on
JMJ. It follows that the fixed-point space Har(JMJ, Py|ar7) is a von Neumann
subalgebra of JMJ.

Because ¢ is strongly generating, M is the largest von Neumann subalgebra
contained in Har(P,). Therefore, Har(P,) N JMJ C M, which implies Har(P,) N
JMJ Cc MnJMJ = Z(M). Since Z(M) C Har(P,) is trivial, we conclude
M' NB, =Z(M). O

Theorem 3.11. Let M C A be a W*-inclusion, then Pg : T w _, yxTy; can be
naturally defined on A. Let
Har(Pg, A) ={T' € A| P(T) =T}.

Assume there exists a normal faithful ucp map P : A — B, such that Py = idas.
Then we have Har(Pg, A) = M’ N A.
In particular, we have the double ergodicity of the Poisson boundary:

Har(P,) N Har(Pg) = Z(M).
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Proof. Let ¢ be the normal faithful stationary state on the Poisson boundary B,.
We define a normal faithful state ¢4 on A by o4 = (o P.

Recall that the ucp map P2 acting on A is given by P(T) = Y2, yxTy; for
T € A, where (y)7°,; C M and > o, yry; = 1. Because P|y = idps, P is an
M-bimodular map. Hence

(310)  P(PYUT)) =D PwTyi) = D ueP(D)yi = Po(P(T)).
k=1 k=1
We now verify that ¢ is PgZ-invariant on B,. Identifying B, with Har(P,), the
state is implemented by the vector state ((-) = (Py(-)&s,80) = (- &p,&p), which
coincides with the original hyperstate ¢ on this space. By the defining construction
of7¥§7 we have (P2 (16, &s) = ¢(T) for any T' € B(L*(M)). Thus, for any S € B,
we have:

(3.11) C(P2(9) = (Po(S)s, Eo) = 9(S) = C(S5).
By (3.10) and (3.11), for T € A,

pa(PL(T)) = ((P(PLT))) = C((P(P(T))) = ((P(T)) = pal(T).

This shows that Pg preserves the normal faithful state ¢ 4. By [DP22, Lemma 2.6],
the fixed-point space Ay = Har(Pg,.A) is a von Neumann subalgebra of A.
Clearly, if T € M’ N A, then PYUT) = Y022 vk Typ = Yoper Uk T = T, so
MNAC Ayp.
Conversely, suppose T' € Ap. Because A is an algebra, we also have TT* € A,
meaning P (T) = T and PL(TT*) = TT*. We compute the following sum of
positive elements:

> (kT = Tyr) (T — Tyi)*

~
Il
-

Wk TT i — ye Ty T = Ty T yp + TyryiT™)

M

(3.12) k=1 N
=Po(TT*) — PUT)T* — TPAUT*) + T (Z yky;;> T*
=TT*-TT7T"-TT*+TT* -
=0.
By (3.12), [yx,T] = 0 for every k. Since mw =M, T e M'nA. Thus

Har(Pg, A) = M' N A.
For the ”in particular” statement, we set A = B, = Har(P,) and let P = idp,.
The hypothesis is trivially satisfied, yielding:

Har(P,) NHar(Py) = Har(P2, B,) = M' N B,,.

By Proposition 3.10, M’ N B, = Z(M), which concludes the proof.
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Corollary 3.12. Let M C A be a W*-inclusion, and assume there exists a normal
faithful ucp map P : A — B, such that P|y = idy. Then M C A has the inner
UCP-Dixmier property.

Proof. Let w € SN\ N be a free ultrafilter. By Theorem 3.11, the fixed space of Py
is the ordinary von Neumann subalgebra M’ N A. The following ucp idempotent is
therefore a conditional expectation onto M'NA, without any assertion of normality:

n

E(x) :==w- lim % Z(’Pf,)k(x)
k=1

Recall that P is an M-inner ucp map. Therefore, F(z) lies in the weak closure
of the inner UCP orbit of a:

E(z) € {P(x) | P is an M-inner ucp map}uj.
Normality of Pg gives Po(E(z)) = E(r). By Theorem 3.11, E(z) €
Har(Pg, A) = M’ N A. Hence

E(x) € {P(x) : P is an M-inner ucp map}u) N(M'NnA.

O

Theorem 3.13. Let C be a weakly closed operator system such that M C C C B,
and MC+CM C C. If ¥ : C — B, is a normal ucp map such that ¥y = iday,
then ¥ =ide¢.

Proof. We identify C with its image in Har(P,,) under the Poisson transform. Then
U is a normal ucp map from C to Har(P,). Since ¥|y; = idys, the map ¥ is M-
bimodular. Using the explicit formula P(T) = 2, yxTyj, for any T € C we

have:
o0

(U(PUT)Es: E6) = D (W (ykTyii)p: Eo)

k=1
=Y WU (T)yiés: o)
k=1

= (PS(U(T))Es,E0)-
Since ¥(T') € Har(P,) and ¢ is regular, the term on the right evaluates to:

(Po(U(T)€p, €)= (T(T)Es, )
Thus, (¥(P2(T))Es,Es) = (U(T)Eg, &) for all T € C. By linearity, this invariance

extends to Cesaro means:

N
1 o\n
<qj (N >_(P) (T)> 5¢’5¢> = (V(T)&s,Es)-
n=1

Define Ay (T) = (1/N) SN (P2)™(T). Since P,Ps = PPy,

o 2||T
PolAn(T) = An(T),  [PYAN(T) - ax(D)] < 2] 0
Choose an ultraweakly convergent subnet with limit z € C. Normality and Theo-
rem 3.11 give

z € Har(P,) N Har(Py) = Z(M).
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Since z € M, we have ¥(z) = 2. Normality of ¥ gives the first equality below.
The last equality follows from (3.11) and normality of (:

(U(T)Ep, Ep) = (V(2)€p,Ep) = (264, 80) = (T€p, &)

Now, for any a,b € M and T € C, the element b*Ta is still in C. Using the
M-bimodularity of ¥, we obtain:

(W(T)aky, b&p) = (¥ (b"Ta)ly, &) = (b"Tags, &) = (Tagy, bSs)-

Because M¢y is dense in L?(M), this forces W(T) = T for all T € C. Hence,
U = ide. 0

Lemma 3.14. Let ¢ be a normal reqular strongly generating hyperstate with ¢ =
olar, and let 0 < t < 1. Set o) = (1 —t)p + t{-£4,&4). Then oM is normal,
reqular and strongly generating, and its Poisson boundary agrees with that of ,
as an inclusion containing M. Moreover, if @; is such a hyperstate on M;, then
@gtl) ® gDétQ) is strongly generating in the sense of Definition 3.7.

Proof. The two coefficient families for ¢(*) are obtained by multiplying the original
families by /1 —t and adjoining v/¢1. In particular, both nonselfadjoint unital
algebras remain weakly dense. Since P,u = (1 —t)P, + tid, the two harmonic
operator systems coincide, and hence so do their Poisson boundaries. The coefficient
families for the product hyperstate contain nonzero scalar multiples of z;; ® 1,
1 ® 22, and, respectively, y11 ® 1, 1 ® y2;. Their unital algebras are therefore
weakly dense in M;®@M,. O

Theorem 3.15. Suppose for eachi € {1,2}, M; is a von Neumann algebra. Let @;
and 1 ® w2 be normal reqular strongly generating hyperstates for M; and M1 @Ms
on B(L?(M;)) and B(L*(M1®Ms)), respectively. Then

Har(Pwl Qw2 )= Har(P% )®Har(77@2 )s

and
BLP1®LP2 = Bsol ®B<P2'

Proof. Write P; = P,, and H = Har(P; ® ). The normal maps P; ® id and
id® Py preserve H and fix M1®M> pointwise. Theorem 3.13, applied to the product
hyperstate, shows that both maps act identically on H. Thus, for z € H,

(id ® we)(x) € Har(Py), (w1 ®id)(z) € Har(P) (w; € B(L*(M;))s).

By Proposition 3.4, these harmonic operator systems are normally completely
order isomorphic to injective von Neumann algebras. The slice-map property for
an injective von Neumann algebra, as used in [DP22, Theorem 4.4], now gives

H C Har(P,)®@Har(Py).

The reverse inclusion follows from normality and the identity (P, ® P2)(S® T) =
S ®T for harmonic S, T. The tensor product of the Poisson transforms is therefore
a normal complete order isomorphism onto H. Uniqueness of the Choi-Effros von
Neumann algebra structure gives the stated *-isomorphism, which fixes M;®Mo.

O
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4. THE CHOQUET-DENY PROPERTY
Proposition 4.1. Any type I factor M = B(H) is Choquet-Deny.

Proof. Let M = B(H). Since M is a type I factor, its standard representation
B(L?(M)) canonically decomposes as the von Neumann algebra tensor product
M®&M'’. Under this spatial identification, any a € M acts as a® 1, and any b € M’
acts as 1 ® b.

Let ¢ be a normal regular strongly generating M-hyperstate. The associated

Poisson transform P, : B(L?*(M)) — B(L?*(M)) takes the standard form:
o0
Po(T)=> (Jap )T (Jzid),
k=1
where (2,)72, C M and Y, zfz, = 1.

Because the inner ucp coefficients Jzp.J belong to M’ they correspond to ele-
ments of the form 1 ® y;, in M®M'. Consequently, the map P, splits as a tensor
product P, = idy; @ ®, where ® : M’ — M’ is the normal ucp map defined by
(a) = Y0, vy

For a normal ucp map of the form idy; ® ® on a tensor product, its space
of harmonic operators is precisely the tensor product of the respective harmonic
spaces:

Har(P,) = M@Har(®).

To determine Har(®), note that ® is simply the restriction of P, to M’. Because
¢ is a regular hyperstate, ® preserves the normal faithful state ¢° on M’. By [DP22,
Lemma 2.6], preserving a faithful state ensures that the fixed-point space Har(®)
is a von Neumann subalgebra of M’.

For x € Har(®), the argument in (3.4) and (3.12) gives [z,yx] = 0 for every k,

w

or equivalently [z, JzJ] = 0 in B(L*(M)). Since C[zx] = M,
re(MYNM =MnM =Z(M)=Cl1.

Substituting this back into the tensor product yields:
Har(P,) = M®C1 = M.
This proves that the Poisson boundary B, = Har(P,) coincides entirely with M,
meaning it is trivial. Thus, M = B(H) is Choquet-Deny. O

Proposition 4.2. Let M be a von Neumann algebra, and let ¢ be a normal regular
strongly generating hyperstate on B(L?*(M)). Then Har(P,) C Z(M)'.

Proof. Fix a unitary u € U(Z(M)), and define ¥,, : B, — B, by
U, (x) =uzu™, x € B,.

Then ¥, is a normal ucp map and ¥, |y, = idys. By the rigidity of the Poisson
boundary (Theorem 3.13), we have ¥, = idg,,.

Therefore, for any u € U(Z(M)) and = € B,, we have uzu* = z. By the
isomorphism B, = Har(P,), which is M-bimodular, we know that for any v €
U(Z(M)) and T € Har(P,), uTu* = T. Therefore, Har(P,) C Z(M)'. O

For the next theorem, we refer to [Tak02, Chapter IV] for details on direct
integral theory.
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Theorem 4.3. Let M be a von Neumann algebra, and let ¢ be a normal reqular
strongly generating hyperstate on B(L?*(M)). Let ¢ = |y be the corresponding
normal faithful state on M.

Assume that (M, ¢) admits a direct integral decomposition on a standard proba-
bility measure space (X, px):

D
(M. ) = / (M, 62)dix (z).

X

By direct integral theory, ¢ admits the following decomposition when restricted
to the algebra of decomposable operators:

52}
<P|f)e(a B(L2(M;))dux (z) — /X P dpx ().

Then we have that for px-a.e. x € X, @, is a normal reqular strongly generating
hyperstate on B(L?(M,)). Moreover, we have

52

Har(P,) = [ Har(P,.)dx (x)

and

@
B, = / By, dux (x).
X

Proof. We use a measurable field of standard forms, so that J = [ f Jx dpx ()

and &y = f;? &s, dux (x). Choose the two coefficient families (zx) and (yx) in the
definition of strong generation. Outside one null set their decompositions satisfy

Y@@ =1 S m@m@) =1,
k k

with strong convergence. The representation using (zx) gives

(4D eul(T) =Y (Thoan(@) Jubo,, Jozk(2) Jus,), T € BLA(My)).
k
Indeed, integrating (4.1) against arbitrary central projections
recovers the disintegration of ¢. In particular, the fiber functionals are normal
states. The representation using (yi) disintegrates in the same way. Testing the
two marginal identities against central projections and a countable fundamental
family of sections shows that

bzlm, = u,s 0o(Jea"Jyp) = ¢p(a), a€ M,,

almost everywhere. Hence the fiber hyperstates are regular.

We next check nonselfadjoint generation. Enumerate the words in (z;), including
the empty word. If the fiber words failed to have ultraweakly dense linear span on a
set of positive measure, Hahn—Banach and measurable selection in the measurable
field of preduals would give a nonzero integrable measurable field x — f, € (M,).
annihilating every fiber word. One may choose ||f.|| < 1 and support this field on
that set. Choose a positive-measure subset and one bounded fundamental section
a;(x) on which |f;(a;(x))] > 1/m for some m. Multiplying the functionals by mea-
surable scalar phases makes these values positive real. Their direct integral is then
a nonzero normal functional on M annihilating every global word, contradicting
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strong generation. Here measurable selection applies to the countably many equa-
tions f,(w(z)) = 0; nonzeroness can be tested on a countable fundamental family
of sections. Applying the same argument to (yi) proves both required density
statements almost everywhere.

By Proposition 4.2, every harmonic operator is decomposable.

For T = ff? T, dux(x), (3.1) gives

5]
Po(T) :/X Py, (Ty) dpux (z).

Consequently, T' is harmonic if and only if T, is harmonic almost everywhere, prov-
ing the asserted equality of operator systems. This identification also preserves the
boundary products. Indeed, for a harmonic 7', the increasing bounded sequence
PL(T*T) converges strongly to its Choi-Effros square; the same construction ap-
plies in every fiber and commutes with the direct integral. Polarization gives the
assertion for all products. Thus the resulting complete order identification is the
stated normal *-isomorphism of Poisson boundaries. ([

Theorem 4.4. A von Neumann algebra M is Choquet-Deny if and only if it is of
type L.

Proof. Suppose first that M is Choquet-Deny. Example 3.9 supplies an nrsg hy-
perstate; its boundary is M by assumption. Proposition 3.4 therefore implies that
M is injective. Write M = M7 @& N, where N is the continuous part, and suppose
N #0.

Every continuous injective factor with separable predual absorbs the hyperfinite
II; factor R. For semifinite factors this follows from the uniqueness of the injective
II; factor. In type III), 0 < A < 1, tensoring by R does not change the flow
of weights, so the classification of injective factors applies; in type III; one uses
uniqueness of the injective factor of that type. See [Con76, Haa87]. Disintegrating
N over its center gives this absorption fiberwise. The fiber isomorphisms can be
chosen measurably: in standard form their unitary implementations are selected
from the measurable isomorphism relation, specified by countably many equations
on fundamental operator sections. Integrating them gives

N = NQR.

By [Zho24, Proposition 5.3], R admits a normal regular strongly generating
hyperstate @i with nontrivial boundary. The cited construction uses a semigroup-
generating measure on group unitaries of So; its two coefficient families agree in
the tracial setting, and C[zx] = C[yg] is weakly dense. Choose an nrsg hyperstate
wo on N using Example 3.9. Replace both hyperstates by their lazy versions from
Lemma 3.14. Their boundaries do not change, and both coefficient families of their
product now generate N®R. Theorem 3.15 gives

Bsoo@soR = Bsoo ®B<pR-

This inclusion is nontrivial: take a harmonic operator T' ¢ R for ¢r. Then 1®7T is
product-harmonic and does not belong to NQR, as is seen by slicing with a normal
state on N. Transport through a standard-form implementation of N = N®R gives
an nrsg hyperstate ¢y on B(L?(N)) with nontrivial boundary. This transport need
not preserve a previously chosen marginal, which is immaterial to the definition of
Choquet-Deny.
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If M; = 0, this already contradicts the hypothesis. Otherwise choose an nrsg
hyperstate @1 on Mp and lazify both summand hyperstates. With respect to
L*(M) = L*(M;) & L*(N) define

(4.2) o(T) = %SDI(TH) + %SON(T22)'

Its marginal is ¢ @ 2¢n. Its two coefficient families (z) and (yi) are the corre-
sponding summand families extended by zero. Because the summands were lazified,
these families contain nonzero scalar multiples of both central summand projections.
Consequently both C[zx] and C[yg] are weakly dense in M, and ¢ is nrsg. The maps
P, and P kill off-diagonal operators, and on the diagonal they are the direct sums
of the summand maps. Hence

B¢ng EBBQON #Mv

a contradiction. Thus N =0 and M is of type 1.
Conversely, let M be of type I and let ¢ be any nrsg hyperstate. Decompose the
standard form over the center:

D
(M. ) = / (M, 6) dpaxc (),

b'e
where almost every M, is a type I factor. Theorem 4.3 gives nrsg fiber hyperstates
¢, almost everywhere. Proposition 4.1 gives Har(P,,) = M,. Integrating and
using Theorem 4.3 again yields

52
Har(P,) = / M, dux(z) = M.
X
Therefore M is Choquet-Deny. O

5. PROOFS OF MAIN RESULTS ON THE WEAK DIXMIER PROPERTY

Theorem 5.1. Let M C A be a W*-inclusion such that M is properly infinite.
Then M C A has the weak Dixmier property if and only if it has the inner UCP-
Dixmier property.

Proof. We only need to prove the if direction, since every finite convex combination
of unitary conjugations is an M-inner ucp map. Assume that M C A has the inner
UCP-Dixmier property.

Because M is properly infinite, it contains an infinite sequence of mutually or-
thogonal projections (pi)7<; such that py ~ 1y for all k and > ;—, pr = 1as.
Choose isometries s, € M with sis; = pi. This partition of unity gives a spatial
isomorphism

©: A= ARB(H),  ©O(a) = (sjas;)ij>1,
where H = (?(N). Its restriction maps M onto M®@B(H) and pj to 1y ® ek,
where (e;;); j>1 are the standard matrix units of B(H). Indeed, on a Hilbert space
on which A acts, the unitary £ ® ex — ;£ implements this isomorphism. Thus we
identify the inclusion M C A with

M@&B(H) c ARB(H).

It suffices to prove the weak Dixmier property for an arbitrary element x €
ARB(H). Write

K, =conv?{UzU" : U e U MRB(H))}.



20 SHUOXING ZHOU

First, we can take a weak limit of convex combinations of unitary conjugates of
the form (1ps ®u)x(1y ®u*) to average x into the relative commutant A® 1 sy of
14®B(H). To see this explicitly, average over the compact group U (M, (C)) acting
on the first m basis vectors of H and identically on their orthogonal complement.
These averages lie in K, and are uniformly bounded. Any weak cluster point
commutes with each of these nested unitary groups, and hence with 14 ® B(H).
Thus, for some a € A, we have

a® 1B(H) S Kw

Since K, is weakly closed, convex and invariant under these unitary conjugations,
it also contains the weakly closed convex hull of the unitary orbit of a ® 1.
To proceed, it is sufficient to prove that for any M-inner ucp map

o0 oo
P(a) = szaz,’;, zp € M, szz,’; = 1w,
k=1 k=1

the element P(a) ® 1p () is contained in the weak closure of the convex hull of the
unitary orbit of a ® 1p ().
Fix an integer n > 1. We construct a partial isometry Z,, € M®B(H) structured

as a block matrix where each block is of size n x n. The first block-row consists of a
zero block followed by scaled identity matrices zil,,, and all subsequent block-rows
are identically zero:

Onxn  21ln 22Dy 231,

O'I'LXTL Onxn O7L></I'L O'I'LXTL

Zn =

Onxn OTLXTL 0n><n Onxn

The strong convergence of > p- | 2z = 1 makes this row a bounded operator.
Multiplying this block matrix by its adjoint yields the identity 13, on the first n xn
diagonal block and zero elsewhere. Letting F,, denote the projection onto the first
n basis vectors of H, we have

ZnZ;: =1y QFE,.

Thus, Z;; is a partial isometry with initial projection 1) ® E),,. Because the first
block-column of Z,, is identically zero, its final projection Z;Z, is orthogonal to
1ym ® Ey,. Since M is properly infinite, each 15 ® e;; is equivalent to 1yep()-
For j = 1, this is implemented by the strong sum ), si ® ey, and the other cases
follow by matrix-unit equivalence. Hence

1-ZpZ, 21y @ By > 1y @ e11 ~ Lyaa)-
We also have
1=y ® En) > 1y @ enying1 ~ luesm)-

Therefore, the orthogonal complements of both projections are Murray—von Neu-
mann equivalent to the identity:

1- (I ®@E,) ~ 1= 27y ~ 1ygpm)-
This guarantees the existence of a partial isometry W,, € M®B(H) with
W W, =1-2Z,, WWr=1—- 1y E,).



POISSON BOUNDARIES AND THE RELATIVE BICENTRALIZER CONJECTURE 21

Define U,, = Z, + W,,. Since the initial and final projections of Z,, and W, are
respectively orthogonal, all mixed terms vanish. Therefore,
UU0,=2"Z,+W;W, =1, U U, =22+ W, W) =1.

Hence we complete the partial isometry into a unitary U, € U(MQB(H)). Since
(1y ® E,)W,, = 0, the first block-row of U,, remains the first block-row of Z,,. In
block-row notation, we write
Zn,
- ().

We conjugate a ® 1g(gy by Uy. Since
Zn(a® 1p))Z, = Pla) ® E,,

we have, with respect to the first n coordinates and their orthogonal complement,

(5.1) Un(a® 1p0m) U7 = (P(“ﬂ" *> .

* *

To ensure a diagonal output, let D C B(H) be the abelian von Neumann alge-
bra of diagonal operators, and apply the conditional expectation onto the relative
commutant of 14 ® D:

ED/ : A@B(H) — A@D
This expectation is approximated weakly by convex combinations of diagonal uni-
tary conjugations. Indeed, for t € [0, 1], let

U =1y ® Zerm‘tekk S Z/[(lM ® D)
k=1
Then

1
(5.2) Ep (T) :/ U,TU; dt,

0
where the integral is taken ultraweakly. By (5.2) and (5.1),

Ep (Un(a® 1pan)U;) = Pla) ® By, + by,
where
bn=(1-14® Ep)bn(l —14® Ep), 0]l < [lall-
Asn — oo, E,, / 1p(g) strongly. Thus, the support and uniform norm bound of
by, give b, — 0 strongly, and hence weakly. Concurrently, P(a)®E, — P(a)®1pm)
weakly. Therefore,

w- lim EfD/(Un(CL(X)lB(H))U:;) = P(a) ® lpa)-

n—roo

Because this holds for any M-inner ucp map P, the entire set
{P(a) ® 1p(my | P is an M-inner ucp map}

is contained in K.
By the assumption that the original inclusion M C A has the inner UCP-Dixmier
property, there exists an element

y € {P(a) | P is an M-inner ucp map} N (M'NA).
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Because the mapping 7'+ T ® 1p(g) is normal, the element y ® 1p (g lies in the
weak closure of {P(a) ® 1pg)}. Since K, is already weakly closed, it contains
y® 1pm-

Thus, y ® 1p(g) belongs to

(M®B(H))' N (A®B(H)) = (M' N A)&Clpm)

and lies in the weakly closed convex hull of the unitary orbit of z, which finishes
the proof. ([l

Theorem 5.2. Let M be a von Neumann algebra with separable predual and ¢
be a normal reqular strongly generating hyperstate on B(L?*(M)) with the Poisson
boundary B,. Assume that one of the following conditions holds:

(i) M is properly infinite, i.e., M = My__ & My & Mi;
(ii) M is finite with normal faithful trace T and p = fu(M)< ~ulr, u)du(u) for
some p € Prob(U(M)).

Then any W*-inclusion M C A equipped with a normal faithful uep map P : A —
B, with P|yr = idas has the weak Dizmier property.

Proof. Let M C A be a W*-inclusion equipped with a normal faithful ucp map
P : A — B, satisfying Py = idy. By Corollary 3.12, the existence of such
a map P guarantees that the inclusion M C A automatically satisfies the inner
UCP-Dixmier property.

We now verify that the weak Dixmier property holds under either of the assumed
conditions:

Case (i): Assume M is properly infinite. By Theorem 5.1, for properly infinite
von Neumann algebras, the weak Dixmier property is equivalent to the inner UCP-
Dixmier property. Since M C A already has the inner UCP-Dixmier property by
Corollary 3.12, it inherently possesses the weak Dixmier property.

Case (ii): Assume M is finite with trace 7, and ¢ = fM(M)<~u§T,u§T>d,u(u)
for some probability measure p € Prob(U(M)). In this setting, the associated
ucp map Pg : A — A is explicitly given by integrating over unitary conjugates:
Po(r) = fu(M) w*rudp(u) for all z € A. The adjoint direction follows from
the vector-state convention ¢ = [wye dp(u). Because P is constructed solely
from integrals of unitary conjugations, its iterates (P:,)k and their Cesaro means

Uy (z) = (1/N) Zivzl(P;)k(x) must lie inside the weakly closed convex hull of the
unitary orbit of x:

U (x) € conv{uzu™ | v e U(M)}.

As established in the proof of Corollary 3.12, any weak limit point z of the sequence
(Un(2))F-y is an element of M’ N A. Since the weakly closed convex hull of the
unitary orbit is weakly closed, the limit point z remains within it. Thus:

z € conv{uzu* |u e U(M)} N (M'NA) #0,

which satisfies the exact definition of the weak Dixmier property for M C A.
O

Corollary 5.3 ([Pop00, Mar21]). Any W*-inclusion M C A with normal faithful
conditional expectation has the weak Dixmier property.
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Proof. Let E : A — M be the given normal faithful conditional expectation. De-
compose M = Mg, ® M, into its finite and properly infinite parts, omitting zero
summands, and write pi,poo for their units. Averaging by p; + e>™p., removes

the off-diagonal terms of every z € A:

1
(5.3) / (p1 4+ €™ poc)(p1 + €™ poo)* At = P1IP1 + PooTPoo-
0

The restrictions E; : p; Ap; — p; M are normal faithful conditional expectations.
Choose a faithful normal trace 7 on Mgy, a countable adjoint-closed family of
unitaries (uy) generating Mgy, and ¢ > 0 with ), ¢, = 1. The state

p1 =Y orl-urbr, uny)
k

is normal and regular. Both strong generation conditions follow from the weak
density of Clug], since (uy) is adjoint-closed. Composing E; with Ma, C B
Theorem 5.2(ii) gives the weak Dixmier property for Mg, C p1.Ap;.

For M., choose an nrsg hyperstate by Example 3.9. Composing E., with the
boundary inclusion and applying Theorem 5.2(i) gives the same conclusion for this
corner. Product nets of the two unitary averaging nets, after applying (5.3), give
an element of M’ N A in the closed convex unitary orbit of x. O

¥Y1

6. A NEW PROOF OF ISONO’S THEOREM

In this section, an M-bimodular semifinite positive map with values in a von
Neumann algebra B O M means an additive, positively homogeneous map P :
A, — By satisfying

Pa*za) = a*P(x)a (re Ay, a e M).

We require normality, meaning preservation of increasing bounded nets, faithful-
ness, and ultraweak density of

m} = {z € A : P(z) € B4}

Here B, is the extended positive cone, and P(z) < oo will always mean that P(x)
is bounded. For every p € B;, the function po P is a normal weight. In particular,
its sublevel sets are ultraweakly closed. It follows that, for C' < oo, the set

(6.1) {r e Ay : P(z) < C1}

is ultraweakly closed. We use this scalar interpretation of lower semicontinuity
throughout; see [Haa79b, Sections 1-2].

Lemma 6.1. Let p4 be a normal faithful semifinite weight on a von Neumann
algebra A, and let P : A — A be a normal ucp map satisfying pao P =@4. Fizx a
free ultrafilter w and define

n—1
1 k
E(x) = uvrxlf;lclum - ,;_0 P%(x).

Ifz € Ay and pa(z) < oo, then P(E(z)) = E(x) and P(E(x)?) = E(z)?.
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Proof. Write A,(z) = (1/n)Y3=) P¥(z) and y = E(z). Since ||[P(A,(z)) —
A ()| < 2||z||/n, normality of P gives P(y) = y. Lower semicontinuity and
invariance of the weight give

IN

paly) <walz) <oo,  waly®) < llyllealy) < oc.
By Kadison’s inequality, P(y?) —y? > 0. Since g4 0 P = ¢4 and @ 4(y?) < oo,

ea(P(?) = y?) = pa(P(y?) — paly®) = 0.
Faithfulness gives P(y?) = 32
O

Theorem 6.2. Let M C A be a W*-inclusion and let v be a normal reqular strongly
generating hyperstate. Assume that there exists a normal faithful semifinite M -
bimodular positive map P : Ay — é;+ in the preceding sense. Set Q = Pg, acting
on A by Q(z) = >, ykxyy. For any x € AL with P(z) < oo, every ultraweak
cluster point of

n—1
1
(6:2) LS @t
k=0
belongs to M' N A.

Proof. Let ¢ be the canonical faithful normal state on B, and let ¢4 = (o P.
This is a normal faithful weight. It is semifinite because its finite positive domain
contains the ultraweakly dense cone mj;.

Normality and M-bimodularity give, in the extended positive cone,

PQ) = > _ uP@)yi = Q(P(x)).
k

By (3.11), (o Q = ¢ on (B,)+. This identity extends

to the extended positive cone by monotone approximation. Hence g 4 0Q = ¢ 4.

Let T be an ultraweak cluster point of (6.2). The proof of Lemma 6.1, applied
along a convergent subnet, gives Q(T) = T and Q(T?) = T?. Consequently,

D kT = Tyi) (T — Tyi)* = Q(T?) = Q(T)T — TQ(T) +T> = 0.
k

-7 T w

Thus [T, yx] = 0 for every k. Since Cly,] =M, T € M' N A.
O

Theorem 6.3. Let M have separable predual and let ¢ be a normal regular strongly
generating hyperstate. Assume either that M is properly infinite, or that M 1is finite
with a faithful normal tracial state T and

(6.3) o= [ 1 (T 160) )

for a probability measure pi. Let M C A be a W*-inclusion and let P : A, — l/3;+
be a normal faithful semifinite M -bimodular positive map. Then, for x € Ay with
P(z) < oo,
conv{uzu* :u € U(M)} N (M'NA) # 0.



POISSON BOUNDARIES AND THE RELATIVE BICENTRALIZER CONJECTURE 25

Proof. Let C = |P(z)|| and K, = conv”{uzu* : u € U(M)}.
For uw € U(M), P(uzu*) < C1. By the ultraweak closedness of (6.1),

Ph)<Cl  (be Ky).

Suppose first that M is properly infinite. Choose isometries (v;) C M with
fvj = 0;;1 and ), v;vf =1, and use the isomorphism

i
7: A ARB(F*(N)), 7(b) =Zv;‘bvj®eij.
4,J

It maps M onto M@B(¢?(N)). As in the proof of Theorem 5.1, unitary averaging

over the type I tensor factor gives a ® 1 € w(K,) for some a € A;. Let b =
7Y a®1). Since b € K, and a = vibvy,

P(a) =viP(b)v; < CL.

By Theorem 6.2, an ultraweak cluster point ¢ of the Cesaro means of (Pg)k(a)
belongs to M’ N A.

The matrix-dilation argument in the proof of Theorem 5.1 applies to each M-
inner ucp map. Thus every Cesaro mean of (Pg)k(a), tensored with 1, belongs to
the weakly closed unitary convex hull of @ ® 1. That hull is contained in 7 (K), so
c®1en(Ky).

Since c® 1 € (M@B(£?*(N))),

7 e®l) e K, N (M NA).

Suppose now that M is finite and ¢ satisfies (6.3).
With the present vector-state convention,

Po(b) = /u(M) w bu dp(u).

Its iterates and Cesaro means preserve K,. Their ultraweak cluster points belong
to M’ N A by Theorem 6.2, which proves the assertion. |

Corollary 6.4 ([Iso25]). Let M C A be a W*-inclusion with M having separable

predual, and let T : Ay — M,y be a normal faithful semifinite operator-valued
weight. For every x € Ay such that T(z) is bounded,

conv’{uzu* tu e U(M)} N (M' NA) £ 0.

Proof. Write M = Mg, ® My, for its finite and properly infinite parts, with units
P1, Poo. Averaging over the unitaries p; +e2"#poo sends = to p12p1 + Poc TPoo Within
its unitary convex hull.

The restrictions T; : (p;Ap;)+ — piM + are normal, faithful and semifinite. In-
deed, compression of the ultraweakly dense finite positive domain of T is ultraweakly
dense in (p;Ap;)+, and

Ti(piap;) = piT'(a)p;-
Moreover, T;(p;xp;) is bounded.

On Mg, choose an atomic measure on a countable symmetric family of unitaries
generating Mgy, with every atom having positive mass. This gives a normal regular
strongly generating hyperstate with respect to a faithful normal tracial state. On
M, use Example 3.9. Compose each T; with the extension to extended positive
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cones of the canonical embedding p;M C B,,. These composites satisfy the hy-
potheses of Theorem 6.3; no normalization on p; M is required. Apply that theorem
separately to the two positive diagonal blocks.

Finally, block-diagonal unitaries in U(Mgn) @ U(M) belong to U(M). Taking
product nets of the two averaging nets gives a limit in M’ N A, still in the original
unitary convex hull. O

We next show that a nontrivial Poisson boundary admits no normal faithful
semifinite operator-valued weight onto the original algebra.

Theorem 6.5. Let M be a von Neumann algebra and B, be the Poisson boundary
associated with a normal regular strongly generating hyperstate. If the Poisson
boundary is non-trivial (i.e., B, # M), then there exists no normal faithful semi-

finite operator-valued weight T : (B,)+ — J\/]Jr.

Proof. Write B = B, and @@ = P2, and suppose that such an operator-valued
weight T': By — M\+ exists. By Proposition 3.10,

M'nB=2(M)=Z(B).

To justify the second equality, let v € U(Z(M)). The normal automorphism Ad(u)
of B fixes M pointwise, so Theorem 3.13 gives Ad(u) = idg. Hence Z(M) C Z(B);
the reverse inclusion follows from Z(B) C M' N B = Z(M).

Let h = T(1). By M-bimodularity, uhu* = h for every u € U(M); hence h
belongs to the extended positive cone of Z(M). Let e denote the infinite spectral
projection of h. We first prove that e = 0.

If e # 0, semifiniteness and M-bimodularity of T give a nonzero x € (eB)4
with T'(x) < C1 for some C < oo. Every Cesaro mean A, (z) = (1/n) Zz;é Q* ()
satisfies T'(A,(x)) < C1. Choose an ultraweak cluster point z of these means.
Normality of Q and Theorem 3.11 give

z€ Z(M)y, z = ez, ¢(z) = ((x) > 0.

For every p € M, the normal weight poT is lower semicontinuous. Thus p(T'(z)) <
Cp(1), and consequently 7T'(z) < C'1. Choose € > 0 such that ¢ = 1} y(z) # 0.
Then ¢ < e and

T(q) <e'T(2) <e'C1.
On the other hand, M-bimodularity gives T'(¢) = ghg, which has infinite value on
the nonzero projection ¢ < e. This contradiction proves e = 0.

Faithfulness of T also shows that the zero spectral projection of h vanishes.
Therefore

qn:]l[%,n](h) EZ(M)7 qn/‘l‘

On each nonzero corner, h, = g,h is bounded and invertible in Z(q,M). Since
T(gn) = hp, the formula

En(a) = hy, ' PT(a)h, 2, a€ (quB)s,

extends to a normal faithful conditional expectation ¢, — ¢, M. Here bounded-
ness follows from T'(a) < ||a||h,. Extend E,, to the normal ucp map

v, :B— B, U, (b) = E,(gnb) + (1 — ¢,)0.
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The centrality of ¢, makes this a direct-sum map, and ¥,,|p; = idps. Theorem 3.13
gives ¥,, = idg. Hence ¢,B = ¢, M for every n. Passing to the strong limit ¢, 1
yields B = M, contrary to the hypothesis. O

Corollary 6.6. Every non-type I von Neumann algebra M admits an irreducible
W*-inclusion M C A (i.e., M' N A = Z(M)) that satisfies the weak Dixmier
property but admits no normal faithful semi-finite operator-valued weight.

Proof. Write M = Mg, ® M, for its finite and properly infinite parts, omitting
zero summands. On each nonzero finite part fix a faithful normal tracial state.
If Mg, is not of type I, [Zho24, Theorem 5.6, condition (ii)] supplies an atomic
unitary-measure nrsg hyperstate with nontrivial boundary. Reflect the measure if
necessary to use the convention ¢, = [wye. dp(u). This is a relabelling of the
same displayed hyperstate, not a change of its boundary. If Mg, is of type I, use
positive weights on a countable adjoint-closed generating family of unitaries.

On the properly infinite part, if it is not of type I, Theorem 4.4 supplies an
nrsg hyperstate with nontrivial boundary. Otherwise use Example 3.9. Lazify the
chosen states by Lemma 3.14; this preserves their boundaries, and in the finite case
merely adds an atom at the identity.

If both summands are present, form the diagonal hyperstate as in (4.2). The
two identity coefficients ensure both strong generation conditions, as checked in
the proof of Theorem 4.4. If only one summand is present, retain its state. The
resulting boundary is

A: BLP 284,01 @B@wa
with absent summands omitted. At least one summand is nontrivial, since M is
not of type I; thus A # M. Proposition 3.10 gives M' N A = Z(M).

Theorem 5.2(ii) applies to the finite boundary inclusion, and part (i) applies to
the properly infinite one. Combining their unitary averaging nets gives the weak
Dixmier property for M C A. Finally, Theorem 6.5 rules out a normal faithful
semifinite operator-valued weight from A to M. O

7. THE RELATIVE BICENTRALIZER CONJECTURE

Let M C N be an inclusion of von Neumann algebras with separable preduals
and a faithful normal conditional expectation F : N — M. Fix a faithful normal
state ¢ on M and let p = ¢ o E. We use the compatible realizations

co(M) C ¢,(N) = N x40 R.
Following [Mar25, Definition 7.1], the relative bicentralizer is
B(M C C(N)7¢) = (MZ&JW)I n C(N)7

where w is a free ultrafilter on N and the commutant is taken in the compatible
ultrapower realization. This algebra is independent of w. We write ¢ for the
canonical implementing unitaries in cq(M).

We prove the following theorem.

Theorem 7.1. Let M C N be a W*-inclusion with a faithful normal conditional
expectation. Then M C ¢(N) has the weak Dizmier property:

(7.1) conv " {uzu* :u e UM)} N (M'Ne(N)) #0 (x € ¢(N)).
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Consequently, for every faithful normal state ¢ on M,
(7.2) B(M C ¢(N),¢) = {¢" : t € R} v (M’ ne(N)).

Fix a normal faithful state ¢ on M, and let p = ¢ o E and A = ¢,(N). Let
w4 = poT be the dual weight of p, where T': A, — ]/\7]_ is the canonical operator-
valued weight. We use the notation h = d(;’% and H = logh from Subsection 2.1,
where 7 is the canonical trace on A. Here A, = h* = ¢*. The modular action
of4 = Ad()\) restricts to of on M. Choose the (M, ¢)-hyperstate ¢ and the inner
ucp coefficients (yx) from Example 3.9, and define

(7.3) Qx) = Zykmyz, z € A
k

By [Mar25, Theorem D], it suffices to prove (7.1). To prove that M C A has
the inner UCP-Dixmier property, it suffices to show that d := Q(aa*) — aa™ = 0
for every a € Har(Q). As in the proof of Theorem 3.11 and the argument showing
E(z) € Har(P) in Lemma 6.1, followed by Cesaro averaging, we have

Q(aa*) = aa™ (a € Har(Q))
= Har(Q)=M'nA
— M C A has the inner UCP-Dixmier property.
Fix a € Har(Q). By Kadison’s inequality, d > 0. Lemma 2.2 reduces d = 0 to

proving that every z € Ay with 0 < 2 < d and p4(x) < co must be 2 = 0. Such
an x satisfies

n—1 n—1
Y Q@) <) Q*d)=Q"(aa") —aa" < CL,  C = |af*.
k=0 k=0

After constructing the pairing and the self-adjoint contraction S in Lemma 7.2,
Lemmas 7.3 and 7.4 prove @ 4(x) = 0 for such z. Faithfulness then gives x = 0.

Theorem 5.1 converts the inner UCP-Dixmier property into (7.1) when M is
properly infinite. For finite M, we choose ¢ tracial so that the Cesaro means are
already unitary averages. The general case follows by decomposing M into its finite
and properly infinite parts.

Since ¢ o ) = ¢, normality and M-bimodularity of E and T give
(7.4) ppa0Q=00FEocToQ=0¢0QoEocT =¢poFEoT =y,

where the compositions are understood on the extended positive cone.
Define

m,, =span{a € A4 : p4(a) < oo}, £(a) = hY*aht* (a e Mg, ).

On L?(A, 7) we use the inner product (X, Y )y = 7(Y*X), linear in the first variable.
Define S : D — D, where D = {{(a) : a € my, }, by

(7.5) S¢(a) = £(Q(a))  (a€myy,).
This is well-defined since ¢ is injective and Q(m,,) C m,, by (7.4).

Lemma 7.2. For every a € my,,, we have &(a) € L*(A, 7). Let x € AL satisfy
wa(z) < oco. Then

wa(a) = 7(h2zh'?a) (a€ A)
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defines a finite normal positive functional on A, with w, (1) = p4(x), and

(7.6) (€a),&(x))2 = wala)  (a€my,).

Moreover, S extends to a self-adjoint contraction on L*(A,T).
Proof. For a € my, ,, let
k(a) = h'/2ah}? € LY (A, 7).

We first verify the assertions about & and w,. Both ah!'/2 and h'/2a belong to
L?(A, 7). Traciality and the Cauchy-Schwarz inequality give

I€(@)ll3 = T(h/*a*h! an!/*)
= T((ahl/Q)*(hl/Qa))
(7.7) < [lah*? |12 |2 all2
— (2% ah ) 20 (B 2aa* nV/2)?

1/2 1/2

= pala’a)“pa(aa)

The calculation is first made for a,, = e,ae,, where e, = 11/, ,,j(h). The conver-
gences an,h'/? — ah'/? and h'/?a,, — h'/%a in L? justify passage to the limit.

Since k(z) € L*(A,7)4+ and 7(k(z)) = pa(x), w, is a finite normal positive
functional with w;(1) = w4 (x). To prove (7.6), let

ey = ]l[%’n](h), Ty = €pTEn, Qp, = €7,0Ep,.
By (2.2), the projections e, have finite trace. Traciality in e,.Ae,, gives
(E(an), E(zn))2 = T(h2z,h 2 ay,).
Since e, h = he,, and e, 71 strongly,
E(xn) = enk(z)e, — k(z) in L,
E(2n) = ené(w)en — &(z) in L2,
€(an) — €(a) in L2
Moreover,

sup |lan || < |all, an, — a *-strongly.
n

Passing to the limit proves (7.6).
We next prove that S extends to a self-adjoint contraction. Identifying A, with
LY(A,7), we first show that the preadjoint of Q satisfies

(7.8) Quk(a) = k(Q(a))  (a €my,).
Let vy = 032(;1/;). By Example 3.9, (vg) is a permutation of (yz). We have
(7.9) yZhl/2 = K/ 2y, R 2y, = thl/Q.

Formula (7.9) follows first on compact spectral vectors for H, and then for the
closed measurable products. For a € Ay with v 4(a) < co, we obtain

Yik(a)yr = k(vravy).



30 SHUOXING ZHOU

By (7.9), the positive partial sums ), _, y;k(a)y, converge in L', since

T D vik@u | =7 | k(@) D wyi | S pala).

k<n k<n

Monotone convergence of the corresponding quadratic forms gives

Q.k(a) = 3 yik(a)ye = k (z ) — K(Q(a)).
k k

This proves (7.8) for positive a, and the general case follows by linearity.
By (7.8) and (7.6), for a,b € m,, N Ay,

(5¢(a),£(b))2 = T(k(b)Q(a)) = T(Q.k(b)a)
=7(k(Q(b))a) = (&(a), SE(b))2-
Linearity gives (Sv,w)y = (v, Sw)s for v,w € D. Also S(D) C D by (7.4). For
a€mg,,, (7.5), (7.7), Kadison’s inequality for Q™, and ¢ 4 0 Q™ = p4 give
157¢(a)]13 = €@ ()13

= |[BM*Q"™ (a)hM I3

= (2Q" (a) W/2Q" (a)

< 0a((Q™(a))*Q™(a)) 0 a(Q™(a)(Q™(a)*)"/?

< 0a(@Q"(a%a)*0a(Q" (aa™))"/?

= pa(a*a)'*p.4(aa*)"/?.
Thus

Cyp = sup ||S™v]|2 < 00 (v e D).

m>0

For v € D, symmetry gives
(7.10) 1Sv][3 = ($%v,v)2 < [|S?v]2][v]l2-
Iterating (7.10), we obtain
I1Svll2 < 8% wlly* (ol /*" < OV o]l 2" — [|v]l2.

It remains to check that D is dense. With e,, = 11, (), both h and h~! are
bounded on e,, and 7(e,) < co. Every bounded b € e, Ae,, has the form

b=¢(h~VAp~Yy, p VATt c e de, Cmy .

These finite-corner elements are dense in L?(A, 7). Therefore S extends to a self-
adjoint contraction. O

Let f € C2°(R) be real with 0 < f < 1, equal to 1 near 0, even and nonincreasing
in |s|. Define Hgr = f(H/R), R > 1. Then Hgr 1 strongly as R — oo, and (2.1)
gives

pA(HR) = R/Rf(s) ds < oo.
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Lemma 7.3. Let x € Ay satisfy pa(x) < co. Assume that there is a constant
0 < C < oo such that

n—1
(7.11) Y QFay<c1 (n>1).
k=0
Then
(7.12) palx) < liminf C|[(1 - $)V2¢(Hp)|3.

Proof. The case pa(x) = 0 is immediate. Assume that @ 4(z) > 0. Let a, =
S h_o QF(x) < C1. By (7.4) and (7.5),

palan) =npa(z) <oo,  (1=5)¢(an) =&z - Q"(x)).
By (7.6) and positivity,

(1= 8)%¢(an)ll3 = (€2 — Q"(x)),&(an))2
= we(an) — wa, (Q"(x))
< wz(an)
< Cuwy(1) = Copal).

(7.13)

Fix R > 1. By (7.6) and positivity, w.(Hg) = wp, () = wp,(z). Since a, —
Qan) =2z —Q"(x) and 1 — S >0, (7.5) and (7.13) give

o (Hr) = wiry (Q"(x))[?
=|wrn (@ — Q" ()]’
=|(¢(x — Q"(2)),£(Hr))2|”

(7.14) =[((1 = 9)¢(a >5<HR>>2}2
=1 = 8)"2¢(an), (1 — $)V/?¢(HR))2|”
<[l(1 - )1/25(an)u2||<fS>1/25<HR>H%
<Cpa()| (1= 8)2¢(Hp)|3-

By (7.11), for every N > 1,

N-1 N-1
Z WHR(QN("'E)) = WHg <Z Qn(x)>
n=0 n=0
< Cupy(1) = Cpa(Hp) < .

Letting N — oo, we obtain
> wna(Q"(x)) < Cpa(Hr) < oo

s0 wh,(Q™(x)) — 0 as n — co. Letting n — oo in (7.14) gives

(7.15) jwo(Hr)[* < Coa@)|(1 = 8)2¢(HR) 3 (R21).
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Since Hr 1 strongly as R — oo, normality of w, and (7.15) give
pa(@)? = |wa (1)

= li = (Hpg)|?
JimJw,(Hr)|

< liminf Copa(2) (1 — 8)"/2¢(HR)|3.
—00
Dividing by ¢ 4(z) proves (7.12). O
Let v be the spectral distribution of log A, under ¢. By (3.5),

me 1= / s2dv(s) = p((log Ay)?) < .
R

Lemma 7.4. For every R > 1,

m 7112
(7.16) 10 - )2 3 < "L
Moreover, if x € Ay satisfies pa(x) < oo and (7.11) for some 0 < C < oo, then
valx) =0 and x = 0.
Proof. Let g € C°(R) be real. By (2.1), g(H) € my,,, and g(H) € A,_,. Expand-
ing the commutators gives

> vk g(H))[yr, g ()™ = Q(g(H)?) — Q(g(H))g(H) — g(H)Q(g(H)) + g(H)*.

i
By Kadison’s inequality, (7.4), and (2.1),

o4(QUa(H))?) < pa(Q(a(H)?)) = palg(H)?) = / l9(s)|? ds < ox.

Thus all four terms on the right belong to my,. Applying ¢ 4 and using the ¢ 4-
centralizer property of g(H), the linear extension of (7.6) to self-adjoint elements,
and (7.5), we obtain

(7.17)

> o allye, () ye, g(H)I*) = 2(0a(9(H)?) — palg(H)Q(g(H))))
k

=2((&(g(H)), E(g(H)))2 — (SE(9(H)), E(9(H)))2)
=2(|(1 = 5)"%¢(g(H))|3-

We compute the left-hand side by proving

718 D pallu oo ) = [ [ latr-+9) = o) drans)

We use the unitary Fourier transform

§(t) = (2m)"1/2 / =17 g(r) dr.

R
The crossed-product relation gives

(7.19) e glE0)] = 2m) 7 [ G0) (o — o)t
By (2.1), for X = (2m)71/2 [ aiA dt = (27) 712 [ awe™ dt, we have

120 eaX'X) = [ plaiaat,  ealXX) = [ plasai)ar,
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The identities in (7.20) hold first on the crossed-product Hilbert algebra and extend
by its L? isometry; see [Haa78]. In the first identity in (7.20), the zeroth coefficient
is [p0”,(aja;)dt, and the modular invariance of p removes this twist.

By © = > . (- yi€s,yj&e) and the definition of v as the spectral distribution of
log Ay under ¢, we have

Zaﬁ yk — of () (e — of (yw)*) = Z 11 = AD)yksll?
= Z 1 - Zt (1- Al 6 )Yk, yk§¢>

(- 850 - A
= [a=ea = eyans)

/|1 7,t$|2 dV )
By (7.19), (7.20), and scalar Plancherel,
S eallye oo o 1)) = LR [ 11— evpavs)ar
= [ [ a0k - arans)

//\gr+s ()| dr dv(s).

This proves (7.18). Now take g(r) = f(r/R), so g(H) = Hg. Since ||g(-+5)—gl2 <
[slllg'll2 = L[ £]l2, (7.18) gives

ma|lf']I3

(7.21) > o allye, Hrllyr, Hr]") < R

k

Combining (7.17) with g(H) = Hg and (7.21) proves (7.16).
Now let x satisfy the hypotheses of Lemma 7.3. By (7.12) and (7.16),

. Cma|l )13
< < = e
0 < palw) <lminf ==

Thus ¢ 4(z) = 0, and faithfulness of v 4 gives x = 0. O

=0.

We can now identify Har(Q).
Proposition 7.5. The fized-point space of Q is
Har(Q) = M' N A.

Proof. We only need to prove that Har(Q) C M'NA. Let a € Har(Q). By Kadison’s
inequality,

We have
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Suppose that d # 0. By Lemma 2.2, choose 0 # = < d with ¢ 4(x) < co. Then
n—1 n—1
Y QM@ <) Q@ <a’t  (nz1)
k=0 k=0

Lemma 7.4 gives = 0, a contradiction. Hence Q(aa™) = aa*. Applying the same
argument to a* € Har(Q) gives Q(a*a) = a*a, so a belongs to the multiplicative
domain of Q. Expanding as in (3.12), we obtain

S (e — ay)(ya — ayi)* = 0.
k

Thus [a,yx] = 0 for every k. Since Clyx] = M, a € M’ N A. O
We can now finish the proof by applying the equivalence established in Theo-
rem 5.1.

Proof of Theorem 7.1. Suppose first that M is either finite or properly infinite.
Choose a faithful normal state ¢ on M, taking ¢ tracial when M is finite. Let @ be
the map in (7.3) on A = cyop(IV), with coefficients from Example 3.9. For z € A,
define

n—1
Qn(x) = %ZQk({E), K, = conv "W{uzu® : u € U(M)}.
k=0

Since
1Q(Qn(e)) — Qu(a)] < 2121

n
normality of @ and Proposition 7.5 imply that every ultraweak cluster point of

(Qn(x)) belongs to M' N A.
If M is properly infinite, each @,, is an M-inner ucp map. Thus M C A has the
inner UCP-Dixmier property, and Theorem 5.1 gives the weak Dixmier property.
If M is finite, the tracial choice in Example 3.9 gives

Yk = kU, Qz) = Z)\iukxuz, Z)\i =1.
k k

Thus Q(K,) C K, and Q,(z) € K, for every n. Every ultraweak cluster point
belongs to K, N (M’ N A), which proves the finite case.
For general M, write
M = Mﬁn S Moo
for its finite and properly infinite parts. We may assume that both summands are
nonzero. Let pi,ps be their units and let N; = p; Np;. There is a faithful normal
conditional expectation

F:N— Ny & No, F(a) = p1ap1 + p2apa.
The restrictions
E1:E|N1:N1—>Mﬁm E2:E|N21N2—)MOO

are faithful normal conditional expectations.

Choose a faithful normal state ¢ on M whose restriction to Mg, is tracial, and
let p=¢oFE, A= c,(N), and p; = p|n,/p(p;). Since p; € My, bimodularity
gives p; € N,. Thus F preserves p and extends to a faithful normal conditional
expectation

F: A — prAp1 @ p2Apa, piAp; = ¢, (Ni).
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For z € A, since p1 — pas € U(M),

~ 1
F(z) = p1op1 + paxps = §(I + (p1 — p2)x(p1 *pz)) € K.

The finite and properly infinite cases give the weak Dixmier property for Mg, C
p1Apy and My, C poAps, respectively. As in the proof of Corollary 5.3, taking
product nets of the two unitary averaging nets gives

K,N(M' NnA)#0.

This proves (7.1).
Finally, [Mar25, Theorem D] gives (7.2) for every faithful normal state ¢ on M,
which finishes the proof. O

8. IRREDUCIBLE EMBEDDINGS INTO HYPERFINITE FACTORS

To construct the desired irreducible inclusion M C R, we first choose a Poisson
boundary B, of M and then take crossed products. When a single crossed product
suffices, the construction has the form

M C B, C B, o G = Ry.

Here M C B, is irreducible by Proposition 3.10 and rigid by Theorem 3.13. We
choose a suitable outer action a of a countable discrete abelian group G to obtain
the hyperfinite factor of the desired type. The following Lemma 8.1 then shows that
M C R,y is irreducible. The cases requiring a second crossed product are treated
in Lemma 8.7.

Lemma 8.1. Let M C B be an irreducible inclusion of factors. Assume that every
normal automorphism of B which fires M pointwise is the identity. Let G be a
countable discrete group and let o : G ~ B be an action such that oy is outer for
every g # e. Then

M'N(Bx,G)=Cl1.

Proof. We first observe that, for 5 € Aut(B),
(8.1) {z € B:mx =zf(m) for all m € M} # {0} == [ is inner.
Indeed, for a nonzero such z,

xx* € M'NB=Cl, ¥z € B(M) NnB=Cl.

Thus z = cv for some ¢ > 0 and v € U(B). The automorphism Ad(v) o 5 fixes M
pointwise, so it is the identity on B.

Let Ep : B x4 G — B be the canonical faithful normal conditional expectation
and let uy be the implementing unitaries. For x € M’ N (B x4 G), define z, =
Eg(zu}). Bimodularity gives

mag = rgeag(m) (m e M).
By (8.1), 24 = 0 for g # e, while z. € M’ N B = C1. Uniqueness of Fourier
coefficients gives « = x, € C1. (]

We first establish the type and existence results for Poisson boundaries needed
below.

Theorem 8.2. Let M be a semifinite factor and let ¢ be a normal reqular strongly
generating hyperstate. If B, # M, then B, is a type 111 factor.
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Proof. By Proposition 3.10, B, is a factor. If it were semifinite, Haagerup’s the-
orem [Haa79b, Theorem 2.7], applied to the inclusion M C B, and faithful nor-
mal semifinite traces on its two algebras, would give a normal faithful semifinite
operator-valued weight

T: (B¢)+ — M+.
This contradicts Theorem 6.5. Hence B, is of type IIL O
We next prove an existence result for type III source factors. The argument uses

the symmetric hyperstates constructed in Example 3.9, rather than trace estimates
for unitary averages.

Lemma 8.3. Let B be a semifinite von Neumann algebra, let  be a faithful normal
state on B, and let Jg and A¢ be its modular conjugation and modular operator.
Suppose that Q is a normal state on B(L?(B,()) satisfying

Q) = ¢(b) = Q(JgbJp) (b€ By).
If Q(A¢) < o0, then
Q(|log A¢]) < o0, Qlog A¢) = 0.

Proof. Choose a faithful normal semifinite trace 7 on B and write ¢ = 7(h ), where
h € L*(B,7)+ has support 1. In the tracial standard form, & = h'/? and

AC = LhRgl, log A( = Llogh - Rlogh~

The two operators on the right strongly commute. Their joint spectral measure,
evaluated against €, gives a probability measure on R?. Let X and Y denote its
coordinate functions. The two marginal distributions agree by the hypothesis on
Q, applied to the spectral projections of log h.
Since X and Y have the same distribution, for ¢t € R,
PY<t<X)=PY <t)—-P(X <t,Y <t)
—P(X <t)-P(X<t,Y<t)=P(X <t<Y).

Integrating in t gives

E(X -Y)y)= [ P(Y <t< X)dt

—

P(X <t<Y)dt=E((Y — X)),

initially allowing infinite values. Since (logs); < s for s > 0,
E((X —Y)1) = Q(log A)s) < QA) < oo.

Hence

Q(|log A¢|) =2E((X —Y)4) < o0, QogA¢) = 0.
No integrability of hlogh is required. O
Proposition 8.4. Let M have separable predual, and let ¢ be a faithful normal
regular strongly generating hyperstate on B(L?(M)). Let ¢ = p|pr. Assume that

p(JT*J) = o(T) (T € B(L*(M))),  ¢(Ay) < oo

If B, is semifinite, then B, = M. Consequently, if M is a type 111 factor, then B,
is a type 111 factor.
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Proof. Write B = B, and suppose that B is semifinite. Let ¢ be its canonical faith-
ful normal state. Denote the modular objects for (M, ¢) and (B, ) by Sar, Jar, A
and Sg, Jg, Ag, respectively. Since |y = ¢, there is an isometry

V : L*(M,¢) — L*(B,(), V(2€y) = €.
Define the normal state QT) = @(V*TV) on B(L*(B,()). Writing Q = P2, we

have
QD) = wkbyi, o= wye,, Q=D Wy
k k k

By (3.11), (o Q = C.
Thus, for b € By,

Qb) = > Clywbyir) = C(b).
k

Since JpbJp commutes with every yi, the identity >, yry; = 1 also gives

Q(JgbJi) = (JbJpéc, &) = C(b).

We next prove (8.2) and (8.3). The Tomita identities on the individual vectors
give

QAg) =Y I1S5wie® =Y C(Wiyw)
k k

= 6im) = S 1Suiés) I? = ¢(Aar) < oo.
k k

All sums here are understood through monotone spectral truncation. Lemma 8.3
gives

(8.2) Q| log Agl) < oo, Q(log Ag) = 0.
Similarly, Jy;-symmetry and JyAprJpr = AX/[I imply

(8.3) ¢(llog Ay) <00,  p(logAp) = 0.
We now compare the modular resolvents. On M¢&,
SBV(QL’&#) = x*fc = VSM("Ef(j))

Because M¢, is a core for Sy and Sp is closed, this identity extends to Dom(Sr).
In particular,

2 2 2
(8.4) |AE*Vall = 1237 (n € Dom(A;%)).
For a nonnegative self-adjoint operator A and s > 0,
(8.5) (A+9)768) = sup  (2Re(&,n) — |14 *n]* = s|nl*).-
n€Dom(A1/2)

By (8.4), restricting the supremum in (8.5) for A = Ag to VDom(A}V/[Q) gives

(8.6) D,:=V*(Ap+s8) 'V —(Ay+s) >0 (s>0).

This argument does not assert equality of the domains of the compressed modular
operators.



38 SHUOXING ZHOU
For 0 < a < b < 00, define

st = [ (2= a0

The integrand has the sign of 7 — 1, s0 |ga5(7)| < |logr|. Moreover, g1y, (r) —
logr. By (8.2), (8.3), and dominated convergence,

n

lim [ ¢(Ds)ds = lim (o(g1 ,(Anr)) — gz ,(A5)))

n—oo [1 n—o00
= ¢(log Apr) — Q(log Ag) = 0.

The integrand is nonnegative and norm continuous in s. Hence ¢(D;) = 0 for every
s > 0. Faithfulness of ¢ on B(L?(M)) implies D, = 0 for every s > 0.

Let Ry = (A +s)~t and e = VV*. Since D, = 0, (8.6) gives V*R,V =
(A + s)7 L. Differentiating in operator norm yields

V*R2V = (Ay +8) 7% = (V*R, V)2
Consequently V*Rs(1 — e)R,V =0, and hence (1 — e)R,V = 0. It follows that
RV =V(Ay+s)"', AV =VAY, (teR).
For x € M, we obtain

of (2)€c = ARV (2€y) = V(0] (2)€9) = of (x)éc.

Since & is separating for B, this proves o8 (x) = of (x). Thus o (M) = M for every

t € R. Takesaki’s theorem [Tak03, Theorem IX.4.2] gives a (-preserving faithful
normal conditional expectation £ : B — M. Composing F with M C B and
applying Theorem 3.13 gives F = idg, so B = M.

Finally, if M is a type III factor, a semifinite B would contradict this equality.
Proposition 3.10 says that B is a factor, so it must have type III. [

Corollary 8.5. Fvery type II1 factor M with separable predual admits a mormal
regqular strongly generating hyperstate whose Poisson boundary is a nontrivial type
I factor. Moreover, for every prescribed faithful normal state ¢ on M, there
exists a faithful nrsg (M, ¢)-hyperstate with a type II1 Poisson boundary, without
an assertion of nontriviality for this prescribed-marginal choice.

Proof. For a prescribed ¢, choose the hyperstate of Example 3.9. It satisfies the
hypotheses of Proposition 8.4, so its boundary has type III. This proves the last
assertion.

If M is not injective, this boundary is nontrivial, since Poisson boundaries are
injective by Proposition 3.4. Suppose therefore that M is injective. Let R be the
hyperfinite II; factor. The classification of injective factors gives

M = M®R;

the absorption statement and the relevant type IIly case are recalled in the proof
of Theorem 4.4. Choose a hyperstate ¢y on M as above, with type III boundary
Bo. By [Zho24, Proposition 5.3], choose an nrsg hyperstate ¢ on R with By # R.
Replace both hyperstates by their lazy versions from Lemma 3.14. Their boundaries
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do not change, and their product is nrsg. Theorem 3.15 gives an isomorphism of
inclusions
M®R C BLP0®’¢’ ~ M®RC B()@Bw.

The tensor product is a type III factor, since By is a type I1I factor. It strictly con-
tains MQR: if b€ By \ R, then 1 ® b ¢ M®R, as follows by slicing with a normal
state on By. Transporting this hyperstate through a standard-form implementa-
tion of M = M®R proves the first assertion. This transport need not preserve a
previously prescribed marginal. |

Remark 8.6. Corollary 8.5 proves existence of a nontrivial type I11 Poisson bound-
ary for every type I11 factor. It does not prove that the boundary of every nrsg hyper-
state has type 111. Proposition 8.4 uses faithfulness of the hyperstate on B(L*(M)),
its J-symmetry, and its finite modular moment. These are additional properties of
the chosen hyperstate, not consequences of regularity alone.

For an arbitrary nrsg hyperstate on a type 111 factor, the boundary is a properly
infinite factor and is not of type I. Indeed, if B, = B(H), irreducibility and the
bicommutant theorem would force M = B(H). Thus the remaining possibilities in
the arbitrary case are type Il and type III. The weak Dixmier property does not
identify its scalar unitary-average limit with ((z)1, and it is not used to exclude
semifiniteness in the preceding modular argument.

The next lemma provides the required changes of type. We allow an iterated
crossed product: after the first enlargement, rigidity need not persist, so the second
step requires an additional intertwiner argument.

Lemma 8.7. Let B be a hyperfinite type 111 factor with separable predual. For
every 0 < A < 1, there exists a hyperfinite type 111, factor Ny with separable
predual containing B, obtained by at most two crossed products by countable discrete
amenable groups. Fach nontrivial crossed-product action is outer, and B C Ny has
a faithful normal conditional expectation.

Moreover, if M C B is irreducible and every normal automorphism of B fizing
M pointwise is the identity, the construction satisfies

M'N N, =Cl1.
For A\ =0, only the existence of some type 111y target is asserted.

Proof. We first fix the modular conventions. For a faithful normal state w on B,
write

D =B xR, C = Z(D),
and denote the canonical implementing unitaries by £,(r). The dual action is
normalized by

os(b) = b, 0s(lu(r)) = e "y (r).
Let 6 = &|c. The flow (C,0) is ergodic. It is the one-point flow in type III;, the
circle flow of period |log | in type III,, 0 < p < 1, and a properly ergodic flow in
type Iy [CT77].
Write

T(B) = {r e R: 0¥ is inner}.

We use its point-spectrum description

(8.7) T(B) = {r e R: 32 cU(C), 0s(2z) = e "2 for all s € R}.
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To check (8.7), suppose 0¥ = Ad(v). Since wo Ad(v) = w, the unitary v belongs
to the centralizer of w. Hence v*¢,(r) is central in D and has the stated eigenfre-
quency. Conversely, for such an eigenunitary z, the unitary z*¢,,(r) is fixed by the
dual action, hence belongs to B, and implements o%. See also [GS85, p. 210]. In
particular,

27
| log |
A type 111, factor, 0 < p < 1, admits a faithful normal periodic state with this
fundamental modular period, by the discrete decomposition [Tak03].

By the splitting theorem of Sutherland—Takesaki [ST98, Theorem 1.1 and Corol-
lary 1.3], the module has a group-homomorphic section

s Autg(C) — Aut(B), mod(s(g)) = g.

T(B) = {0} in type IlIy, T(B) = Z in type III,.

Here Auty(C) consists of the automorphisms of C' commuting with §. This is a
genuine group section, including on finite cyclic subgroups.

Lifting time-maps. Let G be a countable subgroup of the group of actual time-maps
{6h : h € R}, with the discrete topology, and define

agy = s(g), A=Bx,G.

If g # e, then mod(ay) = g # idc, so ¢y is outer. Hence A is a factor. If M is as
in the statement, Lemma 8.1 gives M’ N A = C1.
The core of A is
C(A)gDXIaG’ ag‘C:ga
with the compatible dual action [Sek90, Proposition 2.1]. We claim that
(8.8) Z(c(A)) = C°, the weight flow of A is |cc.

A nonidentity time-map acts essentially freely on C: in a standard measurable
realization of the flow, its fixed-point set is invariant under the whole flow, hence null
or conull; the conull case would make the time-map the identity. If z € Z(D x5 G)
and z4 € D is a Fourier coefficient, then

czg = 2z49(c) (ceC).

Testing on a countable family of measurable projections separating points shows
that the central support of z, is contained in the fixed-point set of g. Thus z, =0
for g # e.

The remaining coefficient belongs to C¢, and conversely each element of C¢ is
central. This proves (8.8).

We also need the following relative statement, for every faithful normal state v
on A:

(8.9) r¢ T(B) = {ye€A:my=yo’(m) foralmec M}=1{0}.
First take 1 = w o Eg, so that o¥|5 = 0¢. The Fourier coefficients of such a y
satisfy
myg = ygag(oy (m)) (m e M).
If y, # 0, (8.1) implies that ay o 0¥ is inner. A modular automorphism has trivial

module, since its canonical extension is Ad({,(r)). Therefore ¢ = e, and then
r € T(B), a contradiction. For an arbitrary v, let w,, = [D : Dy,
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Since 0¥ = Ad(w,) o o¥°,
m(yw,) = yor (myw, = (yw,)o " (m)  (m € M).

The case 1 gives yw, = 0, hence y = 0.
This proves (8.9). The same argument is available with M = B.

The target type II1;. Take G = {0, : ¢ € Q} and set Ny = B x4, G.
By (8.8), continuity, and ergodicity,

sla

Z(c¢(Ny)) = 7@ = ¢? = C1.
Thus Nj is of type III;, and Lemma 8.1 gives M’ N N; = C1. If the original flow
is trivial, this simply gives N1 = B.
The target type I11y. If B is already of type Iy, take Ny = B. Otherwise let H C R
be a countable additive subgroup with H N'T(B) = {0} and let N = B x,« H. The
action is outer. We verify that

(8.10) T(N) = H + T(B).

In type III,, choose w periodic with fundamental period T}, = 27 /|log p|. Changing
the state only cocycle conjugates the modular action and gives an isomorphism of
crossed products fixing B. For = w o Ep,

ol (b) =0y (b), o (up) = up.

If r="h+qwithh € H and g € T(B), then 0¥ = Ad(uy); in type III; one has
q = 0. Conversely, if 0¥ = Ad(v), a nonzero Fourier coefficient vy, satisfies

vhoﬁ(b) = (T;J(b)vh (b S B)

Factoriality makes v}, a nonzero scalar multiple of a unitary, so r —h € T(B). This
proves (8.10).

For type III;, choose H = Q. For type III,, choose H = cQ with ¢/T), ¢ Q. In
both cases T(N) is a countable dense proper subgroup of R. It is neither R, nor
{0}, nor a nonzero discrete cyclic subgroup. Thus N is neither semifinite, nor of
type IIIy, nor of type III, with 0 < v < 1. It has type IIIy. Lemma 8.1 preserves
irreducibility over M.

A prescribed target type 111, 0 < A < 1. Let

2
a=|log | t:%, K = T(B) NtZ.

Either K = {0} or K = dtZ for an integer d > 1. Take the actual cyclic group
G = (0,) and set A = B x|, G. Using actual time-maps means that the kernel of
n — 0, has already been divided out. By (8.8), the flow of A is the restriction of
0 to C%.

This restricted flow is ergodic and factors through R/aZ. TIts eigenfrequency
group is K, by (8.7). To identify the whole flow, average a faithful normal state
on C% over this compact group. Its L2-space decomposes into character spaces.
Each nonzero character space is one-dimensional: the modulus of an eigenfunction
is invariant and hence constant, and the quotient of two eigenunitaries of the same
frequency is invariant. If K = {0}, only constants occur, and A has type I1I;. If
K = dtZ, an eigenunitary of frequency dt generates C%. The flow has smallest
positive period a/d, so A has type III,1/a.
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Suppose first that K = {0}. Choose a faithful normal state ¢» on A and let
Ny = A X,y tZ. This action is outer because T(A) = {0}. We compute the flow
rather than infer the type only from T(Ny). Let Dy = c¢(A) and v = £ (t). The
canonical extension of the generator is Ad(v). If U is the implementing unitary in
D4 X ad(v) Z, then w = v*U is central and untwists the inner action. Since D4 is
a factor,

¢(Nx) = DARL(Z), Z(c(Ny)) = W*(w), 0,(w) = ei*tw.

The weight flow is the circle flow of period 27/t = a, so Ny has type III). If
x € M’ N Ny, its coeflicient x;, € A at kt satisfies

mxy = xko;ft(m) (me M).

For k # 0, kt ¢ T(B), so (8.9) gives z, = 0. The zeroth coefficient is scalar.
Suppose next that K = dtZ. For d = 1, take Ny = A. For d > 2, choose a
faithful normal state x on A with modular period exactly dt, and set

Ny=A ><10§< Z/dZ.

This is a genuine outer action, since T(A) = dtZ. Let Dy = c¢(A) and v = £, (t).
Then v? = ¢,(dt) is central and generates Z(D,): it is an eigenunitary at the
fundamental frequency dt of the circle flow of period a/d. In Da xaq() Z/dZ,
let U = 1 be the implementing unitary. The unitary w = v*U is central and
w? = v~ For a central element with Fourier coefficients z; € D4, commutation

with D4 implies z;07 € Z(Da). Since Z(D4) = W*(v4) = W*(w?), this proves
Z(c(Ny)) = W*(w).

The dual action fixes U and satisfies f;(w) = e***w. The spectrum of w is nonempty
and invariant under all rotations, hence is the full circle. The weight flow has
smallest positive period a, so N, has type III). Finally, if z € M’ N Ny, its
coefficients satisfy

mxj = o5, (m) (m e M).
For 1 < j < d, jt ¢ T(B), so (8.9) makes z; = 0. Again the zeroth coefficient is
scalar.

All groups used above are countable and abelian, hence amenable. Crossed
products therefore preserve injectivity and separability; the resulting factors are
hyperfinite [Con76]. Composing their canonical faithful normal expectations gives
an expectation onto B. Taking M = B in the arguments also proves the assertions
without an intermediate subfactor. (]

We are now ready to prove the embedding theorem.

Theorem 8.8. Let M be a continuous factor with separable predual. For every 0 <
A < 1, there exists a normal unital irreducible embedding of M into the hyperfinite
type 111 factor Ry. Moreover, M admits such an embedding into some hyperfinite
type 111y factor with separable predual. Moreover, these irreducible inclusions can
be chosen to have the weak Dixmier property.

Proof. Suppose first that M is of type II;. By [Zho24, Theorem 5.6], there exists an
atomic unitary-measure nrsg hyperstate with nontrivial Poisson boundary B = B,.
In the tracial setting both C[z;] and C[yg] in Definition 3.7 are weakly dense; taking
adjoints of the coefficient algebra verifies the second condition. The boundary is a
type III factor by [DP22, Corollary 4.3].
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Suppose next that M is of type II,,. By Theorem 4.4, choose an nrsg hyperstate
with nontrivial Poisson boundary B = B,. Since M is semifinite, Theorem 8.2
shows that B is a type III factor.

Finally, if M is of type III, choose the nontrivial type III boundary supplied by
Corollary 8.5.

In all three cases, B is injective by Proposition 3.4 and M’ NB = C1 by Proposi-
tion 3.10. It has separable predual: its normal Poisson transform identifies it with
an ultraweakly closed operator system in B(L?(M)), whose predual is a quotient
of the separable trace class. Theorem 3.13 says that every normal automorphism
of B fixing M pointwise is the identity. Lemma 8.7 therefore gives all the required
irreducible embeddings.

Let N be any of the ambient factors just constructed. By Lemma 8.7, there is a
faithful normal conditional expectation

E: N — B = B,, which fixes M pointwise. If M is of type II;, the chosen
hyperstate comes from an atomic probability measure on U(M), so Theorem 5.2(ii)
applies. If M is of type Il or II1, it is properly infinite, so Theorem 5.2(i) applies.
Thus, in all cases, M C N has the weak Dixmier property.

For 0 < A < 1, uniqueness follows from [Con76]; for A\ = 1, it follows from
[Haa87]. For A = 0, no uniqueness or prescribed target is needed. This finishes the
proof. O

Remark 8.9. The modular automorphisms used in the second crossed product have
trivial Connes—Takesaki module. They must not be confused with the lifts of time-
maps used in the first crossed product. Also, a nontrivial last crossed product by an
abelian group has nontrivial dual automorphisms fizing the preceding algebra, and
hence firing M pointwise. By Theorem 3.13, such a final inclusion is not itself a
Poisson-boundary inclusion over M. The expectations in Lemma 8.7 are onto the
original boundary B, not onto M.
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