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Unified approach to the classification of actions
of discrete amenable groups on injective factors

By Toshihiko Masuda at Fukuoka

Abstract. We present a simple unified proof of the classification of discrete amenable
group actions on injective factors. Our argument does not depend on the types of factors, and
is based on the technique of Evans and Kishimoto.

1. Introduction

In the theory of operator algebras, the study of automorphism groups and group actions is
one of the most important subjects. Especially, since Connes’ classification of automorphisms
of the injective factor of type II; up to outer conjugacy in [6] and [3], classification of discrete
amenable group actions on injective factors has been developed by many hands. Namely, in the
type Il case, V. F. R. Jones classified finite group actions in [17], and A. Ocneanu developed the
method of Connes and Jones, and classified general discrete amenable group actions in [33].
In the type IIT; (A # 1) case, C.E. Sutherland and M. Takesaki achieved the classification in
[40,41]. In the type III; case, classification was obtained by Y. Kawahigashi, Sutherland and
Takesaki for finite or abelian group actions [23], and finally by Y. Katayama, Sutherland and
Takesaki for arbitrary discrete amenable group actions [20].

Although the classification theorem can be stated in a unified way as in [20] (see Theorem
2.3 for the statement), the proofs presented in the above cited papers heavily depend on the
type of factors. Indeed, in the type III cases, they reduce the problem to that of the type II case
by means of the structure theorem of type III factors. In this approach, the type III; case is
extremely hard because of the lack of classification of R-actions. This is the reason why type
I (A # 1) and II1; cases are treated separately.

n [30], by developing the Evans—Kishimoto intertwining argument [10], we presented
the classification of centrally free actions of discrete amenable groups on injective factors,
whose proof is independent from the types of factors. So it is a natural question if one can give
a unified approach for classification of general actions by a similar technique. Indeed, for two
given actions of a discrete amenable group G with same invariants, if G is a semidirect product
N x Q, where N is a centrally trivial part, then we can show the cocycle conjugacy of two
actions by using [30].
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In this paper, we extend the method in [30] and present a unified proof of the classification
of all actions of discrete amenable groups on injective factors. Our idea for the classification
is the following: we first divide a given action to a centrally trivial part and a centrally free
part. It is rather easy to classify centrally trivial parts. By applying the intertwining argument,
we classify centrally free parts, and combine centrally free parts and centrally trivial parts. A
similar idea has already appeared in [19] and [40] for the classification of groupoid actions,
where the authors split actions into “group”-parts and “principal-groupoid”’-parts, classify and
combine them. One of the main difficulties in [19,40] is that cohomological obstruction appears
in the combination of two parts. The authors used a special model action to absorb obstructions.
A remarkable fact is that no obstruction arises in our argument due to the property of the
characteristic invariant and hence we do not need such model actions. Another important point
in our approach is that the role of the characteristic invariant in the classification becomes
clearer than a model action splitting argument. See §3.1 for more detailed explanation on this
and the previous paragraph. Our method can be generalized for the classification of G-kernels,
or outer actions in the sense of [21]. We will discuss this elsewhere.

One difficulty in our argument is that a centrally free part does not give an action in the
usual sense because we can not embed a quotient group into a original group as a subgroup,
and this makes our argument more difficult. So if we take this fact into account, it is more con-
venient to handle cocycle crossed actions. Thus we also need to show the second cohomology
vanishing. Therefore our argument looks like the mixture of the second cohomology vanishing
argument presented in [31] and the intertwining argument. Here we emphasize that our argu-
ment is based on the Rohlin type theorem [33] and the characterization of approximately inner
automorphisms and centrally trivial automorphisms [5,23].

This paper is organized as follows. In §2, we recall the definition of invariants of actions
and state the main theorem and its corollaries. In §3, we first classify centrally trivial parts of
actions. To treat centrally free parts of actions, we introduce the notion of quasi cocycle crossed
actions, and show elementary properties. In §4, by using ultraproducts, we show that we can
approximate a quasi cocycle crossed action by a unitary perturbation of another quasi cocycle
crossed action. We also show the approximate one cohomology vanishing, which is the main
tool for the intertwining argument. The key ingredient is the Rohlin type theorem. The heart of
this paper is §5, where we classify quasi cocycle crossed actions, and show the main theorem
by applying the extended intertwining argument. In §6, we discuss the construction of model
actions. By using Falcone—Takesaki’s theory [11], we associate a model action for each fixed
faithful normal semifinite weight, and clarify their relation. In §7, we treat group actions on
subfactors of type II; with finite index. By a suitable modification, we can apply the extended
intertwining argument in this case. In the appendix, for the readers’ convenience, we present
proofs of the second cohomology vanishing theorem, the Rohlin theorem and the existence of
the extension of automorphisms to a twisted crossed product von Neumann algebra.

Acknowledgement. The author is much indebted and expresses his gratitude to Profes-
sor Katayama for improving our argument. He also thanks Professor Takesaki and Professor
Ueda for useful comments on this paper.
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2. Preliminaries and main results

Our standard reference for the theory of operator algebras is [43]. We assume that every
von Neumann algebra has a separable predual except for an ultraproduct algebra, and that every
discrete group is at most countable.

2.1. Invariants of actions. First we quickly review the construction of the core co-
variant system, or the noncommutative flow of weights of a von Neumann algebra, which is
necessary to describe invariants of actions.

Let M be a von Neumann algebra, and Z8(.M) be a set of all faithful normal semifinite
weights on M. According to [11,20], we associate the core covariant system, or the noncom-
mutative flow of weights (M R, 6, t) with M, where M is a semifinite von Neumann algebra
with a faithful normal semifinite tracial weight 7, and 6 is a one-parameter automorphism
group of M satisfying

MezM, 100, =e 1.

Namely M is generated by M and {¢'! | ¢ € W (M)} with the following relations:

o'lxgp7 " =0f(x), xeM,
gOi(t-i-s) — (plt(pzs ((plt) — (p—it’ (pit — [D(p . DW]IW”-
The action 6 is defined as follows:
Qs(xwit) — €_iStX§0it.
Denote ¢ o @~ ! = a(p) for @ € Aut(M) and ¢ € M. By definition, a net of automor-
phisms (¢;); C Aut(.M) converges to « in the u-topology if
limfle; (¢) —a(p)| =0

for all ¢ € M. The automorphism group Aut(-M) of M becomes a Polish group with respect
to the u-topology.

Let @ € Aut(M) be the canonical extension of « € Aut(M); cf. [14]. Namely & is given
by
a(xg') = a(x)(@(@) =a(x)(@oa™)" = a(x)[Dpoa”!: Dylip".

Let
Aut; g(M) := {0 € Aut(ﬂ) |too=1,000; =6;00,1 €R}.

Then the canonical extension gives a continuous isomorphism
a € Aut(M) — a € Aut, (M)

with respect to the u-topology. 5
Denote the flow of weights of M by (€, 6;) := (Z(M), 0;), and set

Auty(€) ={o €e Aut(€) | g 0 0y = 0; oo forallt € R}.

By the Connes—Takesaki relative commutant theorem [8], we have M’ N M =€ If Misa
factor, then (€, 6;) is an ergodic flow.
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The Connes—Takesaki module of « is defined by (see [8,11, 14])
mod(a) = ale € Autg(€).

Let U(M) be the normalizer unitary group for M C M, which is called the extended
unitary group of M. Set

Cnty (M) = {0 € Aut(M) | & € Int(M)} = {Adu)|y | u € U(M)}.

We have the following identification of the core covariant system with a usual crossed
product construction. Take ¥ € B (M). Then we can identify (M, R, 6;) with the crossed

product (M x,v R, R, oY) in the canonical way. Let A¥ (¢) be the implementing unitary. Via
the above identification, & is given by

iy =c  aA¥@)=[Dyoat: Dyl AY ().

See [11] for more on the functorial property of (M, R, 6;, 7).
If M is an injective factor, the Connes—Takesaki module map is surjective. Moreover the
following exact sequence splits [42, Corollary 1.3]:

1 — Ker(mod) —> Aut(M) mod Autg(€) — 1.

Now, we will give the definition of cocycle crossed actions and their cocycle conjugacy
relation. For groups G; (1 <i <n)and H, let

Map,(G1 x G X -+ x Gp, H)
={f:Gy x---xGy, > H| f(g1,82,...,8n) = lifany of g; is 1}.
When involved groups are Polish, maps are assumed to be Borel.

Definition 2.1. Let M be a von Neumann algebra, and G a locally compact group.

(1) A cocycle crossed action of G on M is a pair of maps
(a,a) € Mapy (G, Aut(M)) x Mapy(G x G, U(M))
such that
ag oap = Ad(a(g, h)) o agp, a(g.h)a(gh,k) = ag(a(h,k))a(g, hk).

The latter identity is called the 2-cocycle identity, and we say that a(-,-) is a 2-cocycle
fora. If a(-,-) = 1, then (g, 1) is an action of G.

(2) Let (ag,a) be a cocycle crossed action of G on M. For w € Mapy(G, U(M)), define
(wo, wa) € Mapy (G, Aut(M)) x Mapy(G x G, U(M)) by

witg = Adw(g)) oy,  wa(g.h) =w(gagw(h)a(g, hyw(gh)*.

Then (y o, wa) is also a cocycle crossed action of G, and is called a unitary perturbation
of (a,a) by w(-).
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(3) Let (g, a) be a cocycle crossed action. If there exists w € Mapy(G, U(M)) so that
wa = 1, then we say that a(-, -) is a coboundary.

(4) Let («,1) be a (genuine) action. If a map w € Mapy(G, U(M)) satisfies
w(g)ag(w(h)) = w(gh), then we say that w is a 1-cocycle for «. In this case, the
perturbation of (&, 1) by w is (w, 1) and thus it is also a genuine action. Denote by
Z (G, U(M)) the set of all 1-cocycles for .

(5) Two cocycle crossed actions (o, a) and (B, b) are said to be cocycle conjugate if there
exist w € Mapy(G, U(M)) and 6 € Aut(M) such that
wig =0 o0fgo 61, wa(g,h) =0(b(g.h), g hed.

If 4 is taken in Ker(mod), then we say that they are strongly cocycle conjugate.

We will formulate invariants of cocycle crossed actions in the term of (j,( R, 0,1 ,X{) as
the generalization of invariants of group actions [41]. In the remainder of this paper, we assume
that M is a factor, and G a discrete group.

Let (ag,a) be a cocycle crossed action of G on M. Then the normal subgroup of G
defined by

N ={g € G | ag € Cnty (M)}

is the first invariant.

By restricting &g on €, we get an action mod(ag) of G on €, which is the second
invariant. Note that mod(a,;) = id for n € N. Thus we can regard mod(c) as an action of
G/N on €. Also note that mod(ag) € Autg(€).

The third invariant is a characteristic invariant. Set

'nga(n, g)*

d(a)(n,g) :=al(g. g
for a 2-cocycle a(-, -). It is easy to see that
Qg 0 -1,y = Ad(d(a)(n.g)) o ayoay.
Take 1% € Map, (N, U(M)) such that &, = Ad@%(m)), m € N. Comparing
g 08g—1,4 0Q = Add(a)(n.g)odnodgody = Ad(d(a)(n,g)i®(n))

with
(g 0 g1, 0" = Ad(dg (1% (g™ "ng))).

we get A € Mapy(N x G, U(€)) such that

Gg (4%(g~'ng)) = A(n, g)d(a)(n, g)u®(n).

In a similar way, from &, o &, = Ad(a(m,n)) o &mu, we get u € Mapy(N x N, U(€)) such
that
u*(myu*(n) = u(m,n)a(m,n)ia*(mn), m,n € N.

Since 6; commutes with &g, we get a 1-cocycle {c¢(m,t) |t € R} € Zé (R, U(E)) by

0; (% (m)) = c(m, t)u*(m).
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The following relations between (A, i) and ¢(n, t) are easily obtained from &g 0; = 0,0
Ql (A(}’l, g))C(n, t) = mOd(ag)(C(g_lnga t))k(l’l, g)a
C(m’ t)c(n7 [)/'L(m7 I’l) = C(mn, t)gt(ﬂ(m, n))

Set G = G x R, and we extend a cocycle crossed action (&, a) of G to that of G by setting

A(g,r) = dgbr, a((g.1), (h,s)) =a(g,h).

Put ~

An,(g,t)) = 0;(A(n,g))c(n,t), neN, (g1t)edq.
Obviously, A € Mapy(N x G, U(€)). One can verify that (1, 1) satisfies the following rela-

tions, which include the above ones:
u(,mypw(m,n) = p(m,n)u(l,mn), I,m,n €N,
Mn, gh) = A(n, g)dg (Mg 'ng,h)), g.heG,neN,

A(m, )A(n, g)A(mn, g)* = &g (u(g™"
An,m) = pm,m ‘nm)u(n,m)*, m,n € N,

mg, g ‘ng))u(m,n)*, geG,mmneN,

A(n,g) = u(l,m) = 1if any of g, [, m, n is neutral.

Definition 2.2. (1) We call any (4, p) satisfying the above conditions a characteristic
cocycle for o and denote the set of all characteristic cocycles by Zy (G, N, U(C)). Note
that Zy (G, N, U(€)) becomes an abelian group by the natural multiplication.

(2) For z € Mapy (N, U(€)), define
91(z) € Mapy(N x G, U(E)), d2(z) € Mapy(N x N, U(E))
as
01(2)(n, 8) = Gg(z(g7'ng))z(m)*,  92(2)(m,n) = z(m)z(n)z(mn)*.
Let By (G, N, U(€)) be a set of coboundaries defined by
By (G, N, U(€)) = {(31(2), 82(2)) | z € Mapy (N, U(E))},

which is a normal subgroup of Z, (G, N, UE)).

(3) Let
Aa(G, N, U(C)) = Za(G. N, U(E))/Bo(G, N, U(E))

be a quotient group. The equivalence class y() = [A,v] € Aq(G, N, U(E)) is called
the characteristic invariant of «.

Though (A, i) depends on the choice of #%(n), the class y(«) does not depend on the
choice of %%*(n). Thus a true invariant for « is y(«) rather than (A, i). We denote the triplet
{N. mod(«), x(a)} by Inv(e).
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2.2. Main theorem and its corollaries. We state the main theorem of this paper.

Theorem 2.3. Let M be a factor, and G a discrete group.

(1) Let (a,a) and (B, b) be cocycle crossed actions of G on M. If they are strongly cocycle
conjugate, then Inv(a) = Inv(p).

(2) Assume M is injective and G is amenable. Let («,a) and (B,b) be cocycle crossed
actions of G on M with Inv(a) = Inv(8). Then o and B are strongly cocycle conjugate.
In particular, two genuine actions a and B of a discrete amenable group G on an injective
factor M are strongly cocycle conjugate if and only if Inv(a) = Inv(p).

It is a routine work to show Theorem 2.3 (1), thus we leave the proof to the readers.

The main purpose of this paper is to present a unified proof of Theorem 2.3 (2), which
does not depend on the types of factors.

Here we explain the reason why we treat cocycle crossed actions in this article, al-
though the main interest is the classification of (genuine) actions. To obtain a new (gen-
uine) action from a given action «g by perturbing with w(-), we need the 1-cocycle identity
w(g)og(w(h)) = w(gh), which can be regard as a “global condition”, and it is not so easy to
take a 1-cocycle for general actions. On the other hand, a simple unitary perturbation does not
require a “global condition” like the 1-cocycle identity, and we can perturb (cocycle crossed)
actions “locally”. As will be explained in §3.1, we split actions to “centrally trivial parts” and
“centrally free parts” and treat them separately in our argument. Thus local perturbation is
more convenient for our purpose.

As in [30], our strategy for the proof is the Evans—Kishimoto type intertwining argument
[10]. The proof will be presented in the subsequent sections. Thus, in this subsection, we only
state corollaries of the main theorem.

For o € Auty(€), we denote

o(Inv(a)) = {N, o omod(ag) o oL lo(), G(M)]}.

Corollary 2.4. Let M and G be as in Theorem 2.3. Let a and B be actions of G. Then
o and B are cocycle conjugate if and only if there exists o € Auty(€) such that the equality
Inv(e) = o (Inv(pB)) holds.

Proof. This follows from Theorem 2.3, Inv(y o o o y~1) = mod(y)(Inv(c)), and the
surjectivity of the module map y € Aut(M) — mod(y) € Autg(€) (see [42, Theorem 1.1]).
o

Since there exists a genuine action § with Inv(e) = Inv(8) by [17, Proposition 1.5.8],
[41, Theorem 5.14], [23, Proposition 22], the following corollary immediately follows from
Theorem 2.3. (Also see §6 for the construction of model actions.)

Corollary 2.5. The second cohomology of a cocycle crossed action of a discrete ame-
nable group on the injective factor of type 111 vanishes. Namely, 2-cocycles of any cocycle
actions are coboundaries.

Remark. So far, it is known that the second cohomology vanishing theorem holds in
the following cases (see [17,33,39]):
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(1) arbitrary cocycle crossed actions of free groups on arbitrary von Neumann algebras,

(2) arbitrary cocycle crossed actions of arbitrary locally compact groups on properly infinite
von Neumann algebras,

(3) arbitrary cocycle crossed actions of finite groups on type II; von Neumann algebras,
(4) centrally free cocycle crossed actions of discrete amenable groups on McDuff factors.

In particular, for infinite discrete amenable groups and the injective factor of type Iy,
the second cohomology vanishing theorem has been known for only free cocycle crossed ac-
tions. Hence the above corollary removes the assumption of freeness in this case. If we do not
have the condition of amenability of discrete groups in (4), the second cohomology does not
necessary vanish [35].

2.3. Cohomological approach to definition of invariants. In this subsection, we give
a cohomological explanation of the definition of y(«) for a cocycle crossed action (o, a). We
consider an extended cocycle crossed action (&, a) of G on M defined as above.

We define a multiplication of ﬂ(M) x G by

(u’ g)(w? h) = (udg (w)a(g, h)’ gh)

and denote this group by U(M) x4 G. Indeed, the 2-cocycle identity of a(:,-) assures that
this multiplication is associative. If an appearing 2-cocycle is clear, then we simply write
U(M) x G. We can easily verify

(1.g)(1.g7"'ng) = (d(a)(n.g).n)(1. g).
Define a subgroup N C U(M) x G by
N :={@*,n) |n e N and Ad(u) = dx}.
Then N is a normal subgroup of ‘l:l(M) x G. Indeed, since we have
W, m)(w*,n) = (u*@n(w*)a(m,n),mn) = (w*u*a(m,n),mn)

and
Ad(a(m.n)*uw) = Ad(a(m.n)*) o @m o &p = &mn,

N is a subgroup. To see that N is normal, we only have to verify
(w, &)™, m)(w,e)~", (1,g)w*, g 'ng)(1,e)~ € N.
In fact, U(M) are in the commutant of N as shown below.
(w,e)w*, n)(w,e)~! = (wu*,n)(w* e) = (wu*d,(w*),n) = W* n).
Next we have the following:

(Lg)w*, g 'ng)(1,g) ™! = (&g ™). e) (1. g)(1, g 'ng)(1, )"
= (ag(u*)d(a)(n, g).n),
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and

Ad(d(a)(n, g)*ag(u)) = Ad(d(a)(n,g)*) o dg o Ad(u) od,"
= Ad(d(a)(n.g)*) o Glg 0 Glg—1,y 0 Gy " = .

Hence (1, g)(u*, g~ 'ng)(1,g)~! € N. The above computation shows that

W*,n) — (1, )", n)(1,)~"

defines an action of G on N due to [U(M), N] = {(1,e)}, although {(1,g) | g € G}isnota
subgroup of U(M) xq G.
We have the following G-equivariant exact sequence:

0— UE) —> N 25 N — 0,

where ((z) = (z*,e) € N, and 7 (u*,n) = n. The characteristic invariant associated with this
exact sequence is nothing but y(«). See [17,41] for a cohomological property of ().

Remark. Let M Xg.a G be a twisted crossed product, and A(g) the implementing uni-
tary. The group U(M) x G is identified with

{ur(g) | u € (M), g € G},

and we have )
N = {u*k(h) |he N, Ad(u) = &h}

via this identification.

The above argument can be generalized by using the characteristic square of M (see
[20]). The characteristic square for M is the following nine-term exact square:

1 1 1
! ! Il

1 — T — ue — B;(R,‘U(‘€)) — 1
\ \ \

I — UM — UM — Z)RUE) — 1
! Il Il

1 — Int((M) — Cnt;(M) —> HOI(R,‘U(“G)) — 1
\ \ \
1 1 1

From the characteristic square, we obtain the intrinsic invariant ®(M). Assume « is an action,
i.e., a(g, h) = 1, for simplicity. Then y(«) is obtained by the pull-back y(a) = ax(®(M)).
See [20, Section 2] for details.



10 Masuda, Classification of actions of discrete amenable groups on injective factors

3. Quasi cocycle crossed actions

3.1. Outline of the proof of the main theorem. In the rest of this paper, M and G
always denote an injective factor and a discrete amenable group, respectively.

Let («,a) and (B,b) be as in Theorem 2.3. In this case, we can choose maps
u®, b e Map, (N, U(M)) such that

ag (i (g7 'ng)) = An, g)d(a)(n, g)u®(n),
u*(mya*(n) = w(m,n)a(m,n)i®(mn),
0: (@ (m)) = c(m, 1)u*(m),
Be (P (g7"ng)) = A(n, £)d(b)(n, )i (n),
@ (m)if (n) = p(m,m)b(m, n)if (mn),
6, (iiP (m)) = c(m, 1)it? (m).
To explain our idea of the proof of Theorem 2.3, we consider the following special case.
Set Q = G/N. Assume thata(g,h) = b(g,h) = 1,and G isof theform G = N x Q,i.e., O
is a subgroup of G. Then «|p and B|¢ are actions of Q on M with a, o ,B;l € Ker(mod), and
ag, Bg €Cntp (M), 1 # g € Q. By [30], |p and B|¢ are strongly cocycle conjugate, i.e., we

have
Ad(v(p))ocap =00 fpo o1

for some a-cocycle {v(p)}pep and o € Ker(mod). Put v(n) = o (@ (n)i%n)* forn € N.
By the choice of 1% (n) and %P (), we can verify that v(n) € MY = M, and {v(n)}nen is a
1-cocycle for |y with

Ad(v(n)) oo, =0 opfyoo L.

(See Lemma 3.1 below.) We then define v(np) = v(n)a,(v(p)) forn € N, p € Q. We can
verify v(p)a,(v(n)) = v(pn) for p € Q andn € N as follows:

v(p)ap (v(n) = v(p)ap (o P (n))i®(n)*)
= 0 0 Bp (P () v(p)a, @*(n)*)
= o(Mpnpt, p)if (pnp™"))v(P)A(pnp~', p)*a®(pnp~")
= o (@P (pnp™H)v(p)a®(pnp~)*
= o (@t (pnp™"))i® (pnp ™) *eppp-1 (W(p))
= v(pnp~ " ap,,-1(0(p)) = v(pn).

*

It follows that {v(g)}¢eG becomes a 1-cocycle for o and we have
Ad(v(g))oag =00 Bgo o7l, gedG.

Thus « and f are strongly cocycle conjugate.

If we compare our argument with the model action splitting argument, the role of charac-
teristic invariants in classification becomes clearer. Namely, the information of two invariants
u(-,-) and c(-,-) assures the cocycle conjugacy of N-parts of actions. The information on
Connes—Takesaki modules assures the cocycle conjugacy of Q-parts of actions. Thus N -parts
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and Q-parts are separately cocycle conjugate. To combine these parts, we use the informa-
tion of A(-,-). If we do not have the information of A(-,-), then an obstruction may arise as
a difference of v(p)a,(v(g)) and v(pnp_l)ozpnp_l (v(p)). In fact, such obstruction arises in
the classification of groupoid actions in [19], and one must construct the model action which
absorb obstructions to complete the classification.

We would like to extend the above argument to general case. The main difficulty is that
G is not a semidirect product of N by Q, that is, we can not embed Q into G as a subgroup.
So « does not give an action of . To treat such case, we introduce the notion of quasi
cocycle crossed cocycle actions of . We first classify two quasi cocycle actions of Q by
the intertwining argument, and combine N -parts and Q-parts as above. In what follows, we
mainly use letters g, i, k for elements of G, letters m, n for elements of N, and letters p,q, r
for elements of Q.

3.2. Quasi cocycle crossed actions. We begin with the following lemma, which says
that « and B are cocycle conjugate as actions of N.

Lemma 3.1. Define u(m) = u®(m)it® (m)*. Then u(m) € M and we have
am = Ad(u(m)) o B, a(m,n) = u(m)Bmu(n))b(m,n)u(mn)*.

Proof. By the choice of #%(m) and 7P (m), we have 6, (u(m)) = u(m) € M = M.
It is clear that o, = Ad(u(m)) o By, since &, = Ad(u(m)) o B,. The last equation can be
verified as follows:

u(m) B (u(n))b(m, n)u(mn)*
= 5% (m)itP (m)* B (4% (n)itP (n)*)b(m, n)itP (mn)i® (mn)*
= 7% (m)i® (n)il (n)* i (m)*b(m, n)i (mn)a®(mn)*

= u(m,n)*a*(m)a®*(n)u*(mn)* = a(m,n). O

Remark. Consider a unitary perturbation of («,a) by w € Mapy (G, U(M)). If we
choose 11w (n) as w(n)u®(n), then (a, a, u%) and (yo, wa, #w*) produce the same character-
istic cocycle.

By Lemma 3.1, we can assume («,,a(m,n)) = (o,,v(m,n)) for some fixed cocycle
crossed action o of N by a suitable unitary perturbation. Moreover the existence of model
actions allows us to further assume a(m,n) = v(m,n) = 1 for all m,n € N. Although
our argument is valid without assuming that a(m,n) = 1 for m,n € N, we assume this for
simplicity. In what follows, we fix 1t € Mapy (N, ﬂ(M)) with 6,, = Ad(ti(n)).

By the above remark, we have

w(m)i(n) = p(m,nyi(mn),  Gg(i(g~'ng)) = A(n.g)d(a)(n, gi(n).

0, (ii(m)) = c(m.1)ii(m).  Pg(ii(g™" ng)) = A(n. 9)d(b)(n. g)ii(n),
0;((m)) = c(m, t)u(m).

We have already classified N-parts of actions in Lemma 3.1, and to prove our main
theorem, we must classify O = G/ N -parts of actions. To treat Q-parts, we will introduce the
notion of quasi cocycle actions of Q.
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Fix a section (p € Q — p € G) € Mapy(Q, G), and set
m(p.q) =pg ' pg € N.
So pg = pq - m(p, q) holds. From the associativity condition (p§)7 = p(GF), we obtain
m(pq.r)F~'m(p.q)F = m(p.qrim(q.r).

We denote this element by m(p,q,r). Set c*(p,q) = a(p,q)a(pg,m(p,q))*. We can see
that

apoaz =Ada(p,q)) o ap;
= Ad(a(ﬁ’ q)) © a;q~m(p,q) = Ad(ca (p’ q)) o a;;é o Om(P,‘I)‘

Definition 3.2. We call (a5, c?) a quasi cocycle crossed action of Q.
The unitary c?(p, g) behaves like a 2-cocycle as follows.

Lemma 3.3. For p,q,r € Q, we have

c(p, Qe (d@)(m(p,q), F)*)c* (pq.r) = az(c®(q,r))c (p. qr).

Proof. In U(M) xg G, we compute ((1, p)(1,4))(1.7) = (1, p)((1,§)(1,7)). First
note the following relations:
(1. p)(1.§) = (a(p. ). p7) = (c*(p.q). PG)(1.m(p.q)),
(1,n)(1,8) = (d@)(n,8)*,e)(1,g)(1, g " ng).

On one hand, we have

((1. p)(1.9))(1.7)
= (¢*(p, ), pg) (1, m(p,9)(1,7)
= (c“(p.9). Pq)(d(@)(m(p.q).F)*.e) (1. F) (1.7 'm(p. q)F)
= (c*(p. ). e)(apy (d(@)(m(p. q). F)*). e) (1, pg) (1, F) (1.7 'm(p. q)F)
= (c¢“(p. 9z (d@)(m(p.q).7)*)c* (pq.r). pgr)(1.m(pq.r)(1.7 ' m(p.q)F)
= (c*(p. @)z (d(@)(m(p,q),F)*)c (pq. 1), pqr)(1,m(p,q,1)).

On the other hand, we have

(L p)((1.g)(1. 7)) = (1, p)(c*(q.7).47)(1.m(q., 1))
= (ap(c?(g.r)).e) (1, p)(1.47)(1,m(q. 1))
= (ap(c?(q.r)c*(p.gqr). e) (1. pgr)(1,m(p.qr))(1,m(q.r))
= (ap(c?(q.r)c*(p.qr), par)(1,m(p.q.r)).

Note that a(m,n) = 1 form,n € N. Thus we get the conclusion. |
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Remark. If we do not assume a(m,n) = 1, then we get

A (p, Qg (d@)(m(p,q), 7)) (pg, 1) sg (a(m(pg, 1), 7~ m(p, q)F))
= a5(c?(q. 1)) (p.qra gz, (am(p,qr), m(q.r))).
Lemma 3.4. Let (o, a) be a cocycle crossed action of G, and (y, v) a unitary pertur-

bation of a by w € Mapy(G, U(M)) with w(n) = 1, n € N. Then a quasi cocycle crossed
action associated with y is given by

(5. c'(p.9) = (Ad(w(p)) o a3, w(P)as(w(@)c (p. )w(PG)*).

Proof. It is an easy computation as follows:

—~

c’(p.q) = v(p. 9 v(pg. m(p,q))"
= w(ﬁ)aﬁ(w(é))a(ﬁ,é)w(ﬁé)*w(ﬁé)a(%,m(p,q))*aﬁ(w(M(p,q)))w(ﬁ)*
= w(p)az(w(@))c*(p,q)w(pg)*. o

4. Asymptotic cocycles and coboundaries

4.1. Preliminaries on ultraproduct von Neumann algebras. In the rest of the paper,
we use the following notation. For € Aut(M), a € M and ¥ € My, the functionals a (),
a-y, Yy -aand [a, ] are defined as follows:

a) =Yool a-y(x)=y(xa), Y-akx)=y@x), [ay]=a-¥-y-a.
Recall that {a, },, C Aut(M) converges to « in the u-topology if
limleey () —a(y)] = 0

for all ¥ € M. The closure of Int(M) C Aut(M) with respect to the u-topology is the set of
approximately inner automorphisms and denoted by Int(M).

Itis easy to see that a norm bounded sequence {a, },, C M converges to a in the o-strong*
topology if and only if

lim|[(ay —a) -y | = lim|[y - (@ —a)| = 0
for all ¢y € M, and equivalently
lim[(ay —a) - ¢|| = lim[l¢ - (av —a)| =0

for some fixed faithful normal state ¢. The advantage of using these norms instead of the usual
norms ||a ||$ = o((xx* +x*x)/ 2))% defining the o -strong* topology is the unitary invariance
of | ¥, i.e., |u-v -v|| = ||y for ¥ € My, u,v € U(M).

We recall the definition of an ultraproduct algebra and its property. See [2,32, 33] for
details. Fix a free ultrafilter w over N. Define three C *-subalgebras of £>°(N, M) as follows:

I, = {(xv) € L*®°(N, M) | lim x, = 0 in the o-strong* topology},
V—ow
Co = {(xy) € E°(N. M) | Tim vy, Y]] = O forall ¢ € M.},

N (ly) : the normalizer of /.
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Then we have I, C C,, C N (Ip), and M C N (Iy). The quotient C *-algebras

are in fact both von Neumann algebras. They are called central sequence algebra and ultra-
product algebra, respectively. By the canonical embedding M — M®, we can regard M as a
von Neumann subalgebra of M®. If M is a factor of type II;, then My, = M N M® holds,
but in general we only have M, C M’ N M?.

If M is McDuff (or strongly stable), i.e., M & Ro = M where R is the injective factor
of type II, then My, is a type II; von Neumann algebra, and

(X)) = vli_r)l}va, X = (xy) € My,

defines a tracial state, where the limit is taken in the o-weak topology. In particular, My, is
of type II; for an injective factor M, thanks to the Connes—Krieger—Haagerup classification of
injective factors [4,7,13,25].

Let t® : M® — M be a map given by

°(X) = lim x,, X = (x) € M?,
V—>w
where the limit is taken in the o-weak topology. We extend ¢ € My to (M?®), by

¢(X) = ¢ 0t?(X) = lim ¢(xy), X = (xv) € M?,

We have ¢ 0 1|y, = t°|u, = Tw- We denote the L!-norm 7, (| X |) on M, by || X 1.

We can lift @ € Aut(M) to Aut(M?) in the canonical way. Moreover, assume that
{ay}52, converges to « in the u-topology. Then we can define an automorphism y € Aut(M®)
by ¥((xy)) = (ay(xy)). Such y is said to be semiliftable, and we say (o, ) represents y. Note
that y(x) = a(x) holds for x € M. It is easy to see that a semiliftable automorphism preserves
M. A typical example of semiliftable automorphisms comes from approximately inner ones.
Assume

lim Ad(u,y) = o, u, € UM).
V—=>00

Then U = (uy) € M®, Ad(U) € Aut(M?) is semiliftable, and Ad(U) = « on M.

An automorphism o« € Aut(M) is said to be centrally trivial if ¢« = id on M. We
denote by Cnt(M) the set of all centrally trivial automorphisms, which is a normal subgroup of
Aut(M) containing Int(.M). The definition of Cnt(-M) does not depend on the choice of a free
ultrafilter w. An important fact is that « & Cnt(M) if and only if « is free on M, (see [3,33]).
Thus a centrally non-trivial automorphism is often called a centrally free automorphism.

By [5] and [23, Theorem 1],

Ker(mod) = Int(M), Cnt, (M) = Cnt(M)

for an injective factor JM, and this characterization of Int(.M) and Cnt(.M) plays an essential
role in our argument.
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4.2. Ultraproduct and quasi cocycle crossed actions. Let o and 8 be cocycle crossed
actions of G on M with Inv(e) = Inv(8). Then we get two quasi cocycle crossed actions
(o, c?) and (,Bﬁ,cb) with mod(a3) = mod(B5), and g, B; & Cnt, (M) fore # g € Q.
By the characterization of Int(M) and Cnt,(-M), there exists a sequence of unitaries
(7}, € M, r € Q, such that a7 = lim, u"(7) o B;, and a; and B; induce free ac-
tions of Q on M,. Thus we can approximate « by unitary perturbation of 8. However we
also need to approximate 2-cocycles to apply the intertwining argument in our setting. This
subsection is devoted to solve this problem. Our goal in this section is Lemma 4.6.

Let {u”(¥)}, C M be as above, and set U(7') = (u”(¥)) € M®. We have

ap = Ad(U(F)) o By

on M. We want to extend U(7) for all g € G so that ag = Ad(U(g)) o Bg on M. If g = n7,
then it is easy to see that the two unitaries

an, i) o, (UF)b(n,7)

and
a(F, F~'nF)*U(F)b(F. 7~ nF)
have the desired property. The following lemma says that these two unitaries coincide.
Lemma 4.1. For any W(g) = (w"(g)) € U(M®) with ag = limy_, wY(g) o Bg, we
have
a(n, g on(W(g)b(n,g) = alg. g~ 'ng)" W(g)b(g, g~ 'ng)
forg e Gandn € N.

Proof. 1t suffices to show that W(g)*d(a)(n,g)on(W(g)) = d(b)(n,g). Since the
canonical extension is continuous in the u-topology, we have limy, Ad(w"(g)) o Bg = d,
in Aut(sM). Then it follows that

Tim w” (2)*d(@)(n. g)on (" (g)) = Tim w"(g)*d(@)(n. 8)5n (0" (2))

= lim w”(g)*d(a)(n, )umw*(g)u ()"
= g 0@ ' (d(@)(n, )i (n))it(m)*
= An,8)" Bg (#(g™ " ng))ii(n)* = d(b)(n, g).

Here, note that Bg o &gl(l(n, g)) = A(n, g), since mod(cg) = mod(Byg). |

Define

Unr) = a(n, 7)oy (U(F))b(n,7)*,
Ve = Ad(U(g)) o Bg,
V(g.h) = U(g)Bg(U(h)b(g, U(gh)*.
Then (y, V) is a cocycle crossed action of G on M® with yg |4 = ag. Note that V(m,n) = 1,

m,n € N, since U(n) = 1forn € N. Our first task is to show that p € Q — y is a free
cocycle crossed action of Q on M.
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Lemmad.2. Forg € Gandn € N, wehaveV(n,g) = a(n,g)andV(g,n) = a(g,n).

Proof. From the definition of U(n7), it follows that

V(n,F) = o, (UF)b(n, F)UnF)*
= on(UF)b(n,F)b(n,F)*o,(UF) )a(n,7) = a(n,F).

By Lemma 4.1, we have U(7n) = U(Fn7~'F) = a(F,n)*U(7)b(7,n). Hence
V(F,n) = UF)b(F,n)U(Fn)*
= U(F)b(F,n)b(F,n)*UF)*a(F,n) = a(F,n).
If g = mF, then, by the cocycle identity,
V(n,g) = V(n,mr)

=ou(a(m,P)"a(nm,7) = a(n,mi) = a(n, g).

In a similar way as above, we can verify V(Fm,n) = a(rm,n). |

We remark that the conclusion of Lemma 4.2 holds for any (1" (p)) € M® which ap-
proximates o o ,3;1. However V(p,q) = a(p,q), p,q € Q, does not hold in general. To get
this equality, we must choose a suitable (1" (p)), € U(M?).

Lemmad.3. Putz(p.q) = U(P)BsU@)ct (p.9)U(pg)*c*(p.q)*, p.q € Q. Then
z2(p.q) € Me.

Proof. For two sequences of functionals {{,},, {¢v}y C Mx, we write ¥, ~ ¢, if

aj 0 az(e) ~ Ad” (p)B5" (@) © B o Bz (#)
= Ad(u” (P)B5 " (@)’ (p.9)) © By © Om(p.a) (@)
~ Ad(u” (5)B5 ” (@) (p. " (PD*) © gy © Om(p.q) (9)
= Ad(u” (P)B 5" @)’ (p. u” (P8 (P, @)*) © @ 0 az (@),
This implies U(5)5(U(@)c? (p. )U(P9)*c* (P, 9)* € M. 0

Lemma 4.4. (yj.z) is a cocycle crossed action of Q on M.

Proof. Set

Z(p.q) = V(B.DV(Pg, m(p.9)* = UPBsU@)" (p, YU(PY*.

By Lemma 3.4, (y3, z) is a quasi cocycle crossed action of Q, and z'(p, q) = z(p.,q)c*(p.q).
For x € M, we have

Vi ©vg(x) = Ad(Z'(p,q)) © V55 © Om(p.g)(X) = Ad(z(p, q)) © v (%),
since Ad(c?(p.q)), Om(p.q) € Cnt(M).
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We next show that z (-, -) satisfies the 2-cocycle identity. By Lemma 3.3, we have

2'(p. Q55 (d(V)(m(p,q), 7))z (pq. 1) = y5(z'(¢. )2 (p. qr).

By Lemma 4.2 and yg | 4 = g, the left-hand side is

2 (P, Q)55 (d(V)(m(p,q), 7))z (pq, 1)
= z(p, Q) (p, Qo (d(@)(m(p, q), F)*)z(pq.r)c (pg. 1)
= z(p, 9z (pq,r)c® (p. Qaz; (d(@)(m(p, q),F)*)c(pq, ).

The right-hand side is

v (q.r)z2' (p.qr) = y(z(q.r)c(q.1))z(p.qr)c (p.qr)
= y5(z(q.r)z(p.qr)as(c®(q.r))c(p.qr).

Then Lemma 3.3 yields z(p, q)z(pq.r) = y5(z(q.7))z(p. qr). ]

The next step is to replace U(p) so that z(p,q) = 1. To this end, we need the second
cohomology vanishing theorem for cocycle crossed actions on M,,.

Proposition 4.5. Let Q be a discrete amenable group, and (y, u) a semiliftable cocy-
cle crossed action of Q on My. Then u(-,-) is a coboundary. Namely, there exists a map
w(-) € Mapy(Q, W(M)) such that w(g)yg (w(h))u(g, hyw(gh)* = 1.

Proposition 4.5 was first proved by Ocneanu [33, Proposition 7.4], and later a more sim-
plified proof was presented in [31, Lemma 4.3] with generalization to the discrete amenable
Kac algebra case. For the readers’ convenience, we present a proof of Proposition 4.5 based on
the argument in [31] in the appendix.

By using Proposition 4.5, we can prove the main result of this section.

Lemma 4.6. Let o and B be as above. Then there exists a sequence {u” (p)}, C U(M),
p € Q, such that
(1) ap =limy,—, Ad(u”(p)) o Bj in the u-topology,
2) ¢?(p.q) = limy o u”(p)B5"(q))c?(p.q)u” (pg)* in the o-strong* topology.
Proof. Let (y5.z(p.q)) be as in Lemma 4.4. By Proposition 4.5, there exists a unitary
a(p) € U(My) such that a(p)ys(a(q))z(p.q)a(pg)* = 1. Then we have
1 =a(p)ys(a@)z(p.q)a(pg)*
= a(p)U(P)B5(a(@)U(F)* U(P)B5U @)’ (p.)UF9)*c*(p. 9)*a(pg)*
= a(p)U(P)B5a@ U@ (p.)U(B *a(pg)*c*(p.q)*.

Thus the representing sequence of a(p)U(p) is a desired one. |

The following lemma is not needed in the rest of this paper. However we present it since
a similar argument appears in the proof of the main theorem in §5.2.
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Lemma 4.7. Choose U(p) = (u’(p))y € M® as in Lemma 4.6. Then we have
V(g,h) =al(g,h) forall g,h € G.

Proof. By Lemma 4.6, we have

a(p,Pa(pq.m(p.q)* = c*(p.q)
= Up)B5U@)" (p.U(P9)*
=V(p,9V(pg.m(p.q)*.

Then by Lemma 4.2, we have V(p,q) = a(p,q). If g = mp, then

V(g.q) =V(mp.q)
= V(m, p) om(V(p.§)V(m, pg)
= a(m, p)*om(a(p.q))a(m. pq) = a(mp.q) = a(g.q).

For h = ng, we have

V(g.h) = V(g.nq)
=yg(V(n.9)")V(g.n)V(gn.q)
= ag(a(n.q)")a(g.n)a(gn.q) = a(g.ng) = a(g.h)

by Lemma 4.2 and thus the above result. |

4.3. Approximate cohomology vanishing. In what follows, we write A € B if Aisa
finite subset of B.

Let K be a discrete amenable group. Let F € K and § > 0. In this paper, we say that
S € K is (F, §)-invariant if

‘s n N g_lS‘ > (1=28)|S].
geF
We use the following Rohlin type theorem to show approximate cohomology vanishing.
Theorem 4.8. Let K be a discrete amenable group, and yg a semiliftable, strongly free

action of K on M. Fixe € F € K, § > 0, and let S € K be an (F, §)-invariant finite set.
Then there exists a partition of unity {Egs}ses C My such that

S ye(Ey) = Egs|, <482, geF,
seg—1SNS

Y IEdh <382, geF
seS\g~ LS

[ve(Es).Eg] =0, geF, ss €S.

Moreover we can take {Eg}scs in the relative commutant of any countable subset of M,.
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Here an action y is said to be strongly free if y is free on any relative commutant of a
countable subset of M,,. In [33, Lemmas 5.6, 5.7], Ocneanu showed that a centrally free action
is strongly free. We call { Es}ses in the above theorem Rohlin projections for y. Here one of
the super natural properties of the ultraproduct appears, i.e., such strong freeness never happens
in the “separable world”, and this fact forces us to treat nonseparable von Neumann algebras
to know separable ones.

The proof of Theorem 4.8 is essentially the same as that of [33, Theorem 6.1]. (See
the appendix for details of the proof.) Since we do not need a paving structure of a discrete
amenable group, our Rohlin type theorem takes a simpler form than Ocneanu’s one.

The following lemma is the key for our intertwining argument in the next section.

Lemma 4.9. Let K be a discrete amenable group and let us assume that F € K,
U E My, D € (My)+ and 0 < ¢ < 1 are given. Let S be an (F, €)-invariant finite set.
Let y € Mapy(K, Aut(M)) such that ygp, = ygyn, and yg # id for g # e, modulo Cnt(M).
Assume that a family of unitaries {u(g)}gex C U(M) satisfies
[ u@)]| < GISh™ e, seS, e,
|- (u(@)yg (u(s)u(gs)* —1)| < Se,
. ped geF,seld.
| (&) (uls)ulgs)* —1) - ¢| < Se,

Let {Eg}ses C My, be Rohlin projections for y as in Theorem 4.8, and set
W = Zu(s)Es € M®.
seS

Choose a representing sequence W = (w")y consisting of unitaries. Then for a sufficiently
large v, w = w" satisfies

[lw.¢]ll <& ¢ ew,
|u()ye w)w™ —1) - ¢| < 7¥e,

geF, ped.
lg - (@)ygw)w™ — D] < 7¥e,

Proof. At first we have the following inequalities for a normal state ¢ and x € M:

Ix - @l = Vllxllo(x]. lo-xll = Vllxlle(x*]).

o(x]) < |lx-ol, e(Ix*) < ll¢ - x|

Since Theorem 4.8 is stated in terms of L!-norm and we have ¢(| - |) = |-||1 on M, we first
give estimation by ¢(| - |), and then apply the above inequalities. Note that ¢(| - |) is not a norm
of M?, i.e., it is not subadditive. We remark that the advantage of use of the L'-norm with
respect to 7, is that an equality ||E + F|1 = || E|l1 + || |1 holds for orthogonal projections
E . FeMy,.

Note that | Y, x; pi| = D, |xi|p;i for x; € M and a partition of unity {p;} C M, and

plab) = p(a)ty(b), ae M, be My.
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The former is trivial since M, C M’ N M. To verify the latter equality, take a representing
sequence b = (b"). Since limy 4 b” = 74(b) € C in the o-weak topology,

plab) = lim ¢(ab”) = ¢(atw (b)) = ¢(a)10(b).

Let W be as in the statement of Lemma 4.9. Then we have

> (u(@)ye (u(h)uk)* — 1)y (Ep) Ex

)

o(Ju(@ys WHYW* —1]) = w(

h,keS
= > o([u(@)vg ur)ulk)* — 1|yg (Ep) Ex)
h,keS
= > o(lu@ye ar)u)* —1))] vg (En) Ex|,-
h,keS

We divide )}, ;g into three parts as follows:

Y- Y+ X - Y+ ¥+ Y

hkeS  heSng=lS heS\g~!S heSng~!'S heSnglS heS\g~lS
keS keS gh=keS gh#keS keS

Since ¢(|x|) < ||x - ¢||, the first term is less than 5¢ as seen below:

> o([u(@yg k)™ — 1)) |ve (En) Ex |,

heSng—'s
gh=keS

= > o(ju@rsu)u(gh)* —1|)||vg(Ep)Egn,
heSng—1S

=3¢ Z |ve (Ew) Egn ], < Se.
hesng-1s

The second term is estimated as follows:

Y el @@ygum)uc)* = D)lIye (En)Exlh

heSng~ls
keS.k#gh
=2 Z ”(1 - Egh))/g(Eh)Hl
heSng—1§
=2 Y (= Eg)(e(Ep) — Egn)|, < 8.
heSng—1§

The third term is estimated as follows:

S o(ju@ye ) — 1) [y EnEe], = S 2yg(En)l < 65

heS\g~ 1S heS\g— 1S
keS

Since 0 < ¢ < 1, we get

o([u(@)yg W)W* —1|) < 56 + 8/ + 645 < 194/¢
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for g € F. In the same way, we have

o(|(u(@)ye WYW* —1)7|) <196, geF.

Let W = (w”), and E; = (e}), be representing sequences consisting of unitaries and
projections, respectively. Set a¥ = ) (. gu(s)e;. Note that a” is not a unitary in general.
Since (@) = (w") in M?, {a¥ — w"}, converges to 0 in the o-strong* topology as v — w.

Fix sufficiently large v such that

|l w” —a"]| < g Iv. 1] < ﬁ Y eWseS,
o(Ju(@)yg W) w"™* —1]) < 19V,
geF, ped.
o(|((@ye (ww"™ = 1)*|) < 194/,

It follows that

1w, w”l]|

IA

Jty-w =a1] + el < 5+ |[v Y utkreg

keS

2+ 2wl + [ty e]) <.

keS

|

IA

By the inequality presented in the beginning of the proof, w = w" is a desired unitary. o

5. Intertwining argument and the proof of the main theorem
In this section, we present a proof of the main theorem, Theorem 2.3 (2).

5.1. Classification of quasi cocycle actions. We can assume that § is an action, i.e.,
b(g,h) = 1, g,h € G, due to the existence of model actions. Recall that we assumed that
On = an = Py is an action of N, and fixed a unitary #(m) € M with &, = Ad(ii(m)) in §3.

In this subsection, we will classify two quasi cocycle crossed actions (o, ¢¢) and (8, 1)
of Q. For simplicity, we write &5 as ) until the end of the proof of Theorem 5.1.

Theorem 5.1. Let (o, ¢®) and (B, 1) be as above. Then there exist 0y, 01 € Int(M) and
4% 4! € Mapy(Q, U(M)) such that

Ad(ﬁo(p)) ) 9_0 o0 O 9_0_1 = Ad(ﬁl(p)) 00,0 Bp o él_l,
and

2°(p)0ooap 005 (1°(9)) 00 (c®(p, 9))00 0 0tpq © 0yt (B0 (GE(m(p, 9))iE(m(p, 9))*) i (pg)*
= 1" (p)01 0 Bp 0 67 (11 (9))61 0 Bpg © 07 ' (61 (m(p, ¢))ii(m(p.9))*)id" (pg)*.

We remark that 6; (w(m(p,q)))u(m(p,q))*,i =0,1,are indeed in M = M.
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We will present the proof of Theorem 5.1 by showing the series of lemmas below. Put
en = 47", n € N. (Until the end of the proof, we use the letter n to denote elements in N.)
Fix F, € Q and an (F},, &,)-invariant set S,, € Q such that

00
ecl, F,CFy, UFn:Q» Fo CSn. FuSn C Fyqa.

n=1

Fix a faithful normal state ¢g. Let {W,}, be an increasing sequence of finite sets of M
such that |_J,, Wy, is total in M.

Lemma 5.2. Set

O =a, p.g)=c*(p.q), yV=8 cpg=1

4
Forn € N, there exist
* a family of quasi cocycle crossed actions (y("), c™),
s u"(:),a"(-),b"(-) € Mapy(Q, U(M)),
e wy € U(M),
e an automorphism 6,, € Aut(M),
e finite sets ®p, € (Mx)+, V), D), € My,

satisfying the following conditions:
(n.1) @y = {AdG" 1 (P)(@0)} e,

o= U ) (e @@ ).

D.gEF,
resS,,ped,

(n.2) W =W, Ubp (W)U | (6" (p) - 00,90 -b" " (p)} U D,
DEF,

®.3) a"(p) =u"(p)yy P wawy, b"(p) = a"(p)wad" 2 (p)w;,
9}1 = Ad(wn) otp—2, n= 3,

n.4) yi = AdW"(p)) oy = Ad(a"(p)) o Ad(wy) o "~ o Ad(w}),

1.5) "(p.q) = u"(p)y" 2 W (q))c" (p. gu" (pq)*.
(n.6) Hy;“(w)—y;”‘”(wu<6|83"|, P € Fui1,

ve U 082w u ) .

qeF,+1
le- (c"(p.q) — " N(p.q)| < %”
(n.7) . - £ ped, Ud,_1, peFy,, qec Sy,
I(c"(p.9) =" (p.@) - 0| < >
g - (@"(p) =D < 7en=1,
(I’ZS) {H(an(P)—l)'(P”<74/<9n—1» (Peq)n—l’pEFn—l»nZl

n.9) |[wn. ]| <en—1. VeV, ;. n=2.

n—1>
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Proof. 'We will construct the desired objects by induction.

Step 1. Define @, @} and W] as in (1.1) and (1.2). (Here we set bo(p) = 1,6 = id
and Vg = &g = ¥.) By Lemma 4.6, there exists a unitary ul( p) such that

(la)  [Ad@!(p) oySPV W) — v QW) < 6|S i

peFfnve o) @),

refs,
b o (s et @ (ra)* = (.0 < 5
[ )vs D 0 @) ()™ = (p.0) 0] < 5
peF,qge S, pedy.
Set
wi =1, ul(p)=a'(p)=u'(p). 6 =Adw),
Vzgl) = Ad(u'(p)) o Vlg b, ctp.q) = ul(p))/lg_l)(u(q))ul(pq)*.

Then we obtain (1.3), (1.4) and (1.5). The conditions (1.6) and (1.7) follow from (1.a) and
(1.b), and the first step is complete.

Step 2. Define &5, <I>/2 and \11/2 asin (2.1), (2.2). By Lemma 4.6, there exists a unitary ulz)
such that

2a)  [Ad@(p) oy VW) — V)| < 6|S|

peFsve ) wpu ) wy.

qeF3
2b) e 2Py W @) (p.u?(pg)* - (p.9)]| < %2

[y @ @) (. (pa)* = ' (p. @) - ]| < =
PEFqgES, g DU

By (2.a2) and (1.6), we get

||Ad(u2(p>>oy;"’(w)—y;")(w)u<3f11, ve |JOoO) W) pep

qeFs

Hence

[l v]| < Y eV peF.

By (2.b) and (1.7), we have

€1
31811

lo - 2 (P)ySY (@) (p. u?(pg)* — (p.9))| < e1.
| (2 ()X (@) (p. ) (p)* — °(p.q)) - 9| < &1
forp e F1,g € S;and ¢ € P;.
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Since ®1 - c%(p,q) C U\, p e Fi,q € Si,and F1S; C F», we have

le - (*(2)y¥ P (@) (pg)* — 1)
= e - v (P)ySXw*(q) — ¢ - u(pq) |
<er+ o (Py 2P (@) —u?(pq) - ¢
=1+ o (PP (@) (p. @) —u*(pg) ¢ - < (p.q) |
<2e1+ o 2Py W2 (@) (p.q) — ¢ - < (p. ) (pq) |
=2¢e1 + o - w2 (PP @ (@) (p. P (p))* — ¢ - °(p.q) |
< 3e1
forp € &1, p € Fiandg € S;.
Since ()/lgo))_l(co(p/,q) @) e W) for p,p’ € Fi,q € S1 and ¢ € ¥y, it follows that
12 @), (' a") - o] | = |[12@). ()" (P a) - )] < e
for p € F1,q.q' € S; and ¢ € ®;. Thus
| (*(P)y$O WP (@)u?(pg)* — 1) - ¢
= |y (@) P (p)* -0 —u(pg)* - ¢|
< [y @ (p)*. o] + ¢ vV @ @M (p)* —u?(pg)* - ¢|
< 7202 @" 2 (p)*. el + [[vV @ @)*). o]u*(p)*|
+ e v Q0@ (p)* —u (pg)* - o
<2e1 4 |l¢ - vV @ (@) P (p)* — u (pg)* - ¢|
=2e1 + [°(p.@) - @ - ¥Q (@) )P (p)* — (p. DU (p))* - 9|
<2e1 + || [°(p. @) - 0. vX P ()P (p)*]|
+ v @) (p)* - (p.q) - 0 — C(p. U (pg)* - ¢
<2e1 4 ||[®(p.@) - 0. vV P (@) [P (p)¥ |
+ [y 2w (@) [ (. @) - 0. u*(p)*])]
+ [y (@) ) (p)* - (p.g) -9 — (p. DU (pa)* - 0|
<der + [y @ (p)*(p.q) - — (p. P (p))* - 0|
= 41 + || (> (2)y Y @ (@) (p. v (p@)* — < (p. ) - 0|
< 51

holds for p € F1,qg € S;1and ¢ € ®.
By Lemma 4.9, there exists a unitary wy such that

| (2 (P)y X (wa)ws — 1) - | <7 e,
lo - (P Py (wa)yws —1)|| < 7¥en,
w2, ¥1| < e1. Ve ).

Put a?(p) = uz(p)ylgo)(wz)w;‘, and we obtain (2.8) and (2.9).

pEF,9oed
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Set

62 = Adw2),  *(p.q) = w?(P)y" (* (@) (p, g (pa)*,
vy = Ad@W? (p)) 0 7" = Ad(@*(p)) o b2 0y 0 65

Then we obtain (2.3), (2.4) and (2.5). The conditions (2.6) and (2.7) follow from (2.a) and
(2.b), and the second step is complete.

Suppose we have constructed the desired objects up to the (n — 1)-st step.

Step n. Define ®,, @) and ¥/, asin (n.1) and (n.2). By Lemma 4.6, there exists a unitary
u"(p) such that
&n

) [Ada" () oy @)~y VW] < e

peFve J 02 W pu@Ed ) @),
qe€F,+1

mb) e @ @y P @) 2 (p.gu" (pg)* — " p.9)]| < %

[ Py 2 W (@) (p. u™ (pg)* — " (p. ) - || < %

By (n.a) and (n — 1.6), we get

[ade oy P~y Pl < 5 ve U 0 W pe
" qeFy

Hence

| (p), v1|| < JS—*” VeWw . peFn
-

By (n.b) and (n — 1.7), we have
le - (" (p)yS—>
| (@™ ()2 @ (@)™ 2 (p. " (p))* — " 2(p.q)) - || < en—1

/
n—1-

W"(@)" 2 (p.u" (pg)* — " *(p. )| < en-1.

for p € Fy_1,q € Sp—1 and ¢ € ®,_1. Since ®,_1 - " 2(p,q) C ¥ p € Fy_q,

q € Syp—1,and F,_1S,—1 C F,, we have
lo - (™ ()2 @™ @)™ (pg)* —1)||
= e - u" Py VW (@) — ¢ - u"(pq)|
" (pa). el| + ¢ - u™ (p)y" 2 (@) — u" (pq) - |
=en1+ |0 " (PSP W (@) (p.q) —u" (pq) - @ - "2 (p.q) |
<en1+ |[u"(pg). 0" (p.0)]|
+ e u" (PSP (@) 2 (p.a) — ¢ - "2 (p. )" (pq) |
< 2en_1 + |0 " (PSP @ (@) 2 (p. " (p)* — @ - " 2(p.9)|| < 3en—1

A

forp e ®,_1,pe Fy—1and g € Sy—1.
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Since (15" ) ("2 (P q) - ¢) € W,_, for p.p' € Fa—1,q € Sy and ¢ € Bp_y,
we have

=2 @ (@), " 20" ) - ol| = [[u™(@). (v§2) ("2 a)) - 9)]|| < enma

for p, p’ € Fy—1.4.9' € Sp—1 and ¢ € ®,,_1. Thus

| (" (p)y" 2 W™ (@) (pg)* — 1) - 0|
= |2 @ (@) " (p)* - —u"(pg)* - 9|
< |y 2a" @ (p)*. o] + ¢ - v 2 @ (@) (p)* —u" (pg)* - |
< [y 2@ @" @) ol + |2 @ (@), elu” (p)*|
+ o -y (@) (p)* —u" (pg)* - o
<2en1 + o -y @M@ " (p)* —u"(pg)* - 0|
=2en_1 + [¢"2(p.@) - @ - TR W (@) W (p)* — "2 (p. " (p9)* - ¢
< 2en—1 + | [y 2@ @ " (p)* "2 (p.q) - 9] |
+ [y 2 W @) (p) "2 (p.g) -9 — " (p. " (p))* - 9|
< 2en—1 + |20 (@M (p)*. "2 (p.q) - o]
+ [y 2@ (@)*). ") - @ Ju" (p)¥|
+ |y 2@ (@) (p)* " 2 (p.q) - @ — "2 (p. )" (pg)* - |
<den1 + |y @ @M (P) "2 (p.g) 9 — "2 (p. " (p))* - 9|

=den1 + [ (P2 W (@) 2 (p. " (pg)* — "2 (p.9)) - 0|
< 58n_1

holds for p € F,—1,q € Sy,—1 and ¢ € O,_1.
By Lemma 4.9, there exists a unitary w, such that
|6 )y =2 wnywy = 1) - 9| <7 ¥en1.
lo - (" (g™ wwywy = 1)| < 7 Yen=s
and
[ Cwn, 1] < s
forop e ®,_1,pe Fyyandy € W, _,. Puta"(p) = u"(p)ylg”_z)(wn)w,’l". We then obtain
(n.8) and (n.9).
Set
b (p) = a" (P)wab" 2 (P)wyy,  On = Ad(wy) 0 b2,
¢"(p.q) = u" (P 2 W (@)" 2 (p. " (pg)*.
i = Ad(" (p)) o y" ™2 = Ad(@"(p)) o Ad(wy) o "~ o Ad(w}).

Then we obtain (n.3), (n.4) and (n.5). From (n.a) and (n.b), (n.6) and (n.7) follow. Thus
the n-th step is complete, and we finished the induction. |
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Lemma 5.3. The sequences of automorphisms {02, }neN and {02541 }neN converge to
some automorphisms.

Proof. Take yy € Wy, for fixedng € N. If n > ng + 1, then ¥, 0, () € ¥, ;. By
(n + 2.9), we have

162 (W) = Onr2(W)|| = | [wat2. 0 (]| < £nt1.
161 W) = 0| = [ [was2. Y1 < ensr-

Since | J,, ¥, is total in My, {923;1 (¥)}n and {923511“(1#)}" are Cauchy sequences for all
¥ € M. Hence the limits 6y = limy, 65, and 6, = lim,, 6>, 41 exist in the u-topology. O

Lemma 5.4. The sequences of unitaries {b*™*(p)nen and {b?"T1(p)}en converge
to some unitaries in the o-strong* topology.

Proof. Fix p € Fyy+1. Note that we have ¢ € &, C V), for all m, and ¢¢ - b" (p),
b"(p)-po € ¥, 1, Ad(b"(p)) (o) € Pp+1 forn > no. By (n +2.8) and (n + 2.9), we have

|po - (b"F2(p) — 0" (p))]|
= |l@o - (@"T2(P)wns2b" (P)wysy, — b" ()|
= |¢o - (a"T*(p) = b (P)wn12b" (p)*wy,) |
< [po- (@ 2(p) = 1)| + [0 - (1 = b" (P)wns2b" () wis ) |
<7 ¥ent1 + llgo - (Wat20" (p) — b" (p)wn42) |
< 7¥ent1 + 90 - Was2b" (p) — wat2 - 90 - b ()| + || [wns2. 00 - 0" (p)]|
< 7¥ent1+ 2en41.

We next estimate ||(5"12(p) — b"(p)) - ¢o||. By (n + 2.8), we have
[©" () = b"(p) - o
= | ("2 (P)wn42b" (P)wy — b"(p)) - @0,

< [a" T2 (p) (Wn+2b" (D)Wt 45 — b"(P)) - 00| + || (@™ T2(p) — 1)b" (p) - 0o |
< H (wn+2bn (p)w:+2 — b"(p)) * Qo ” + 744/8,1_1_1.

By (n 4 2.9), the first term is estimated as follows:
| (wns2b™ (P)wys 5 — " () - @0

= | (0" (P)wy 42 — wii2b" (p)) - 90|
< [6"(P)wyis - 00 —B"(p) - @0 - wy o] + [|[[wnsz 5" (P) - wo]| < 2en+1.

Hence we obtain

[ (6" +2(p) = b"(P)) - 00| < 7 Emt1 + 2ent1.

The above estimation yields that 7%(p) = lim, b*"(p) and @' (p) = lim, b>"T1(p) exist in
the o-strong* topology. |
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The end of the proof of Theorem 5.1. By construction we have
v = Ad(b*" (p)) 0 b2n 0 0p 0 63,
and
y2" Y = Ad>" 1 (p)) 0 Bans1 0 Bp 0 63,041

Letting n — oo, we obtain
Ad(@°(p)) 0 by oap 0Byt = Ad(@! (p)) 0 01 0 B 0 07!

by (n.6).
We will show the convergence of {¢2"(p, q)}nen and {2 T1(p, q)}nen. Put

Wap = W2pWop—2 " W2.

We can easily see 02, = Ad(W2,) and u?*(p)u?*~2(p)---u(p) = bz"(p)wz,,ap(ti);n).
Then it follows that
M (p.q) = u Py P @ (@) A (p, " (pg)*
= u?(p)y "2 ()2 (p)y " w2 (@)) P (p. q)
x w2 (pg)* u*" (pg)*
= u? (P2 (p)y P W (OuP (@) (p. uP A (pg) u (pg)*.

We repeat the above computation and obtain the following:

M(p,q) = u(p)---uP(Plap (" (q) - u* (@) (p. > (pg)* - u?" (pg)*
= b>" (p)Wanap (w;n)ap (bzn (@)wanag (u_);n))c“(p, q)pq (U_)Zn)w;nbzn (pg)*
= bzn(p)u_)ZnOlp (U_);nbzn(Q)wZn)apaq(u_);n)ca(psQ)qu(u_)Zn)u_);nbzn (pCI)*
= b*"(p)ban © @p © 03, (b*"(9))W2nc® (P, q)atpq
© Om(p.g) (W) pg (W2n) 103,07 (Pq)*
= b?>"(p)ban © ap © b3, (b*"(9))02n(c* (P, 9)) 20
X Upq (Om(p.g) (W3 W2n) 3, b>" (pq)*
= b (p)ban © ap © 03, (b>"(9)) 020 (c* (P, 4))b2n © Apg
° 65, (wZnam(p,q)(w;n))bzn (rg)*
= b>"(p)b2n © ap o 03, (b>"(9))02n(c* (p. 9))
X Oan 0 tpg © O3, (B2n ((m(p, 9)))i(m(p, 9))*)b*" (pq)*.
Since the canonical extension is continuous in the u-topology, 62, (i(m(p,q)))u(m(p,q))*

converges to O (it (m(p. ¢)))ii(m(p, ¢))*. Similar results hold for ¢2"~1(p, ¢). Then by (1.7),
we have

1°(p)fo ooy 005" (1°(9))60(c* (p. 4))00 0 tpg 0 Oy (Bo (i (m(p. )it (m(p. ) )% (pq)*
=10"(p)01 0 Bp 0 07 (1 (9))01 © Bpg © 07 (1 Gi(m(p, 9)))ii(m(p, q))* )i (pg)*

and finished the proof of Theorem 5.1. |
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5.2. Proof of the main theorem. In this subsection, we present a proof of our main
result, Theorem 2.3, by using Theorem 5.1.

Proof of Theorem 2.3 (2). 'We use the same notation as in the previous subsection. Set
fo(ii(n)) = i%(n), 61Gi(n)) =iP(n), neN,
i(p) =a'(p)*a°(p). i =P myai*m)*. pe Q.
We replace (ag, a(g, 1)) and (B, 1) with (Bpoag 0y, fp(a(g, h))) and (G108, 0071, 1)

respectively. Note that we do not have o, = 8, n € N, after this replacement, and in fact we
have

@n = 0006, 0051 = 0o Ad(ii(n)) o ;' = Ad(@*(n)),

Bn = 0106, 007" =0 0 Ad(ii(n)) 0 07" = Ad(ii (n)).
and
Bn = Ad(ii(n)) o ap.
Claim. We have the following:
5 =Ad@(p) oap, u(pas@)c(p.q)azy iy, )i(PD* =1, p.qeQ.

Indeed, B5 = Ad(ii(p)) o aj is obvious. By the above replacement and Theorem 5.1,
we have

0°(p)as(@°(@))e (p. @)y (@ (m(p, )i (m(p, q))* )i’ (pg)*
= 21 (P)B " (@)B 5y (8 (m(p,9))i(m(p,9))*)i" (5g)*.

Thus the following equalities hold:

1= B5@" () 4" (p)* x 2°(p)ap(°(§)c (p. @)opy (5% (m(p. )i (m(p, ¢))* )i (pg)*

x 01 (pq) B ((m(p, 9))iP (m(p, 9))*)

= B5@" () (P @°(@)c? (p. @y (@* (m(p. q))it(m(p. q))* )ik (pg)*
X By (ii(m(p, q))iP (m(p,q))%)

= 4(p)ap @' (@) *az@°(@)c (p. @)y, (4% (m(p. q))i(m(p.q))*)
x gy (i(m(p. q))iP (m(p.9))*)2(pg)*

= 4(p)as(@(§)c (p, @)ay; (i(m(p, q)*)i(pg)*.

We will combine these results. We extend #(-) to Mapy (G, U(M)) by

u(nr) =um)a, ((@))an,r), re Q,néeN.

Then B, = Ad(lig) o ag holds for every g € G. Set z(g, h) := 1i(g)ag (1i(h))a(g, h)i(gh)*,
which is a 2-cocycle for 5. To complete the proof, we only have to show z(g,h) = 1.
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Since
A (n)on (A(7))d (@) (n, F)* oz (A(F " nF)* ) (7F)*
= U(n)a® (n)a(F)a® (n)*d(a)(n, F)*az (A GF " ni)*)aF)*
= 1, 01% (n) Bz L (0% (n) *d (@) (n, F) * oz (0 (7~ 1ni)*))
= A(n, F)(n)ia® (n) B (a® (7~ 'ni) * (7 nF)*)
= A(n, 7)itP (n) Bz (7P G~ ni)*) = 1,
we have 1i(n)o, (U(7F))a(n,7) = 4(F)az(@(F 'nF))a (7, 7~ nF). Compare this result with
Lemma 4.1.

Then in a similar way as in the proofs of Lemma 4.2 and Lemma 4.7, we can show
z(g,h) = 1 for g,h € G. For the sake of completeness, we repeat the arguments presented in
the proofs of Lemma 4.2 and Lemma 4.7.

By the definition of u(n p), we have

z(n.q) = i(man(@(@)an,gi(ng)" = 1.
Since
a(pm) = a(pmp=" p) = w(p)as(@(m))a(p, m)
by the above result,
z(p,m) = i(p)as@(m)a(p. mya(pm)* = 1.
By using the 2-cocycle identity, we get
z(m,ng) = Bm(z(n,§)*")z(m,n)z(mn,q) = 1.

In a similar way, z(pm,n) = 1 can be shown. Hence z(g, h) = 1 if either of g or h isin N.
From

1= 4(p)as@(@)c (p. q)epy (W(m(p, q))" )i (pg)*
= 2(p.§)z(pg.m(p.q))* = z(p.q).
we have z(p,g) = 1 for p,q € Q. Again the 2-cocycle identity yields
z(mp,§) = z(m, p)* Bm(z(p,§))z(m, pg) = 1.

In a similar way, z(g,gn) = 1 can be shown, and z(g,/#) = 1 holds for all g,h € G. Thus
(o, a) and (B, 1) are strongly cocycle conjugate. |

6. Model actions

The construction of model actions with given invariant is presented in [20,40] by using
groupoid theory. However the essential point of using groupoid theory is to construct a right
inverse for the Connes—Takesaki module map. Thus it may be possible to construct model
actions without groupoid theory once one admits the existence of a right inverse of the module
map [42]. In this section, we present the construction of model actions along this observation.
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6.1. Model action associated with a dominant weight. Let M be an injective factor
of type III, ¢ a dominant weight on M, and M = M, xy R the continuous decomposition of
M, and u(s) the implementing unitary for 8. Let G be a discrete amenable group, and o an
action of G on M. We quickly review how to describe Inv(«) in terms of M.

We may assume that ¢ oo = ¢, and ag (u(s)) = u(s) by cocycle perturbation [41]. In
this case, My, is invariant under oz, and we denote by ozé, the restriction on M. Then Inv(«)
is obtained as follows. A Connes-Takesaki module is given by mod(cg) = aél Z(M,)- Let
N :={g € G| a;,, € Int(My)}, which is a centrally trivial part of o. Fix v, € U(My)
with &), = Ad(vy,). Then we get a characteristic cocycle (A, u) € Z(G, N, U(Z(My))) and
c(n,t) € ZL(R, U(Z(M,))) as follows:

oz;,(vg—mg) = A1, 8)Vn, VUmUy = w(m,n)vmn, 60:(vy) =c(n,t)v,.

In this case, o, = Ad(v,) o ag’(n) holds, where a;p(n) is an extended modular automorphism
[8]. Indeed, Ad(v;;) o a, = id = of on M, by the choice of v,, and

Ad(v}) 0 o (u(s)) = Viu(s)vw = vi0s(un)u(s) = c(n.)u(s) = 0%, (u(s))

holds.
Conversely, for a normal subgroup N C G, a homomorphism

B:ge€G/N — Bg € Autg(Z(My)).

(A, ), and c(n, t), we will construct a model action y, with Inv(y) = (N, Bg. [A, i, c]).
By [42, Corollary 1.3], the exact sequence

1 — Tnt(M) —> Aut(M) 25 Autg(Z(Mp)) —> 1

is split. By regarding B as a faithful homomorphism from G/ Ker(B) into Auty(Z(My)), we
lift B as an action of G on M by the above splitting exact sequence. (Note N C Ker(8).) We
may assume ¢ o g = @, Bg(u(s)) = u(s).

Let dg(u)(?) := u*0;(u) € ZY(R, U(Z(My))) foru € U(Z(My)). Since

c(m,t)e(n.1) = c(mn,1)dg(u(m,m)(1), PBglc(g™'ng. 1)) = dp(A(n, &) (t)c(n. 1),

we have

@ % _ -9 _ -9 _ @
Oemy* © Ocmy* = Oemy ey = Odp(ummyemnys = AR 1) 000y

and

= Ad(A(n,g))oc?

@ -1 _ o _ 9
P 00 (gtngy °Pe = Op (g 1ng)) = PBp(din.0))e(m) c(n)**

In particular, (Gf(n)* , (-, +)) is a cocycle crossed action of N.
Let Ro be the injective factor of type II; with a tracial state 7, and aéo) a free action of

G on Ry. Let oy, := O’;p( m)* ® oz,(,? ), and take a twisted crossed product

N =(MQ Ro) X, u®1 N.
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Let v, be the implementing unitary for «. Since Inv(w) is trivial, N and M have a common
flow of weights by [24,38]. Hence N = M by the classification theorem of injective factors.
Let ¥ := (¢ ® 1) o E, where E is the canonical conditional expectation on M. Then v is
dominant, and Ny = (My ® Ro) Qa,ue1 N.

Letyy, = Bg ® ozg)). Since

Vg ©Oging © Vg ' =Ad(A(n.g) ® 1) oo,
Am, A, g)u(m, mA(mn, &) = Bg(n(g™'mg, g~ ng)),
An, gh) = Bg (Mg ng, h)A(n, g),
we can extend y to an action on N by yg(ve-1,,) = (A(n,g) ® 1)v, by Theorem B.1 and
Theorem B.2.

By the definition of yg, it is trivial that mod(yg) = Bg. If m € N, then y,, = ym|w,, is
given by Ad(vy,). Indeed if x € My ® R, then

Y (X) = id @) (x) = 08, ® ) (x) = Ad(vm) (x).
Note B, = id and of(m)*|Mw =idform € N. By

An,m) = pwm,m nm)u(n,m)*, m,n e N,
we have

Vi Vm—tnm) = A(n,m)vy = p(m,m= nm)u(n, m)*vn = V-1 V-
Due to the freeness of cxéo), we have y, € Int(Ny) if and only if g € N. By the definition
of N and yg, we have yg(vg—1,,) = A(n,g)vy and vV, = p(m,n)vmy. We can verify
0; ® id(vy,) = (c(n,t) ® 1)v, as follows:

6; Q@ id(vy) = (u(r) ® v, (u(r) ® 1)*
= (u() ® Doy (u(—t) ® vy,
= (u(t)of(n)*(u(—t)) R 1)vn
= (u(t)c(n, —1)*u(r) ® 1),
= (O(c(n.—1)*) @ vy = (c(n,1) ® 1)v.

The above argument shows that y realizes the given invariant.

Here we treat only type III factors, however this construction is valid for the type II case.
If we use the results from [11], we can generalize the above construction for arbitrary faithful
normal semifinite weights, which is the subject of the next subsection.

6.2. Generalization to arbitrary weight. In this subsection, we generalize the con-
struction presented in the previous subsection by using [11].
Let B (M) be the set of all faithful normal semifinite weights on M. Let

g 1 u € UM) — dg(u)(t) = u*O,(u) € ZL(R, U(E))

be a coboundary map. By [11], for any faithful normal semifinite weight ¢ € B(M), there
exists a homomorphism by, : Z é R, U(E)) = U(M) such that
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(1) 9g(by(c)*)(1) = by(c)0:(by(c)*) = (1),

(2) if c(s) = e for some ¢t € R, then by(c) = A?(t)* (hence K(/i(b(p(c)*) =o}),
(3) bpoq = Gobyod!,

(4) if ¢ is dominant, then ¢ = Ka(b¢ (c)*).

Namely by, is a right section of the exact sequence

I — UM) — UM) — ZEUE) 2 1.

(The above exact sequence is a middle row of the characteristic square of M.)

Thus we can define an extended modular automorphism of € Aut(M) for arbitrary
¢ € W(M) by of = Xfi(b¢ (¢)*). (The condition (4) above justifies this definition.) Define a
generalized Connes-cocycle by [D¢ : DYr]c := by(c)*by (c). Indeed, we have

[Dy : Dyle € MP = M, Ad([Dg : DY) ool =0of

by the property of b, (c) and the definition.

For z € U(E), set Z := by(dg(z))z. It is easy to see that Z € M, 2* = Z’:k, ZW = ZW
and ag;(z) = Ad(Z¥).

As a natural generalization of the previous subsection, we show the following theorem.

Theorem 6.1. Let a normal subgroup N, a homomorphism 8 : G/N — Auty(C), and
a characteristic invariant [A, u] € Ag(G, N, U(C)) be given. Then for each fixed ¢ € W(M),
there exists an action y of G with Inv(y) = (N, B,[A, v]).

Proof.  Suppose a normal subgroup N C G, an action g € Auty(€) of G/N, and a
characteristic cocycle (A, u) € Zg (G, N, U(€)) are given. As in the previous subsection, we
denote c¢(n,t) := A(n, (e,t)),and A(n,g) = A(n,(g,0)) forg € G,n € N andt € R.

Set i(n, g) = )@ and fi(m,n) = m). From the relation between u and c, it
follows that

= Ad((m.m)) o 07

[ @ _ 9 _
Ocmy* © %y = Pctmy*cm)* = P9 (uim,n)*)c(mn)* c(mny*

Namely (Gf(n)* , [t(m, n)) is a cocycle crossed action of N on M.

Once we obtain (o;p(n)* , fi(m, n)), we can construct a model action y, as in §6.1. We lift
Bg € Autg(€) to Aut(M) by [42] as before and regard it as an action of G.

Seta(n,g) =[Dgo ﬂ;l : Dolg, (c(g—1ng)*)- Then

® 1 _ _eoB!
Pe ©Oc(g—1ng)* Oﬂg = 9By (c(e~1ng)*)

B %

= Ad(a(l’l, g)) © 08, (c(g—1ng)*)
_ ¢

= Ad(a(n.g)) o 096 (A(n,g)*)c(n)*
= Ad(a(n, g)A(n.g)) 0 of .-

Set
N(p, A, 1) ;= (M Q Ry) ng*@,a(o),ﬁ N.
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By Theorem B.1, we can define an automorphism y‘p Al e Aut(N (¢, A, 1)) as follows:

yZrH(x) = By @ aP(x), x € M® R,
yg”l (vg—1ng) = (a(n,g)i(n,g) ® 1)v,, neN.

We show that y#>* realizes the given invariants. For simplicity we denote y%: A1 and
N(p,A, ) by y and N, respectively. We identify N and (M ® Ro) x N in the standard
way. As in the previous subsection, N is isomorphic to M, and it is trivial that mod(yg) = B¢
holds.

We next show N, = N. Assume thatg € G\ N anda € N satisfy Yg(x)a = ax for
allx € N. Leta = Y nen dnVn. Then for x € M, we have Vg (X)an = anyn(x), and hence
Yen—1(X)an = apx. Since gn~! # e, we geta, = 0foreveryn € N. Thus yg ¢ Cnt,(N).

Forn € N, we will see that the canonical extension is given by

Yn = Ad(b(p(c(n)*) ® I)Un
For simplicity, we omit ® 1 and denote by, (c(n)) ® 1 as by, (c(n)). Fora € M ® Ry,
Ad(bg(c(n))*va) (@) = Ad(by(c(n)*))(c? Ty © a,(,o)(a))
= id®a{" (@) = ya(a).

By the definition of o, the relation 6¢ (by(d)) = by(d) holds ford € Z} o (R, U(C)). Thus
we have

Vb () )ly = 0% (b ((m)®) = by(c(n))

and
Ad(b(p(c(n))*vn)(vn—1mn) = Ad(bw(c(n))*)(vnvn—lmnv;)
= fi(n,n" " mn) Ad(by(c(n))*) (Vmnv,))
= a(n,n"'mn)(m,n)* Ad(by(c(n)*)(vm)
= /A\(m’n)vm = Vn(vnflmn)-
Note that a(m,n) = 1 for m,n € N. Thus the canonical extension is given by the above
formula.

The following computation shows y(y) = [A, u]. For m,n € N, we have

by(c(m)*vmbg(c(n))*vn = by (c(m))*by(c(n))* vmvn
= by (c(m)*c(n)*)vmvn
= b(p(BG(M(m’n)*)c(mn)*)ﬂ(m:n)vmn
= by (c(mn)*)by(dg ((m, n)*)) a(m, n)vmn
= j1(m, n)by(c(mn))* vmn.

For g € G andn € N, we have

Ve (b¢<c(g—1ng))*vg—1ng) = Bg 0 by (c(g7'ng)) Vg (Vg—1,,)
byop=1 (Bg(c(g™ ng)))a(n, ©)A(n, g)v,
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= by(Bg(c(g™'ng))) A(n, g)vn
= by(c(n)*dg(A(n, £)*))A(n, g)vn
= A(n, £)by(c(n)*)vn.

Fort € Randn € N, itis easy to see that 0;(by(c(n))*vm) = c(n,t)by(c(n))*vy.
Thus we have y(y) = [A, u], and hence Inv(y) = (N, B, [A, i]). i

Although y®*+* realizes the given characteristic invariant [A, i], the above construction
depends on the choice of a representative of [A, u]. If we change (A, n) within its equivalence
class in the above construction, we have the following result.

Let (A, ') € Z(G, N, U(€)) be a characteristic cocycle which is equivalent to (1, 11).
Thus there exists z € Mapy (N, U(€)) such that

W, 1) = A0 (2), nd*(2)).

By Theorem B.2, we have the following result.
Theorem 6.2. Two model actions y®** and y*-* """ are conjugate.

Proof. Set ¢’(n,t) := A(n,(e,t)). Thus we have ¢’(n.t) = z(n)*c(n,1)0;(z(n)).
Then
= Ad(2(n))oc?

Oy = Tem =30 (m)) cmy*
and
fi'(m,n) = 2(m)z(n)f1(m,n)z(mn)*,
that is, (O‘:ﬁ s ,12’ ) is a unitary perturbation of (af* , ) by 2. From the relations A’ = 19!(z)
and mod(yg) = Bg, g € G, one obtains

N(n.g) = ygr (g ng)An. g)2(n)*.
Hence y®*"* and y**:** are conjugate by Theorem B.2. i

We close this section by discussing the relation between model actions associated with
different weights. Take ¢, ¢ € TW(M). To clarify the dependence of ¢, we write fL(m,n) as
flo(m,n) and so on. It is easy to see that (o, (O fly) is a unitary perturbation of (af(.)* )
by {[DY : D@lcn)*fnen- We can see that {[DV : D@]c(n)* jnen satisfies the assumption in
Theorem B.2. Thus the following holds.

Theorem 6.3. For any faithful normal semifinite weights ¢, W € B8 (M), there exists an
isomorphism 0y o * N (@, A, ) = N (¥, A, 1) such that

Al _ WA, B
91/&(0 o )/g(p M - VZ ® o 6]}0‘,(0, Qp,w e} Qw,(p - ijw.

Proof.  An isomorphism 6y, is given as in Theorem B.2. The latter relation follows
from the chain rule of generalized Connes-cocycles. ]
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7. Group actions on subfactors

In this section, we show that we can apply our previous argument for group actions on
subfactors. We briefly recall basic notations for group actions of subfactors. See [9] for the
basics of subfactor theory.

Let &' C M be a strongly amenable subfactor of type II; in the sense of [34], and

NCMCMl = (M,€1> CMZI (M1,€2> C:.--

the Jones tower, where e, is the Jones projection for My—1 D My—». For o € Aut(M, N), we
extend o € Aut(M,) by a(e,) = ey, and

(o) = {&|wna freo

denotes the Loi invariant [26]. An automorphism « is said to be strongly outer (see [1]) if
a €, My satisfying a(x)a = ax for all x € M implies a = 0.
Let Cnty (M, N) be a set of all non-strongly outer automorphisms, and

Xa(M, N) = (Ker(®) N Catp (M, N))/ Int(M, N)

the algebraic y-group [12].

An automorphism o € Aut(M, N) is approximately inner if « = lim, Ad(u,) in
Aut(M) for u, € U(N). An automorphism « is said to be centrally trivial if ¢ = id on
M N N®. Here M' N N? is a subfactor-version of a central sequence algebra. If N' C M
is strongly amenable, then M’ N N is of type II;. Denote the set of all approximately in-
ner automorphisms and that of centrally trivial automorphisms by Int(:M, N') and Cnt(M, N),
respectively.

To classify actions, we need the characterization of approximately inner automorphisms
and centrally trivial automorphisms. Indeed for a strongly amenable subfactor &' C M of type
I, we have

Ker(®) = Int(M, N), Cnt(M, N) = Cnt, (M, N).

(See [26,28,36] for a proof.)

Take @ € Ker(®) and 0 € Cnty(M,N). Let 0 # a € My be an element such that
o(x)a = ax holds for all x € M. Then there exists a unitary u(c,0) € N such that
a(a) = u(a,0)a (see [29]), which does neither depend on a nor on My. This u(a, o)
satisfies @ 0 0 o ™! = Ad(u(e,0)) o 0. See [29] for more properties of u(c, o).

We assume the following:

(1) The normalizer groups for &' C M and M C M are trivial.
(2) There exists a lifting o : yq(M, N) — Aut(M, N).

Typical examples of such subfactors are the Jones subfactors with principal graph Asx 1,
k > 2 (see [18]).

Let (o, a) be a cocycle crossed action of G on N C M with trivial Loi invariant. (This
condition corresponds to the triviality of Connes—Takesaki modules in the previous sections.)
Let

N ={he G |ay € Cnt(M, N)}.
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The v-invariant v(n) is given by
v(n) = [an] € xa(M,N), neN.

Note that v(gng™!) = v(n) holds by ®(ag) = id. Let us fix a unitary u§ € N satisfying
an = Ad(uj) o 0,(y). Then the characteristic invariant [A, ] for « is given as follows:

g (U1, u(@lg. Ouny) = A(n. €)Salg. mus
U Oy (m) (Uy) = p(m, n)a(m, n)uy,,.
We remark that [A, ] may be different from the usual characteristic invariant. Let
k(k,1):=u(o;,01)"

be the k-invariant for &' C M, which becomes a bicharacter of y, (M, N). (This notion comes
from [16].) The only difference is the following relation:

An,m) = wm,m ‘nm)pu(n, mx((n),v(m)), m,n € N.

In [27,29], we show that Inv(e) = (N, [A, u], v) is a complete cocycle conjugacy in-
variant for approximately inner actions of discrete amenable groups on subfactors under some
restrictions, e.g., the triviality of the «-invariant. However if we modify the argument in the

previous sections in a suitable way, we can get rid of these restrictions.

Let (B8, b) be another cocycle crossed action of G with Inv(8) = Inv(x). We choose u,’i

which satisfies the same relation for (A, w). If we put w,, := ufnuﬁ* form € N, then
ay = Ad(wy) o B, WmOm (Wn)a(m, n)w,,, = b(m,n)

hold. Hence the same conclusion as in Lemma 3.1 holds. As in the single factor case, we may
assume that o, = B is a genuine action of N.

If 0 # b € My satisfies 0y,(,)(x)b = bx for all x € M, then b, := uyb satisfies
an(x)by, = byx. Moreover, by the definition of A(n, g) and ag(by) = u(ag,oym))bn, we
have

ag(bg_lng) = A(n,g)d(a)(n, g)by.

By using these facts, we can show a result similar to Lemma 4.1 as follows.

Lemma 7.1.  For any Ug = (u”(g)) € UW(N?) with lim,, g = Ad(vg) 0 Bg, we
have Ugd(a)(n. )on(Ug) = d(b)(n. g).

Proof. Let0 # b, € M, as above. Then

lim 1 ()" d(@) (0. £)an(u” ()b = lim w” (8)d(@) . )by’ (2)
= Bz (@(@)(n. £)b)
= A(n, g)*ﬁg(bg_lng)
=d(b)(n.,g)bn.

Let E be the minimal conditional expectation from My to M. Since 0 # b, by € M' N My,
0 # E(byb;y) € C follows, and hence we get the conclusion. |
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Thus we can repeat the same argument as in the previous sections, and classify approx-
imately inner actions of discrete amenable groups on & C M. In particular, the higher ob-
struction introduced in [22] and the v-invariant are complete outer conjugacy invariants for
automorphisms on a Jones subfactor with principal graph A,r+1, kK > 2. Note that all auto-
morphisms of a Jones subfactor with principal graph A,, n > 4, are approximately inner.

We close this section by explaining the construction of model actions.

Let N C M be as above, and R the injective factor of type II;. Let aéo) be a free action
of G on Ry. Let

Oln = Uv(n)—l ® a,gO), ll(m7 n) = /,L(m, I’l)K(V(m), U(n)).
Take a twisted crossed product

AC:BI:(:/V®JRQCM®=RQ)XQ’I1N.

Since Inv(w) is trivial, the standard invariant of 4 C B and that of &' C M coincide, thus they
are isomorphic by Popa’s classification theorem [34]. Let v,, be the implementing unitary, and
define y, € Aut(B, A) as follows:

ye(x) =id®@aP(x), xe M Ro,  Vg(Vg-1ng) = A1, g)vn.

We extend 0 ® id to 65 € Aut(B, A) by 6 (v,) = «(k,v(n))v,. We claim that 63, is
non-strongly outer. Take 0 # a € My, such that o (x)a = ax, x € M. It is clear that

or(x)a®1)=(a® 1)x
for x € M ® Rp. By the definition of the k-invariant,
Gk(wn)a ® 1) = k(k,v(n)vp(a ® 1) = (U(0v(m), K)Tyy-1(a) ® 1)vn = (a ® vy

Thus 6y, is non-strongly outer.
We next show Ad(vy) 06, = Yu,n € N. For x € M ® Ry, we have

Ad(vy) 0 5y(ny = Ad(vy) 0 0y () ® id(x) = id @l (x) = yn (x).

If we use A(n,m) = pu(m,mnm)u(n, m)x(v(n), v(m)), then

Ad(Vm) © Gy (m)y (Vm—1pm) = k(W (M), L(1) Vi V=17 U,

= ik(w(m), p(m=nm)(m, m=" nm)i(n, myv,

= pu(m, m™ nm) G, mye (v (n), v(m)) vy

= A(n»m)vn,

and hence we have Ad(v,)d,;:) = yn. We can easily see that yg is strongly outer for
g € G\N. Since yg(a ® 1) = a ® 1, we have u(yg,0r) = 1. By the definition of y, it
is trivial that [A, u] is a characteristic invariant for y.
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A. Proofs of Proposition 4.5 and Theorem 4.8

In this appendix, we present the proofs of Proposition 4.5 and Theorem 4.8.

In [33, Proposition 7.4], Ocneanu proved the second cohomology vanishing theorem for
semiliftable and strongly free actions of a discrete amenable group on M, by means of the
Rohlin theorem. However if we use the ultraproduct technique, we can present a simple proof
of the second cohomology vanishing theorem for semiliftable cocycle crossed actions on a
central sequence algebra without use of the Rohlin type theorem.

Lemma A.1. Let R be a (not necessary separable) von Neumann algebra of type 11;
with a tracial state T, Q a discrete amenable group, and (o, u) a cocycle crossed action of Q
on R. Then for any finite subset F C Q and & > 0, there exist unitaries {w(g)}gco C R such
that

|w(@)ag (wik)u(e, Hw(gh* 1], <e
forg,h € F.

Proof. Let S be an (F U F?,g/2)-invariant finite subset of Q. For g € O, we de-
fine a bijection £(g) on S so that £(g)h = gh if gh € §. Fix a system of matrix units
{eg.ntg,nes C Randset N = {eg 5}’ N R. We identify R with N ® {eg }". Fix a unitary
u(g) such that Ad(u(g)) o ag(ep k) = ep k- By replacing {«, u(g, h)} with

{Ad(u(g)) 0 arg. u(g)arg (u(h)u(g, hyu(gh)*},

we may assume (o, u(g, h)) is of the form (og ® id, u(g,h) ® 1) on N ® {eg 5}". Set

Wg = Z u(g,h)* X €o(g)hh-
heS

For g.h € O, set Sgp = SN h=1S N (gh)~'S. By the choice of S, we have
|S\S¢nl <elS|/2,g.h € F.

Then we have
w(g)ag(w(h))(u(g, h) ® DHw(gh)*

= ( > u(gk)* ® eZ(g)k,k) ( > aguh.)*) ® eZ(h)l,l)

keS leS

X (u(g.h) ® 1)( " ulgh.m) ® em,agmm)

mesS

= > u(g. L(h)) ag (u(h. 1)*Yu(g. hyu(gh.1) ® eg(g)emyghy
leS

= Y 1 ®egnign

leSqn

+ Y u(g D ag(u(h, 1) )u(g. hu(gh. 1) & eg)yem.icghy-
lES\Sg,h
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Hence
|w(g)erg (w(h))u(g, Hyw(ghy* — 1],
= > Ieed,+ Y N ®ewormmuenl, <¢
1€S\Sg.n 1eS\Sg.n
forg,h € F. |

Proof of Proposition 4.5. Let F, be a finite subset of Q satisfying F,, C Fy,4+; and
U, Frn = Q. Fix a faithful normal state ¢g € M. Let {¥,}*_, be an increasing sequence of
finite sets such that (_J,, W, is total in M. Take representing sequences agy = (ag) € Aut(My)
and u(g. h) = (u(g.h)")y € UMo).

By Lemma A.1, for each n, there exist unitaries {wy(g)}geG C U(My,) such that

uw@mwwww@mW@m“4L<%,ghea.

Fix a representing sequence wy(g) = (w,(g)")y. Take a neighborhood W, (w) C N of
o such that

1
po(|wn(g) ag (wn(h))u(g, )’ wa(gh)”™ —1]) < .
. g.h e Fy,
0 (|wn(g) oty (wn () )u(g. )  wa(gh)”* —1|7) < o
1
[fwa(e)” ¥ <~ ¥ Wy

for v € Wy (w). We may assume W, (w) D Wy41(w) and (), Wy(w) = 0.
Set p(v) = nif v € Wy (w)\W,+1(w). Then {p(v)}, is an increasing sequence with
lim,, p(v) = oo, and we have

1
b0 (|wp) (&) ot (Wp(y (M) )u(g, B) wpry (g™ —1]) < oL
i} 1 g, h e Fp(v)a
¢0(}wp(v)(g)va; (wp(v)(h)v)u(gvh)va(v)(gh)v* - 1} ) < m7
1
” [wp(v)(g)”Jﬁ]H < p(v)’ V€ ¥y
By the last inequality, (wp(,)(g)")v is an w-centralizing sequence.
Set wg = (Wpy(1)(g)")v € M. Then
[w(g)ag (wh)u(g, Wyw(gh* — 1], =0
holds, and hence u(g, ) is a coboundary. |

Next we present the proof of Theorem 4.8, which is a simplification of that of [33, The-
orem 6.1]. Suppose that a countable subset N C M, is given. We may assume N is invariant
under y. Then y becomes a free proper action of K on N/ N M.

The following lemma due to Ocneanu [33, Lemma 6.3] is our starting point.
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Lemma A.2. Lete > 0and T € K be such that e ¢ T. Then there exists a partition of
unity {e;}7_ C N’ N My, such that
(D lleollr <&

(2) eiyglei) =0,1<i<m,geT.

Take F, S, § be as in Theorem 4.8. Let E = {Ej}pes C N’ N M, be a set of mutually
orthogonal projections. For g € F we set

age= Y. lve(En) = Egnli.  be =Y |Exl.
heSng—1s hesS

cor= 3 lExl

heS\g—1S

LemmaA.3. Let E = {Ep}pes C N'NMy, be a set of mutually orthogonal projections
with [yg (Ep). Ex] =0, g € F, h.k € S. Ifbg < 1 — 82, then there exists a set of mutually
orthogonal projections E' = {E} }pes C N' N M, such that

1

(1) 0<27162 3 sl E} — Eplli < ber — bE,

(2) agi —agE <282(bgr —bp), g € F,

(3) g5 — g5 < 282(bpr —bE), g € F,

4) [vg(E;), E;] =0,g€ F,hk €S.

Proof. Letus fix ¢ > O such that bg < (1 — 8%)(1 — ¢). By applying Lemma A.2 for
(FS)~1FS\{e}, we get a partition of unity
{ej}}n=o C N N{yg (Eh)}jgeK,heS N My

such that
leoll1 < e, ve(ej)yn(e;) =0,

forl <j<m,g,heFS,g+#h.Set

x=[SI7 Y g (Ep).

g.,hesS
Then ||x||; = t4»(x) = bg. Here we assume that
1
lejxlly = (1 —82)llejly
forall 1 < j < m. Then

bg = |lx|l1 = |I(1 —eo)x|1
m m 1
=Y llejxli = D> (1 =682)eslh
j=1 j=1

= (=621 —eoll1 > (1-82)(1—¢) > bg
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holds by the choice of ¢. Hence we have |ejx|; < (1 —5%)||ej |1 for some j. Set f = e;,
- ~ . 1
f =2 gesve(f)and p = | fllx =S|l f]l1. Since || fx[l1 < (1 —82)| f[l1, we have

Hfz En| = lve(f)) En
heS 1 ges heS 1
=Y 1Y v (Ew
ges!  hes 1

— IS[1lfxll < |S|(1=8%)] fll < (1—8%)p.

Set fp = yu(f), and E; = Ej(1 — f) + yu(f). We show E; # Ej. If we assume
E ;l = Ep, then we get y,(f) = Ep, f . However, this is impossible because we have

(1=82)p > DI Enlli = Y lva(Hll = p.

hesS heS

Since {y¢(fy)} are orthogonal projections for g € F,h € S, commuting with yg(E}p)
and [yg(Ep), Ex] = 0, it follows that [yg(E}), E;] = O for g € F, h,k € S. Thus the
condition (4) follows.

We verify the condition (1). Since

S UE, = Enllv = Y IERS = fulls < 171+ Y I fulls <20

hesS hesS heS
and
bgr =Y |E;l
heS
= Y IEx(1= )+ fulx
heS
= > NEnl + D) Il = Y _IEnflh
heS heS heS
>bg+p—(1-8%)p=bg +5p,
we have

1

1 52
bp—be = 82p = — 3 | E, — Elh.
hesS
and we get condition (1).

We next verify condition (2). Forh € SN g™18S,

lve(Ep) = Egnly = lve(Ex(l = /) + fu) = Egn(1 = ) = fen]),
= |vg(Ex(1 = 1)) = Egn(1 = )],
< |yeEn (1 = f) = Egn(1 = D, + |ve (ED(f = ve (N,
< |ve(Ew) — Egn|), + |ve (ED(f — v ()],
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holds. Hence we have

dg,E’ = Z H ve(E}) — Ejgh Hl
heSng—LS
< > lveEn) = Egnl, + lve(ED(S —ve ()],
heSng—1S

<dagE + ”f~—)’g(f~)H1-

Here
|/ =ve(D], = th(f)—ZygyhmH
hes hes 1
< > Ol 28181 £l = 28p
heSAgS

holds. These inequalities yield

ag ' —ag g <28p < 25%(195/ —bE),

and condition (2) holds.

We finally verify condition (3). Since we have

corr= > IEI

heS\g— 1S
= Y NEQ=Dl,+ D vl
hek\g—18 heS\g— 1S

<ce.r +I1S\g "SI fI
<cg.e+25S|fl1
= Cg,E + 268p

< cg.p +282(bgr — bp).

we get condition (3).

43

Proof of Theorem 4.8. Let & be a set of all families of orthogonal projections

E = {Ep}pes in N’ N M, satisfying the following conditions.
(1) agr <28%bg, g € F,

(2) cg.p <28%bg. g€ F,

(3) [ye(Ep).Ex]=0,g€ F,h,keS.

Obviously & is not empty. We define an order E < E’ on 8 if E = E’ or E and E’
satisfy the first three conditions in Lemma A.3. In the same way as in [33], it is shown that &
is an inductive ordered set. Let E = {E},} be a maximal element, and assume b g <1-6 3,
By Lemma A.3, there exists a partition of unity { £ ,/l} satisfying the conditions in Lemma A.3.
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Then it is easy to see that {E} } is in &, and { £} } is strictly larger than E. This contradicts the
maximality of E.
Hence b > 1 — 582 holds. Let Eg = 1 — Y, Ep. Then || Eqll; < 82. Set

Ee = Ee + Eo,

and Ej, = Ej, for h # e. It is obvious that Ve (En), Ex] =0,g € F,h,k € S. Itis also easy

1 1
toseethatag g < 462 and cg g < 362. w

B. Extension of automorphisms to a twisted crossed product algebra

Let M be a von Neumann algebra, and L2(M) the standard Hilbert space. Let (a, v) be
a cocycle crossed action of a discrete group G. Define 74 (x), Ag(g) € B(L%(M) ® (2(G)),

x € M, g € G, as follows (do not confuse Ug—1 and agl):

(Ta(0)E)(8) = ag1(0)E(),  (Aa(@§)(h) = v(h™! 9™ h).

Then one can easily verify that

Ao (g) T (X)Ag (g)* = Ty (ag (x))

and
Ao (&) Aa(h) = ma(v(g, h))Aa(gh)

hold. By definition, a twisted crossed product von Neumann algebra is

M Hgy G = mg(M) V{La(g)}ges-
Although the following result may be well known, we present a proof for the readers’
convenience.
Theorem B.1. Let («, v) be a cocycle crossed action of G on M.

(1) Assume that 0 € Aut(M) induces an automorphism on G (denoted by the same symbol 0)
such that

60 ag-1(g) 00" = Adu’(g)) 0 g (x),
1 (g (u’ (M) (g, u’ (gh)* = 6(v(8™" (2), 67" (h))
for some unitary u® (g) € M. Then there exists a unique extension 0 € Aut(M g G)
of 0 such that (A (0~ 1(2))) = 7 (g))A(2).
(2) Ifwe have u%? (g) = 0u® (0~ (2))ub(g) for 6,0 € Aut(M), then 806 = 6 o o holds.
Proof. (1) For simplicity denote 7o, Aq(g), and u?(g) by 7, A(g) and u(g), respec-

tively. Let Ug € B(L?(-M)) be the standard implementing unitary of 6.
Define a unitary Wy € B(L*(M) ® {*>(G)) by

(Wo€)(g) = u(g™ )" Upk (07 (g)).  &(2) € L2 (M) ® £*(G).
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Then Wy is given by

W5 e)(071(2) = Ugu(g HE(g).
We show that Ad Wy gives a desired action. At first, we verify Ad Wy(r(a)) = n(6(a)) as
follows:

(Wom(@)Wg'§)(g) = u(g™")* Up(m (@)W, €) (671 (2))
= u(g™") Ugag-1(g—1)(@) (W5 (07 (2))
= u(g™") Upag-1(g-1y (@) Ugu(g )E(2)
= u(g™ ") ag-1 g1y (@u(g™)E(g)
= og-1(0(a))§(g)
= (7(8(a)§)(2)-
Next we show that Ad Wy(A(071(g))) = 7(u(g))A(g):

(WA (6™ (@) W5'€) (h)
=u(h™")* Uy (M) WyE) (6" (h))
= u(h™")*Ugag—1p—1y (v~ (A1), 671 (@) (W5 ) (0 (g™ h))
= u(h™") Ugag—1p—1y (v(0~ (B 1), 671 (2))) Ugu(h ™ )&(g™ ")
=u(h™")*Oag-1-1y (0O (1), 07 (9))u(h ™ 2)E (g™ h)
= u(h™ ) u(h™ -1 (u(@)v(h™". )E(g™ " h)
= a1 (u(2))(A(g)§) (h)
= (7 (u(g)A(g)§)(h).

This shows that 6 =Ad Wy preserves M x4 4 G, and is a desired extension. The uniqueness
of 6 is obvious. .

(2) By the assumption, it is clear that Wy W, = Wy, holds, and hence o = 66 follows.

O

Let (8, w) be a cocycle perturbation of (&, v) by ¢ € Mapy (G, U(M)). It is well known
that the crossed product algebras M xq,y G and M xg,, G are isomorphic. In fact, we can
construct a desired isomorphism as follows. Define V € L?(M) ® £?(G) by

(VE)(g) = (g™ HE(g).
Then V is a unitary, and we have
Ad(V)(ma(@)) = mg(a),  Ad(V)(Aa(g)) = mp(c(g)")Ap(8).

Thus Ad(V') gives an isomorphism between M Xy G and M xg ,, G.
Assume there exists the same relation between (8, w) and 6 as in Theorem B.1. To
clarify o and 8, we denote by uy(g) and ug(g) corresponding unitaries.

Theorem B.2. Let 0% and 6P be the extension of 0 to M xq,y G and M xg , G given
in Theorem B.1, respectively. Assume that ug(g) = 0(c(071(g)))ua(g)c(g)*. Then
Ad(V*) 0 6P 0 Ad(V) = 6%

holds, and hence 6% and 6 are conjugate.



46

Masuda, Classification of actions of discrete amenable groups on injective factors

Proof. Let W' and Wel3 be unitaries constructed in the proof of Theorem B.1. If we

show V*WEV = Wg, then Ad(V*) 0 88 o Ad(V) = 6% follows. This is verified as follows:
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