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Introduction

| typed these notes during winter term 2015/16 for a lecture on "von Neumann algebras and measured
group theory” given at the University of Miinster, Germany. | intended to give a direct introduction
to Il factors, circumventing any unnecessary complications that arise in the theory of non-finite von
Neumann algebras. The field of |I; factors developed rapidly during the last decade under the influence
of Sorin Popa and Stefaan Vaes. This makes me feel that it is a good moment to introduce people
working and studying in an environment mainly dominated by C*-algebras to contemporary results and
techniques in theory of Il; factors. My course in Miinster was aimed at an inhomogeneous audience,
consisting of master students specialising in operator algebras as well as doctoral students and post
doctoral researchers working with C*-algebraic topics. Hopefully, these notes are a fruitful reference
for both.

1 Von Neumann algebras, |I; factors and Cartan subalgebras

Definition 1.0.1 (Von Neumann algebra). Let H be a (complex) Hilbert space and denote by B(H)
the *-algebra of bounded linear operators on H.

e The topology of pointwise convergence on B(H) is called the strong operator topology (SOT).
We have x5 — x in the SOT if and only if x3& - x§ for all £ € H.

e The topology of pointwise weak convergence B(H) is called the weak operator topology (WOT).
We have x, — x in the WOT if and only if (xa&,n) = (x§,m) for all §,neH.

A von Neumann algebra is a strongly closed unital *-subalgebra of B(H).

Remark 1.0.2. The Cauchy-Schwarz inequality says that (T&,n) < |T&||nll, which shows that SOT
convergence of a net implies WOT convergence. Put differently, every weakly closed set is also strongly
closed.

Example 1.0.3. e B(H) itself is a von Neumann algebra.

e If Ac B(H) is a unital C*-algebra, then ZSOT is a von Neumann algebra.

e If Sc B(H) is any symmetric (i.e. S* =S) subset, then S'={x e B(H)|VyeS: xy=yx}isa
von Neumann algebra. (Exercisel)
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e Let A\ be the restricted Lebesgue measure on [0,1]. We can represent L*([0,1],\) on
L2([0,1],X\) by pointwise multiplication. One can show that L>°([0,1],X)" = L**([0,1],X). So
L*([0, 1], A\) is a von Neumann algebra.

e If I"is a discrete group, then its left-regular representation I — 2/ (£2(I")) is defined by AgOp = Ogh-
We denote by L(I") :WSOT the group von Neumann algebra of I'.

Definition 1.0.4 (Commutant). Let S ¢ B(H) be any subset. Then S" = {xe B(H)|Vy eS: xy = yx}
is called the commutant of S. More generally, if M c B(H) is a von Neumann algebra S’ n M is called
the relative commutant of S in M.

The following proposition describes a basic link between a geometric property (invariance of a subspace)
and an algebraic property invoking commutants. Despite its simple proof, it is the main ingredient of
the Bicommutant Theorem'’s proof (See Theorem 1.0.6).

Proposition 1.0.5. Let Ac B(H) be a *-algebra, K < H a closed Hilbert subspace and p: H — K the
orthogonal projection onto K.

e [fpeA, then K is invariant under A" c B(H).

e If K is invariant under A, then pe A’

Proof. Assume that p € A and let x € A’. Then xp = pxp, meaning that xK c K. Vice versa, if we
assume that K is invariant under A, then for every x € A we obtain xp = pxp. Since x is arbitrary and
A is a *-algebra, we obtain also px = pxp for all x € A. This implies xp = px for all x € A, meaning
that pe A’ O

Theorem 1.0.6 (Bicommutant theorem). Let M c B(H) be a unital *-subalgebra. Then the following
statements are equivalent.

o M=M".
e M s closed in the WOT

e M s closed in the SOT

Proof. We first show that every commutant is weakly closed. So let S ¢ B(H) be some set and
Tx — T be some net in S" whose WOT limit lies in B(H). For arbitrary £,n€ H and s € S, we obtain

{T's€,m) =1im(T5s€, )
= |i£n(STA€, n)
= Ii;\n(Txﬁ,s*n)

(TE¢, s™n)
=(sT¢,m).

Since &€, m € H were arbitrary, this implies Ts=sT. So T € S.

By Remark 1.0.2 every weakly closed set is also strongly closed. So it suffices to show the following
. . . —sOT
statement in order to complete the proof. If M c B(H) is a unital *-subalgebra, then M" = M~ .
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To this end, note that M" is a strongly closed set containing M. So M" > M7 Now let x ¢ M",
e>0and &,....&, € H. We have to find y € M such that |[(x — y)&i|| <€ for all i e {1,...,n}.
Consider B(H) acting on @, H diagonally and denote £ = @7, £;. The subspace K = ME c oL, H
is invariant under the action of M. Hence, the orthogonal projection px : @j.; H - K is contained
in the commutant M' nB(@., H). So M" c (M'nB(®7., H))' nB(®!_; H) leaves K-invariant. We
obtain that

x€E=x1lfexKcK.

By definition of K (= M£) there is an element y € M such that |x¢ — y€| < e. Now |x¢& — y€||? =
Y (x = y)€&i|)? implies that ||(x - y)&;| <€ forall ie{1,...,n}. Thisis what we had to show. [J

Remark 1.0.7. Note that the last two items of Theorem 1.0.6 are equivalent by a more fundamental
statement: every strongly continuous functional on B(H) is weakly continuous. This implies that a
convex sets is strongly closed if and only if it is weakly closed. (See for example p.127, Theorem 4.2.6
of Murphy's book on C*-algebras.)

Remark 1.0.8. The previous theorem characterises von Neumann algebras by two conditions of a very
different nature. One is algebraic, the other one is analytic. This should be considered as a hint that
we just found a mathematically very rich and interesting structure.

Definition 1.0.9 (Separable von Neumann algebra). A von Neumann algebra M is called separable, if
it acts on a separable Hilbert space.

1.1 Normal positive functionals on von Neumann algebras

We already saw that there are at least two natural topologies on a von Neumann algebra. They are
the most suitable to introduce von Neumann algebras. However, the right notion of continuity for
maps on von Neumann algebras is given by yet another topology.

Definition 1.1.1 (o-weak topology). Let H be a complex Hilbert space. A net (xy)x of operators in
B(H) converges in the o-weak topology to x € B(H) if for all 2-summable sequences (£,)n, (Mn)n in

H we have Y, (xa&n, Nn) = X n(x€n. Mn).

There are several reasons why the o-weak topology is natural. One fundamental theorem in the theory
of von Neumann algebras identifies it with the weak-* topology induced by some Banach space duality
M = (M,)*, where M, is actually a uniquely determined Banach space. Here we are interested in
characterising positive o-weakly continuous functionals as those which resemble probability measures
(and hence obey Y -additivity).

Proposition 1.1.2. Let ¢ : M — C be a positive linear functional on a von Neumann algebra. Then
© Is o-weakly continuous if and only if it is normal in the following sense: for all bounded monotone
sequences x1 < xp < - < A1 of self-adjoint elements in M, we have @(sup x,) = sup p(x,).

The next proposition gives another reason why the o-weak topology is natural. Further, it gives a
useful criterion to check o-weak continuity in practice.

Proposition 1.1.3. A functional ¢ : M — C on a von Neumann algebra is o-weakly continuous if and
only if its restriction to the unit ball (M)1 is weakly continuous.

Remark 1.1.4. Similar results as in Proposition 1.1.2 hold for other types of maps, such as *-
homomorphisms or more generally so called completely positive maps. In particular, conditional ex-
pectations, which will be introduced in Section 1.4.1, are of the latter kind.
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1.2 Finite von Neumann algebras

A general von Neumann algebra is very difficult to understand. We are going to focus on finite von
Neumann algebras whose definition will allows us to apply an abundance of Hilbert space arguments.

Definition 1.2.1 (Traces and finite von Neumann algebras). Let M be a von Neumann algebra. A
normal tracial state (or a trace for short) on M is a normal state 7: M — C such that 7(xy) = 7(yx)
for all x,y e M.

A von Neumann algebra M is finite if there exists a faithful family (7;); of traces on M, i.e. Tj(x*x) =0
for all / implies x = 0.

Remark 1.2.2. If M is a von Neumann algebra with a trace 7, then the GNS-construction gives
rise to a representation m : M — B(L?(M,T)). There is a canonical tracial vector 1 in [2(M). It
satisfies (m(xy)1,1) = 7(xy) = 7(yx) = (w(yx)1,1) for all x,y € M. The representation T is o-
weakly continuous, since T is so. One can show (using o-weak compactness of the unit ball M;) that
(M) c B(L2(M, 1)) is a von Neumann algebra and 7 is a closed map for o-weak topologies on M
and on B(L2(M, 7)) respectively. If we further assume that 7 is faithful (7(x*x) =0 = x = 0), then 7
is injective and we can simply identify M its image m(M). We will make use of this fact regularly.

Definition 1.2.3. A pair (M, T) of a von Neumann algebra with a faithful tracial state is called a
tracial von Neumann algebra. The norm |x|2 := T(x*x)Y?, x € M is called the 2-norm on M.

If there is no confusion about 7 is possible, we just call M a tracial von Neumann algebra.

Proposition 1.2.4. The 2-norm of a tracial von Neumann algebra induces the strong topology on its
unit ball. That is, if (x;); is a bounded net of elements of a tracial von Neumann algebras , then x; - x
strongly, if and only if |x — xi|2 - 0.

Proof. Let (M, T) be a tracial von Neumann algebra. As explained in Remark 1.2.2, we may assume
that M is represented on L2(M). Since |x|3 = T(x*x) = (x1,x1), it is clear that strong convergence
implies convergence in || ||2. Assume that (x;); is a bounded sequence converging to 0 in || ||2. First
observe that |[x* |3 = T(x;x*) = T(x*x;) = | xi|3. For y € M, we have

* ok |2
X

912 = 7(v*x xiy) = T(xiyy ) = |y < Iy 112 = Iy 1713

So [x; 9|3 = 0. Now let € >0 and ¢ € L>(M) an arbitrary unit vector. There is some y € M such that
|€ - y|l < €. Further, (x;); is bounded, so there is N >0 such that |x;|| < N for all /. We obtain

€7 = Ixi (7 + (€ = D)Z < Ix121€ = 912 + Ix91% < N2 + [ x9]* — Ne.

Since € was arbitrary and N is independent of ¢, it follows that |x;&|| — 0. This finishes the proof of
the proposition. ]

Remark 1.2.5. It is not true that the | ||» and the strong topology agree on the whole of a von
Neumann algebra. A counterexample can be found by considering the trace on L*°([0,1]), which is
induced by the restricted Lebesgue measure.

Exercise 1.2.6. Find an unbounded sequence of elements in L*°([0, 1]) which converge to O in | |2,
but not in the strong topology!
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1.3 Group von Neumann algebras

Let [ be a discrete group. Then the left-regular representation of T is X : I — U(¢?(T")) defined by
AgOp = 0gn. The group von Neumann algebra of I is

L(I) =x(r)"” -cro’ (Proof the last equality!)

Every group von Neumann algebra carries a natural trace 7(x) = (xde, 0c). Indeed, by definition T is
weakly continuous (and hence strongly and o-weakly continuous). So using continuity and linearity, it
suffices to check that T(ugup) = T(upug) for all g, he ', which is easily done using the definition of .

In the following series of propositions we are going to show that 7 is a faithful (Proposition 1.3.3).

Proposition 1.3.1. Let ¢(x) = (x€,£) be a vector state on a von Neumann algebra M. Then ¢ is
faithful if and only if € is separating for M (i.e. x§ =0=x=0).

Proof. The follows right from the equality ¢ (x*x) = (x*x&, &) = (x€, x§) = || x£|. O

In light of the previous proposition, we want to check that the vector e is separating for the von
Neumann algebra L(I"). This is easily done using the following proposition.

Proposition 1.3.2. Let M c B(H) be a von Neumann algebra. Then & € H is separating for M if and
only if it is cyclic for M’ (i.e. M'€ c H is dense).

Proof. First assume that £ is separating for M. Let K := M’E. We have to show that K = H. Since K
is invariant under M’, the orthogonal projection px : H — K lies in M = M". Since pk is a projection,
also (1 - pk) is a projection, implying that (1 - px)*(1-pk) = (1 = pk). So (1 - pk)& =0 implies
(1-pk) =0. This shows that px =1 and hence K = H.

Now assume that £ is cyclic for M. Take x € M such that x¢€ = 0. We have to show that x = 0. Since
x € M, we have 0 = M'x¢ = xM'&. Since € is cyclic for M’, it follows that xH = 0. But this shows that
x =0, finishing the proof. ]

Now finally let us check that e is indeed cyclic for the commutant of L(I"). To this end, consider
the right regular representation p : I — U(¢2(T")) defined by p(g)és = Gpy. Note that this is a
right representation (i.e. p(gh) = p(h)p(g)). It is easy to see that R(I') := p(I')" < L(I')". Since
R(Mde o CrI is dense in £2(I), it follows that d. is a separating vector for L(I). The previous
discussion proves the following statement.

Proposition 1.3.3. Let [ be a discrete group. The vector state T = (-de, 0c) defines a faithful normal
tracial state on the group von Neumann algebra L(I").

Remark 1.3.4. Let " be a discrete group and 7 the natural trace on its group von Neumann algebra
L(T"). Then the GNS-representation of L(I") with respect to T is given by L(I') c B(¢2I") with cyclic
vector d.. Indeed, the fact that 7 is the vector state on L(I") associated with the cyclic vector e
suffices to apply the uniqueness part of the GNS-theorem.

One important tool when studying group von Neumann algebras is the fact that we can consider
Fourier expansions of arbitrary elements in a group von Neumann algebra.
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Definition 1.3.5 (Fourier coefficients). Let I be a discrete group and x € L(I"). Then x4 := 7(xuy) is
called the g-th Fourier coefficient of x.

Proposition 1.3.6. Let [ be a discrete group and x € L(I') then x = ¥ 4.6 Xgug where the sum
converges in | |-.

Proof. For x € L(I") note that xde = ¥4 Xg0g. For F c T finite write X = ¥ jef XgUg. We have

(X=xF)be= Y. Xg0q.

gel\F

Hence
[x =xpl2 = (x=xF)oel = D xg0ql-

gel\F

This converges to 0, since xde = ¥ ger Xg04 IS 2-summable. This leads to the desired conclusion.  [J

1.4 The group-measure space construction
1.4.1 Conditional expectations

In this section we are going to introduce an important tool in von Neumann algebras. It is the basic
mean to link the members of an inclusion N ¢ M of von Neumann algebras. In the definition of the
group-measure space construction it will play a crucial role.

Definition 1.4.1 (Conditional expectation). Let N c¢ M be an inclusion of von Neumann algebras. A
conditional expectation from M onto N is a unital norm contraction E : M — N satisfying E(nymny) =
nE(m)ny for all ny, ny € N and me M. A conditional expectation E is called normal if E(supx;) =
sup E(x,) for all bounded monotone sequences x; < xp < --- < A1 of self-adjoint elements in M.

Remark 1.4.2. A conditional expectation is normal if and only if it is o-weakly continuous.

Example 1.4.3. Let A < T be an inclusion of groups. Then L(A) c L(I') and there is a normal
conditional expectation E: L(I") - L(A) satisfying E(ug) = ugla(g) for all gel.

Exercise 1.4.4. Let A <T be a normal inclusion of groups. Show that for every trace 7 on L(A) the
composition T o E is a trace on L(I).

An important property of conditional expectations is the fact that they preserve positivity. This is the
content of the next proposition.

Proposition 1.4.5. Let E: M — N be a conditional expectation between von Neumann algebras. Then
E is positive, meaning that E(x) >0 for all x >0 in M.

Proof. Let x >0 be a positive element in M. If ¢ is a state on N, then ¢ o E is a unital contractive
state on M, so it is positive. Hence @(E(x)) = @ o E(x) > 0. This shows that E(x) >0 in N. O

Definition 1.4.6. Let E: M — N be a conditional expectation between von Neumann algebras. Then
E is called faithful if E(X*x) =0 implies x = 0.

Proposition 1.4.7. Let E: M — N be a conditional expectation between von Neumann algebras and
let @ be a faithful normal state on N. Then @ o E is a faithful normal state on M.
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Proof. From Proposition 1.4.5 we know that ¢ o E is a state for every state ¢ on N. So we have to
show faithfulness, assuming ¢ and E are faithful. Let x € M and assume that ¢ o E(x*x) = 0. Since
E(x*x) > 0 we find y € N such that E(x*x) = y*x. Faithfulness of ¢ implies that y = 0 and hence
E(x*x) =0. We can now conclude by applying faithfulness of E. O

1.4.2 Actions on standard probability measure spaces

Definition 1.4.8. A probability space (X, u) is called standard probability space if the o-algebra of
X, up to negligible sets, arises as the Borel o-algebra of a Polish space (i.e. a separable completely
metrisable space).

If (X, ) is a standard probability space, then Aut(X, w) is the group of measure class preserving Borel
bijections, identifying two automorphisms if they agree on a set of full measure.

If [ is a discrete group, then an action [ ~ (X, 1) is a homomorphism I - Aut(X, ). We call this
action

e probability measure preserving, if there is a probability measure v on X which is equivalent to u
(i.e. aset N c X is u-negligible if and only if it is v-negligible) such that every automorphism in
0Ly preserves v;

e essentially free if for every «y e " the set X,y = {x € X|o,(x) = x} is negligible;
e ergodic if every -invariant Borel subset of X is either negligible or co-negligible.

Remark 1.4.9. Every standard probability measure space is isomorphic to [0, 1]JuD with the restricted
Lebesgue measure and an atomic measure on the countable set D. We speak about standard probability
measure spaces though, in order to naturally include examples such as the product space {0, 1}r in
our thinking.

Remark 1.4.10. We usually denote standard probability spaces by X, suppressing the notation of the
measure . Further, 'probability measure preserving’ is abbreviated 'pmp’. For simplicity, we refer
to 'essentially free' actions as just 'free’. In this lecture free ergodic pmp actions of discrete groups
[T~ X will play a principal role.

Example 1.4.11. Let I be a discrete group and Xy some standard probability space. Then I" acts on
the product measure space X = X} by shifting indices (gf)(h) = f(g~*h). This action is called the
Bernoulli shift of I with base space Xg. It is always probability measure preserving. If [ is an infinite
group and (Xo, o) is non-trivial (i.e. it is not isomorphic to one point), then every -Bernoulli shift
is free and ergodic.

Exercise 1.4.12. Let I be an infinite discrete group and (Xo, o) a non-trivial standard probability
measure space. Prove that I ~ (Xg, uo)" is free and ergodic.

Example 1.4.13. Let [ < G be a dense subgroup of a compact second countable group. Denote by
W the normalised Haar measure on G. Then I ~ (G, ) is a free ergodic pmp action.

Exercise 1.4.14. Prove that in the situation of Example 1.4.13, the action ' ~ (G, ) is free ergodic
and pmp.
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1.4.3 Fell's absorption property

Theorem 1.4.15. Let [ be a discrete group and U : T — U(H) a unitary representation of . Then
U2 ®dimH A

Proof. We show that the map W : H® £2(I") - H ® £2(I") satisfying W (£ ® §4) = Ugé ® &4 is a
well-defined unitary. Indeed, for finite linear combinations ¥ .r &g ® 04 We obtain

IW(3 €9®09) 7 = | 3 Uglg ® 8gl* = 3 [Ug€l® = 3 16417 = | 3 €9 ® 84]1*.

gel gel gel gel gel

So W extends to an isometry on H ® £2(I") whose image is dense. This means that W is a unitary.
If €€ H and hel, we check that

(Ug @ X)W (£ ®6p) = (Ug ® Ag)(Un€ ® 6)
= gh£®5gh
= W(f‘g’agh)
=W(id®Xg)(£®dp).

W(id® \) = (U® \)W, finishing the proof of the theorem. O

Corollary 1.4.16. Let [ be a discrete group and U : I — U(H) some unitary representation of I.
Then the representation U® X\ : I — U(H ® £2T") extends to a strongly continuous representation of
L(T) on H® £2(I).

Proof. By Fell's absorption property 1.4.15 we may assume that U is the trivial representation on
H. We obtain a *-representation of the group ring 7 : CI - B(H ® £°T') extending id ® X linearly.
If for every net (x;); in CI converging to O in the o-weak topology of L(I") also the image (7(x;)),
converges to 0 in the o-weak topology of B(H ® £°T"), then 7 extends to L(I").

So let (x;); be net in CI" converging to 0 o-weakly. Let (§;); and (n;); be 2-summable sequences in
H®¢2T. Chose some orthonormal basis (e,), of H and write E=Ynen®&n . n=2ren®njn Then
the sequences (€} ,);.» and () n);.n are 2-summable. Further

2ATCNE M) = DD en®xi€jn, D €n ® M)

J J
= > (xi&j.n. Mjin)
J.n
- 0.
This finishes the proof of the corollary. L]

1.4.4 Construction of the group-measure space construction

Definition 1.4.17 (Group-measure space construction). Let I ~ X be a measure class preserving
action on a standard probability measure space. The group-measure space construction of [ ~ X is
the unique von Neumann algebra M = L*(X) x I" such that

o [*(X)c M,
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o L(G)c M,
e M is generated by L>(X) and L(G),

® ugxug = 9x, and

e there is a faithful normal conditional expectation E: M — L*°(X) such that E(ug) = dg.e.

Proposition 1.4.18. Let [T ~ (X, u) be probability measure preserving action on a standard probability
measure space. Then the group-measure space construction L (X) x I exists.

Proof. Replacing u by some equivalent probability measure, we may assume that [ ~ X preserves
w. Then the action of I induces a unitary representation on L2(X, u) by f + 9f. (Here 9f denotes
the function sending h to f(g~th).) Denote this representation by g ~ U,. Then we obtain a
representation of [ on L2(X, u) ® £2(I") by g = Uy ® Ag. Corollary 1.4.16 says that U® X extends to a
representation of L(I") on L2(X, u) ® €2(T"). Now represent L=(X) on 2(X, u)®£2(I") as f = mr®1.
It suffices to check that the action of uyf and 9fug on elementary tensors € ® & € L2(X, u) ® £2(T)
agree, so as to conclude that ugfuy = 9f in the von Neumann algebra M := (L(I") uL*(X))" c
B(L2(X, u) ® £2(I)). This is verified by a short calculation.

It remains to construct a faithful normal conditional expectation M — L*°(X). To this end consider
the coisometry V' : [2(X, u) ® £2(I") — L2(X, 1) projecting on L2(X, u) ® d and identify the its image
with L2(X,u). Then VFugV* = gef for all f e L®(X) and g € . Note that we identify the two
representations of L°(X) on L2(X,u) ® £2(I") and L2(X, u), respectively. Let ¢ : L*(X) - M be the
inclusion map. Then E := t o AdV is a well-defined map from M onto L*(X). By construction it is
contractive and it satisfies

E(fifugh) =10V (fifugh) = (VAV*VFugV*VHEV) = E(R)E(fug)E(f) = AE(fug)fs,

for all f1,f, f e L>(X) and all geT. Linearity hence shows that E is a conditional expectation. Note
that E is normal as a composition of two normal maps. So it remains to show faithfulness of E. We
follow the strategy of the proof of Proposition 1.3.3. If x € M satisfies E(x*x) = 0, then Vx*xV* = 0.
Since V*€ = €5, for every € € L2(X, i), this implies x(€ ® 8¢) = 0 for every € € L2(X, u). Now consider
the right regular representation id ® p: I — U(L%(X, u) ® £2(I")). Since (id ® p)(g) commutes with
M for every g € ', we see that x(£ ® ) = 0 for every g e ['. Since vectors of this form span a dense
subspace of L2(X, u) ® £2(I"), it follows that x = 0. So E is a faithful conditional expectation. O

Remark 1.4.19. The group measure space construction of an arbitrary measure class preserving action
exists. The poof of this is slightly more complicated than the one of Proposition 1.4.18.

We are next going to prove that the group measure-space construction is uniquely up to isomorphism.
To this end, we employ the GNS-construction with respect to a natural trace on L*(X) = I".

Proposition 1.4.20. Let [ ~ (X, u) preserve the probability measure 1. Let Ty be the trace on L (X)
defined by integrating against . Let M be a group-measure space construction for ' ~ X. Then
Too E: M — C is a faithful trace on M.

Proof. Proposition 1.4.7 implies that 7 = TgoE is a faithful normal state on M. We only need to prove
that 7 is tracial. To this end we have to check that 7(mn) = 7(nm) for all m, ne M. By linearity and
continuity, we may assume that m = mgug and n = nyup for mg, np € L°(X) and g, heTl.

E(mn) = E(mgugnpup) = E(mg Inpugp) = 6g p-1mg np

9
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and
E(nm) = E(npupmgug) = E(np, "mgupg) = 0g.h-1Nh "my.

Since Tp is defined by integration against the -invariant measure &, we obtain

m(mn) =81 [ (mg “ma)(x)dp(x)

X
=g [ M) (g™ X)da(x)
X

=8 [ mg(x)mn(hx)du(x)
=894 [ mg(h)m(x)du(x)

=g | ("momn)(x)du(x)
X
=1(nm).

This is what we had to show. ]

Theorem 1.4.21. Let [ ~ (X, ) preserve the probability measure . Let T be the natural trace on
the group-measure space construction M of I ~ X. The GNS-construction of M with respect to T Is

given as follows:

The GNS-Hilbert space is Hr = L?(X, u) ® £2(I),

(X)) acts on L2(X, u) ® £2(I") by multiplication operators in the first tensor factor,

[ cL(T) acts via U® X on L2(X, u) ® £2(T"), where U is the unitary representation of I induced
by the measure preserving action I’ ~ X, and

the cyclic vector is 1x ® e € L2(X, u) ® £2(T).

In particular, the group-measure space construction is unique up to isomorphism preserving the inclu-
sions L®(X) c L®(X) x T and L(I') c L®(X) = T.

Proof. Let (M, T) be given as in the statement of the theorem. Let M c M be the *-subalgebra
generated by L*°(X) and I'. Note that every element in M is a linear combination of xug, with
xel®(X)and gerl.

e |n order to simplify notation, we consider M as a subspace of the GNS-Hilbert space H,. If
g # h are different elements from I, then xuy L yu, with respect to 7 for all x,y € L*(X).
Indeed,

(xug, yun) = T((yun)"xug) = T(y"xugp) = 7o E(y"Xugti) = 0g,nT(y"X) = 0g,n(X, ¥)12(x )

So the map W : M — L2(X, u) ® £2(I") satisfying W (xuy) = X ® 64 extends to a well-defined
isometry L2(M,T) — 2(X,u) ® £2(T"). Since W has dense range, it is a unitary. We showed
that Hr = L2(X, u) ® £2(T") via the unitary W.

10
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e Now let x,y e L*(X) and gel. Then
Wx(Yug) =WXylg =Xy ® 0y = (x®id)(y ® dg) = (x®id)Wyly .
So WxW* = x®id on L2(X, u) ® £2(T).
e Now let x € L*°(X) and g, he . We obtain
W ugXtp =W Ixugn = 9x ® 6gn = (Ug ® A\g)WXTp .
This shows that WugW* = Uy ® Ay on L2(X, u) ® £2(T).
e Since W1 =1x ®de, this cyclic vector in L2(X, u) ® £2(T).

The uniqueness of the group-measure space construction is now clear from the first part of the
theorem. ]

The group-measure space construction is uniquely determined up to an isomorphism preserving the
inclusions L= (X),L(I") c L*(X) xI". Indeed, if M is a group-measure space construction, associated
with a pmp action ' ~ X, then we can find a trace T on M satisfying 7 = ToE. The GNS-construction
with respect to such a state gives the representation that we constructed in the previous proposition.

Definition 1.4.22 (Fourier coefficients). Let I ~ X be a pmp action of a discrete group and let
x € (X) = T. Then xg:= E(xuy) is called the g-th Fourier coefficient of x.

The next proposition is proved in a similar fashion to its analogue for group von Neumann algebras.
(Proposition 1.3.6)

Proposition 1.4.23. Let [ ~ X be a pmp action of a discrete group and let x € L>*(X)x . The sum
Y. ger Xglig converges in || |2 to x in L*°(X) =T

1.4.5 Cartan subalgebras

Definition 1.4.24 (MASAs). A maximal abelian von Neumann subalgebra A c M is called MASA.

Remark 1.4.25. An abelian von Neumann subalgebra A ¢ M satisfies A’ n M > A. Now A is a MASA
in M if and only if A" n M = A.

Definition 1.4.26 (Normaliser). Let N ¢ M be an inclusion of von Neumann algebras. Then Ny(N) =
{ueU(M)|uNu* = N} is called the group of normalising unitaries of N in M. The von Neumann
algebra Ny (N)" generated by this group is called the normaliser of N in M. We call N ¢ M a regular
inclusion if Ny (N)" = M.

Definition 1.4.27 (Cartan subalgebra). Let M be a finite von Neumann algebra. A MASA Ac M is
called Cartan subalgebra of M if its normaliser equals M.

Proposition 1.4.28. Let [ ~ X be a free pmp action on a standard probability space. Then L*(X) c
L*(X) =T is a Cartan subalgebra.

11
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Proof. Let I ~ X be a free pmp action. Write A:=L*(X) and M :=L*(X) xT.

Note that A is generated by its unitaries. So (U(A)u{ug|geTl})” contains A and L(G) and it hence
equals M. So Ny (A)" > (U(A)u{ug|gel})" =M.

It remains to check that Ac M is a MASA. To this end let x € A'n M. We can write x = ¥ ger Xglg.
Assume that xg # 0 for some g # e. Let U c suppxg be a non-negligible subset such that gUnU = &
and let p:= 1, € A be the associated non-zero projection. Then

Y Lyxglg = px =xp =Y Xglgly =Y Xglguuyg.
g g g

So the g-th Fourier coefficient of px equals xg1y = xg14y. Since gUnU = @, this is a contradiction.
We showed that A’ n M = A, finishing the proof of the proposition. ]

Remark 1.4.29. A Cartan subalgebra of a finite von Neumann algebra arising from a group-measure
space construction as in the previous proposition is called group-measure space Cartan subalgebra.

1.4.6 Orbit equivalence and Cartan preserving isomorphisms

Definition 1.4.30 (Orbit equivalence). Let T ~ X and A ~ Y be two free actions on standard
probability measure spaces. They are called orbit equivalent if there is an isomorphism A: X =Y of
such that AA(x) = A(I'x) for almost every x € X.

Definition 1.4.31 (Cocycle). Let ' ~ X be an action on a standard probability measure space and
let A be a group. A measurable map ¢: I x X — A is called a cocycle, if

c(99'.x) = c(g9.9'x)c(g", x)
for all g, g’ € and almost every x € X.

Proposition 1.4.32. Let[ ~ X and A\ ~Y be free actions of countable groups on standard probability
measure spaces and let A: X =Y be an orbit equivalence between these two actions. Then

c(g.x)A(x) =A(gx)  gel

defines an almost everywhere well-defined cocylce I x X — A.

Proof. We first show that the equation c(g, x)A(x) = A(gx) gives rise to a well-defined measurable
map c: I xX > A. Fixgel. Then

{xeX|3h#h :A(gx)=hA(x)=hHAX)}c A HyeY|hx=x}

h+e

is a countable union of negligible sets and it is hence negligible itself. So, up to negligible sets, c is
well-defined. Denoting by a the action of I' and by 3 the action of A, we prove measurability of c.
For g € I and h € A fixed, {x € X|c(g,x) = h} is the set where oy and A~ o B, 0 A agree. Since
both these maps are measurable, it follows that {x € X|c(g, x) = h} is measurable. Since I" and A are
discrete, we conclude that ¢ is measurable.

Let deal with now deal with measure theoretic problems, making use of the fact that [ and A are
countable. Considering a conegligible subset of X, we may assume that c(g, x)A(x) = A(gx) for all

12
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x € X and that A ~ X is free in the set-theoretic sense of the word. Then we obtain for x € X and
g,g el that

c(9.9'x)c(g", x)A(x) = (9, g'x)A(g'x) = A(99'x) = c(g9", x)A(x) .
By freeness of A ~ Y, this shows that c(g, g'x)c(g’,x) = c(g9g’, x). This finishes the proof of the
proposition. O
Definition 1.4.33 (Orbit equivalence cocycle). The cocycle defined in the last proposition is called an
orbit equivalence cocycle for (I" ~ X) ~og (A ~Y).
Theorem 1.4.34. [et [ ~ X and N ~Y be orbit equivalent free pmp actions of countable groups.
Then there is an isomorphism @ : L (X) x I - L*°(Y') x A such that (L= (X)) = L*(Y).

Proof. Let A : X = Y be an orbit equivalence between ' ~ X and A ~ Y. Introducing the action
Ax := A"H(AA(x)) on X, we may assume that X =Y and A =id. Let c: T x X — A be the orbit
equivalence cocycle.

For gel, he let AZ = {x € X|c(g,x) = h} and consider the sum vg4 = ¥, tnlap. Since the sets
(AD)p and (hAD), = (gAD) are pairwise disjoint, 3, uplyy is a sum of partial isometries with pairwise
orthogonal support and image projection. Hence Y}, UhlAg converges in the SOT and vy € L(X) x A
is well-defined.

We show that vy is a unitary for every g. This follows from the calculation
VgVg = zh:“hlAg“h = Zh:lhAg = zh:lgAg =1,
and the fact that 7(vyvg) = T(vgvg) = 1. Here 7 denotes the natural trace of L*(X) % A.
The map g~ vy defines a unitary representation of I inside L*°(X) x A: we have
VgVgr = . tnl ap Uh’lAi: => Uhh’l(h/)—lAglAZ: => Uhh’l(h/)—lAgnAi:
and

(K A ﬂAZ: ={xeX|c(g,hx)=hand c(g',x)=h}c{xeX]|c(g h'x)c(g',x)=nhh"}.

=c(g9’.x)
This implies vgvgr = vggr.
Let E:L*(X) x A - L*(X) be the natural conditional expectation. We obtain
E(Vg) = Z E(Uh)lAZ = ZT(Uh)lAg = 1AZ .
h h

If c(g,x) = e, then gx = c(g,x)x = x. Because of freeness of A ~ X, this implies A is a negligible
set if g # e and A is a conegligible set. So E(vy) = dgel. In particular, we have 7(vg) = dg.e.
so that g = vy extends to a representation of L(I") inside L*°(X) » A. Summarising we have found
L*(X), L(I") c L (X) =/ and the natural conditional expectation E : L*(X) %A restricts to the natural
trace of L(I"). In order to conclude that the map ¢ : L*(X) I — L*(X) = A satisfying @] (x) = id
and @(ug) = vg is a well-defined isomorphism preserving the group-measure space Cartan subalgebra,
it remains to show that Ad vg|i=(x) implements the action ' ~ X. So let ae (X)) and geT". Then

vgavg = Y. uplpsal o tify = > vnlasavy = ZlhAzha = ZlgAZga =ga.
h,h’ n h h h

This finishes the proof of the theorem. L]

13
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We are going to prove the converse to the last theorem. Let us explain the strategy of proof and
assume that L>°(X) x " 2 L*°(X) x A in a Cartan preserving way for two free pmp actions of ' and
A on X. The most essential information that we obtain through this isomorphism is that there are
unitaries v,, h € A which normalise the Cartan subalgebra L (X) c L>(X) x I". Since this is the most
important information at hand, we need to study in full generality the normaliser N« (xy,r (L (X)),
which is done in Proposition 1.4.36. To this end, we need to do some technical work first.

Proposition 1.4.35. Let A be a separable abelian von Neumann algebra. Then there is a standard
probability space X such that A= L*°(X). Further, if @ € Aut(L>(X)), there is a measurable isomor-
phism o : X — X such that ¢ = a*, i.e. p(a)=aoa forall ael>(X).

Proof. Let A be a separable abelian von Neumann algebra and ¢ € Aut(A). By definition of separability,
there is a Hilbert space of countable dimension H such that A c B(H). Taking a countable orthonormal
basis of H, we obtain a countable faithful family of tracial vector states (7,), on A. Then T :=
Y nenx 27T, is a faithful trace on A. From now on, | |2 denotes the 2-norm induced by 7 on A.
By construction of 7, we obtain an embedding L?(A, 7) ¢ H®> into a Hilbert space of countable
dimension. We can hence find a countable || |>-dense D set of A. Further, we may assume that
1 € D and that D is g-invariant. Let B = C*(D) be the abelian C*-algebra generated by D. Then
B is @-invariant. We hence find a compact second countable space X such that B 2 C(X). The
automorphism ¢|g defines a homeomorphism a : X — X. Further, T|g defines a faithful state, and

hence a Borel probability measure u on X with full support. The GNS-representation of T gives an
embedding B < B(L?(X, )) such that (X, u) = B - A Sincea* = | extends to a well-defined

automorphism of L>(X, u), it follows that a preserves the measure class of u and o* = ¢. ]

Proposition 1.4.36. Let [ ~ X be a free pmp action. If u € Ni=(x).r(L*(X)), then there is a
partition X = ||Aq into measurable subsets and there are S*-valued elements ag € L (Ag) c L*(X)
such that u =34 ugag.

Proof. We write A=1*(X) and M =1*(X)xT. Let ue Ny(A). Denote by E: M — A the natural
conditional expectation and define Ag := suppE(ugu) and ag = E(uzu). Using Fourier coefficients
(Proposition 1.4.23), we see that u= Y, ugag. We then obtain

1=uu” =) ugagaguy =Y. I(agay)gg-1.
9.9’ 9.9’

By uniqueness of the Fourier coefficients, we conclude that 9(agay,) =0if g# ¢’ and ¥y 9(agay) = 1.
So X =IgAg and ag € L (Ay) is unitary, hence S'-valued. Further,

=1,/
_ * _ * * _ * g g
l=u'u="Y ajuyugag =Y. ay( ag)Ug-1gr -
9.9 9.9

Comparing Fourier coefficients, we see that ¥ agag = 1, implying that X = |l Ag. This finishes the
proof of the proposition. ]

Theorem 1.4.37 (Singer). Let I ~ X and A ~Y be free pmp actions of countable groups. Then
(I ~X) ~oe (N ~Y) if and only if there is a *isomorphism ¢ : L (X) x [ - L*(Y) x A such that
(L= (X)) =L=(Y).

14
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Proof. In Theorem 1.4.34 we showed that orbit equivalence implies the existence of a Cartan preserving
isomorphism. So it remains to prove the converse implication. Identify L°(X) x " with L>°(Y") x Y via
some Cartan preserving isomorphism. We may then assume that X =Y. Denote the natural unitaries
of L(A) ¢ L°(X) %I by (vh)n. Thanks to Theorem 1.4.36, we find for each h € A a partition X = | ] A7
and S'-valued functions af € L (A7) c L(X) such that v, = ¥, ugay.

Fix gel and heA. If aeL>(X) then
uglAZaug = vhlAzav,f.

So Ad ug|,_°o(AZ) = Ad vh||_oo(Ag). Denoting the action of [ by a and the action of A by 3, we then
conclude that a9|Aﬁ’ = ﬁh|Ai almost everywhere. For fixed g € ' all but countably many (A-Z)h are
negligible, since they form a measurable partition of X. It follows that for almost every x € X there is
some h € A such that gx = hx. So gx € Ax for almost every x € X. Since I is countable, we conclude
that 'x c Ax for almost every x € X. By symmetry, we obtain ['x = Ax for almost every x € X.

O

1.5 Factors

Definition 1.5.1 (Factor). A factor is a von Neumann algebra M satisfying Z(M) = Mn M’ = C1.

We start by characterising factors as simple von Neumann algebras.

Proposition 1.5.2. Let M be a von Neumann algebra. Then SOT-closed two-sided ideals in M are
precisely of the form zM for some central projection z € Z(M).

In particular, M is a factor if and only M is simple, i.e. M does not contain any SOT-closed two-sided
ideals.

Proof. First it is clear that every central projection z € Z(M) defines an SOT-closed ideal zM. So let
| < M be a two-sided SOT-closed ideal and let H be the Hilbert space on which M acts. Let K := H.
Then | can be considered as a strongly closed *-subalgebra of B(K), which acts non-degenerately.
Since | is a C*-algebra, it contains a bounded approximate unit, so it follows that idx € | c¢ B(K),
which is the identity of /. We hence obtain px € I, where px : H = K is the orthogonal projection.
Further, K is invariant under M" and M, so that px € M'nM = Z(M) by Proposition 1.0.5. So indeed
I = px! = pxM for the central projection px € Z(M).

Now assume that M is a factor and let /| 9« M be SOT-closed. Then | = zM for some projection
ze Z(M)=C1. So | € {0, M}, showing that M is simple. Assume that M is simple. If z e Z(M) is
some non-zero projection, then zM = M, showing that z is invertible. So z =1. Since Z(M) = L*(X)
for some standard probability measure space X, by Proposition 1.4.35, it follows now that Z(M) =
C1. O

For later use, we observe that every trace on a factor is faithful. As it turn out, there is a unique trace
on every finite factor (Theorem 1.5.26)

Lemma 1.5.3. Let M be a factor and T a trace on M. Then T is faithful.

Proof. Let | = {x e M|T(x*x) = 0}. The inequality x*y*yx < |ly|?x*x shows that / is a left-ideal.

Further, 7(x*x) = T(xx*), so that / is a two-sided ideal. The characterisation of factors as simple
von Neumann algebras from Proposition 1.5.2 now shows that / = 0. So 7 is faithful. [
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Definition 1.5.4. Let M be a finite factor (i.e. a von Neumann algebra which is a factor and finite).
If M is infinite dimensional, then it is called a Il; factor.

Remark 1.5.5. The name ll; factor stems from a classification of factors in different types I,, n €
Nu{oo}, ll1, lls and Ill. Since we focus on finite factors, we will not treat this classification, which
can be found for example in Dixmier’'s book. (and any other book treating von Neumann algebras).

1.5.1 Group factors

The next proposition gives us a first source of Il; factors.

Proposition 1.5.6. Let I be a discrete group. Then L(I") is a factor if and only if [ is icc, i.e. every
non-trivial conjugacy class of [ is infinite.

Proof. First assume that there is a finite non-trivial conjugacy class {g1hg;?!, ..., gnhgyt} in . Then
z:=Y" Ugpg-1 1S @ central element of L(T"). Since 4. is separating for L(I"), the fact that zd. ¢ Cde
implies that z is not a multiple of the unit. This shows that L(I") is not a factor.

—_—

Assume that [ is icc. Take z € Z(L(G)) and consider 2 = 28, € £2(I"). Then 2 = UgZuy = UgZUgle =
UgZbely = UgZUy, Where ug acts on the right of ¢2(T") via the right-regular representation. It follows
that 2 is a conjugation invariant function in ¢2(I"). Since every non-trivial conjugacy class of I is
infinite, 2-sumability implies that Z is a multiple of d.. Since §. is a separating vector for L(I"), this

proves that z is a multiple of 1 € L(I"). So L(I') is a factor. ]

Exercise 1.5.7. The following groups are icc.

e Non-abelian free groups F,.

e The group S of finite permutation of a countable infinite set.

Example 1.5.8. The von Neumann algebras L(F,), L(Sw) and L(F, x Se) are Iy factors.

1.5.2 Two factoriality criteria for group-measure space constructions

Proposition 1.5.9. Let [ ~ X be a pmp action of a discrete group. If L(X) = [ is a factor, then
[T~ X Is ergodic.

Proof. Assume that L*°(X) x [ is a factor and take a I-invariant measurable subset A c¢ X. Then
uglauy = 1ga = 14 for every g e . So 14 commutes with L=(X),L(G) c L®(X) xT. So 14 €
Z(L>®(X) = T) =C1, implying that A is either negligible or conegligible. This shows that ' ~ X is
ergodic. ]

Proposition 1.5.10. Let [ ~ X be a free ergodic pmp action of a discrete group. Then L*°(X) x T is
a factor.

Proof. Since L (X) c L*(X) =T is a MASA by Proposition 1.4.28, we have Z(L*(X) %) c L>(X).
Let a € L°(X) be central in the group-measure space construction. Then a = ugauy = 9aforall geT.
So ais a [-invariant function. Let ¢t be an essential value of a, i.e. z € Csuch that {x € X||a(x)-z| <€}
is non-negligible for all € > 0. Since a is [-invariant, also {x € X ||a(x) — z| < €} is [-invariant for every
€ > 0 and hence it is conegligible by ergodicity of ' ~ X. This shows that a is almost surely equal to
z and hence Z(L*(X)xT) =C1. [
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Proposition 1.5.11. Let I ~ X be an ergodic pmp action of an icc discrete group. Then L™ (X) x T
Is a factor.

Proof. Let x € Z(L>(X) x ) and write x = YgerXglg. For h € I, we have x = upxuj, =
Yger "Xglpgn-1 = Yger "Xprigntg.  Comparing Fourier coefficients, we see that xg = "x,-14), for

all g, hel. Since Iisiccand ' ~ X is probability measure preserving, || [2-summability of ¥ gcr xgtg
implies that xg = 0 if g # e. We showed that Z(L*(X) %) c L>*(X). Now we can proceed as in the
proof of Proposition 1.5.10 and use ergodicity of ' ~ X to conclude the proof. O

Example 1.5.12. If [ is any infinite group, then non-trivial Bernoulli shifts I ~ (Xg, uo)" = (X, 1) are
free ergodic and probability measure preserving according to Exercise 1.4.12. Hence the von Neumann
algebra L=°(X) = I is a Il factor.

1.5.3 Discrete factors and comparison of projections

We already noticed that projections and partial isometries play a crucial role in von Neumann algebras.
In this section we take the opportunity to study them in more detail. It seems due to reconsider the
polar decomposition, giving rise to an abundance of partial isometries in a von Neumann algebra.

The following notion of order on projections specialises the order on self-adjoint elements of a C*-
algebra.

Definition 1.5.13. Let p, g € B(H) be projections. We say that p< q if pg=q.

Note that indeed, p < g implies that g — p is a projection and in particular it is positive. We have
(g-p)*(g-p)=q>-qp—-pqg+p>=q-p. Further, p< q if and only if pH c gH.

Definition 1.5.14. Let x € B(H) be an operator. The (geometric) image of x is the subspace xH c H
and the (geometric) support of x is the subspace (ker x)*. The image (projection) supp x of x is the
smallest projection p € B(H) such that px = x and the support (projection) imx of x is the smallest
projection g € B(H) such that xg = x.

Proposition 1.5.15. Let M be a von Neumann algebra and x € M. Then supp x,imx € M.

Proof. Since suppx = im(x*), it suffices to shows that imx € M. Denote by H the Hilbert space
on which M acts. The image xH is invariant under M’ and so is its closure xH. So the orthogonal
projection p onto xH lies in M. We show that p = imx. We have px¢& = x¢ for all € € H, so that
px = x follows. If g € B(H) is another projection satisfying gx = x, then pH = xH c gH. So p < q.
This finishes the proof of the proposition. O

Proposition 1.5.16 (Polar decomposition). Let x € B(H). Then there is a unique partial isometry
v e B(H) such that

o v|x|=x
e Vv =suppx

e vv' =imx.

If M c B(H) is a von Neumann algebra and x € M, then also v, |x| e M.
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Proof. Let x € B(H). For every £ € H we have

[IXI€] = (IxI€. IxI€) = (IxIP€. €) = (x"x€, €) = (x€, x€) = | x€] .

Denoting by K = W and L = xH the support and the image of x, we see that vp : |x|€ — x€ defines
a unitary from K to L. Now let v be the partial isometry v =, o vy o pk, where t; : L - H denotes
the inclusion of L and pk : H - K denotes the orthogonal projection onto K. Now x¢§ = v|x|¢ for all
€ € H, showing that x = v|x| indeed. By construction we have v*v =suppx and vv* =imx.

Let us prove uniqueness of the decomposition x = v|x|. Assume that x = u|x| for some partial isometry
satisfying u*u = suppx and uu* =imx. Since u*u = suppx = supp|x|, it suffices to check u|x = v|k.
On the dense subspace |x|H c K, this follows from the identity u|x| = x, which implies u|x|§ = x§ = v|x|§
for all £ € H. Continuity now finishes the proof of uniqueness.

Now assume that x lies in a von Neumann algebra M c B(H) and denote by x = v|x| its polar
decomposition. Functional calculus says that |x| € M. Since |x|H is a subspace invariant under M’, we
have supp x| € M. Let ueUd(M"). Then uvu* is a partial isometry satisfying

(uvu™)*(uvu®) = uv*vu™ = u(suppx)u™ = supp x,
since suppx € M and u e M. Similarly, we see that (uvu*)(uvu*)* =imx. Moreover,
uvu|x| = uv|x|u® = uxu® = x.
Uniqueness of the polar decomposition shows uvu* = v. But this means that v e M = M. ]

extend to polar decomposition for affiliated operators in L°.

Definition 1.5.17. Let M be a von Neumann algebra and p,q € M projections. We say that p
dominates q if there is a partial isometry v € M such that vv* < p and v*v = g. In this case we write
p>q. If p<qgand p>q, then p and g are called Murry-von Neumann equivalent and we write p ~ g.

The next lemma addresses the subtlety, that a priori equivalent projections are not comparable by
a single partial isometry. It holds true for all von Neumann algebras (see Dixmier - Les algebres
d'opérateurs dans |'espace Hilbertien, Proposition 1, p. 216), but we prove it here only for finite von
Neumann algebras in which case the proof becomes very short.

Lemma 1.5.18. Let p, g € M be equivalent projections in a finite von Neumann algebra M. Then
there is a partial isometry v € M such that suppv =p and imv = q.

Proof. By definition of equivalence, there are partial isometries v, w € M such that vv* <p, viv =g
and ww* < q, w*w = p. Let (77); be a faithful family of traces on M. We obtain that

Ti(p) = Ti(ww) = Ti(ww") < Ti(q) = Ti(v'v) = ;(vv*) < Ti(p),

showing that 7;(p) = Ti(q) for all /. We obtain 7;(p— vv*) =0, which by faithfulness of (7;); implies
p = vv*. This finishes the proof. O

The next proposition says that we can compare each pair of projection in a factor, with respect to the
partial order < from Definition 1.5.17.

Proposition 1.5.19. Let M be a factor. If p, g € M are projections, then either p < q or p > q.

18
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. . . ———SOT . .
Proof. Since M is a factor, the ideal MpM equals M. In particular, there is some non-zero element
x € pMgq. Let x = v|x| be the polar decomposition and note that vv* =imx < p and v*v =suppx < g
lie in M by Proposition 1.5.15.

Let (v;); be a maximal family of partial isometries with pairwise orthogonal images imv; < p and
pairwise orthogonal supports suppv; < g. Then v =3 ;v; (in SOT) is a well-defined element of M. If
imv =Y ;imv; £ p and suppv = > ,;suppVv; # g, then we can apply the first part of the proposition to
p—imv and g—supp v, so as to obtain a contradiction to the maximality of (v;);. This shows that v
witnesses either p < g or p > q. ]

Next we are going to study von Neumann algebras containing projections that cannot be “split”.

Definition 1.5.20. Let M be a von Neumann algebra. A projection p € M is called minimal if g < p
implies g € {0, p} for any other projection g € M.

Theorem 1.5.21. Let M be a not necessarily separable factor that contains a minimal projection.
Then M = B(H) for some Hilbert space H. In particular, a ll; factor does not contain any minimal
projections.

Proof. Let p € M be a minimal projection and g € M a some non-zero projection. Then p < g or
g < p. But g < pimplies p ~ g, since p is minimal. We conclude that p < g and hence g contains some
minimal projection. This argument shows that (i) every non-zero projection in M contains a minimal
projection, and (ii) all minimal projections in M are equivalent.

Let (p;)ie; be a maximal family of pairwise orthogonal minimal projections in M. If 3 ;; pi # 1 (where
the limit is taken in the strong sense), then there is a minimal projection contained in 1-Y,., p;, which
contradicts maximality of (p;);. We conclude that ¥, pj = 1.

Since p; ~ pj for all /,j €/, there are partial isometries vJ-" € M such that im vJ-" = pj, supp vJ-" = p;. Note
that p;Mp; = Cp;, by minimality of p;. We claim that p;Mp; = CvJ-". Let x € p;Mp; be non-zero. Then
x*x € piMp; = Cp; and xx* € piMp; = Cp; are non-zero elements. So if x = v|x| denotes the polar
decomposition if x, then |x| € Cp;Mp; and v is partial isometry with support p; and image p;. We have
v(vj-")* € piMp; = Cp;, so that v = vp; = v(vj-")*vj" € CvJ.". We conclude that x = v|x| € C\/prj = Cvj,
finishing the proof of the claim.

We scaling the partial isometries (vj"),-,je/, we may assume that vj"v,f; = v,i for all /,j, k € I. Further

X =Y jel Pixp;j for every x € M, allows us to infer that M is generated by the family (vj"),‘,je/.

Fix some element 0 € / and write K = Hp. A short calculation shows that W : (e K - H by

§; ® £ = vj€ defines a unitary. We prove that W*MW = B(£2(1))® 1. For i,j,j €| and € € K we have
W)W (k ® €) = WV VEE = 6,k W V€ = 6k (5: ® €).

In particular, W*MW contains all rank one operators in B(¢2(/)) ® 1, showing that W*MW >
B(£?(1)) ® 1. It remains to show that W*MW c (1 ® B(K)) = B(£2(1)) ® 1. Let i j k eI, let
xeB(K) and £ € K. Then

W W (1 ® ) (6 ©€) =W W (3i @ XE) = 55, © X .

and
(1 ® X)W*\/J(W(ék ®f) = 6j,k(1 ®X)5,‘ ® 5 = 5j,k5i ®X£.
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This shows [W*vf\/\/, 1®x]=0forallijel and all x e B(K). Since M is generated by the partial
isometries (vj"),',je,, this shows M = B(£2(1)).

Now assume that M is a finite factor containing a minimal projection. Denote by 7 some faithful
trace on M. Then the family (p;);e is finite, since 1 = 7(1) = ¥;; 7(p;) and 7(p;) does not depend
on i. It follows that M = B(£(1)) = M;|(C) is a matrix algebra and hence finite dimensional. l

We finish this section by another important proposition, underlining the importance of projections in
von Neumann algebras.

Proposition 1.5.22. [ et M be a von Neumann algebra. Then M is the norm closure of the linear
span of all its projections.

Proof. Splitting elements of M in their real and imaginary parts %(x+x*) and %(x—x*), it suffices to
show that every self-adjoint element in M can be approximated in norm by a finite linear combination
of projections.

Let x € M be self-adjoint. Then {x}" is an abelian von Neumann algebra isomorphic to L*(co(x)) by
Proposition 1.4.35. Here x is identified with the identity function on o(x). Covering o(x) by intervals
of length €, we can approximate idg(x) in the uniform topology up to € by a finite linear combination
of indicator functions. This finishes the proof. O

1.5.4 The unique trace on a |l; factor

In this section we are going to show that finite factors are characterised as those finite von Neumann
algebras which admit exactly one trace. Our first observation is that a finite von Neumann algebra
with a unique trace must be a factor.

Proposition 1.5.23. Let M be a finite von Neumann algebra which admits a unique trace. Then M
is a factor.

Proof. Let T be the unique trace on M, which must be faithful by the finiteness assumption on M.
Consider a projection p € Z(M) satisfying T7(p) # 0. Then 7,(x) = T(pxp) defines a trace on M, which
must be a positive multiple of 7 by uniqueness. Now 7,(1-p) = 0 implies 7(1-p) = 0. This shows that
p =1, since T is faithful. So Z(M) contains only the projections 0 and 1 and thus Z(M)=C1. [

In the rest of this section we are going to prove the converse to Proposition 1.5.23. We start by
quantifying the absence of minimal projections in Il; factors (compare with Theorem 1.5.21).

Lemma 1.5.24. [ et M be all; factor with trace T. Then for every € > 0 there is a non-zero projection
p € M such that T(p) < €.

Proof. Assume that there is € > 0 such that every non-zero projection p € M satisfies 7(¢) > €. We
will show that M contains a minimal projection. Then Theorem 1.5.21 shows that M is a matrix
algebra and hence finite dimensional.

If p e M is an arbitrary projection, then either p is minimal or there is a properly contained non-zero
projection p’ < p. We have 7(p - p’) < 7(p) — €. We conclude that M either contains a minimal
projection or a non-zero projection p such that 7(p) < 2¢. However the latter condition already
implies that p is minimal, by our assumptions. This finishes the proof. ]
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Lemma 1.5.25. Let M be a ll; factor. Then there is a sequence oflproject/ons (p,-).,'eN in M such
that for every i € N there are partial isometries v/ € M, j € {1,...,2'} such that (v/)*v! = p; and

oi i i
Zj:l V,J(V,j)* =1

A sequence of projections as described in the last lemma is called a fundamental sequence of projec-
tions.

Proof. It suffices to show that for every projection p € M there are projections pi1, po € M such that
p1 ~ po and p = p1 + po. Considering the von Neumann algebra pMp instead of M, we may assume
that p = 1.

Let 7 be a trace on M. Let (g;)ie be a maximal family of pairwise orthogonal projections such
that 7(X;; gi) < 1/2. We show that q := ¥, q; satisfies ¢ := 7(q) = 1/2. If this was not the
case, Lemma 1.5.24 applied to (1 - g)M(1 - q) gives us a non-zero projection ¢’ <1 - g such that
7(q") <1/2-c. So we can add ¢’ to the family (g;);; and contradict its maximality. This finishes
the proof. O

Theorem 1.5.26. A finite von Neumann algebra M is a factor if and only if it admits a unique trace.

Proof. If M admits a unique trace, then M is a factor by Proposition 1.5.23. So we have to show
that there is a unique trace on every finite factor M.

If M is a finite factor, then either M = M,(C) is a matrix algebra or M is a Il factor by Theorem 1.5.21.
Since matrix algebras have a unique trace, we may assume that M is a ll; factor.

By Lemma 1.5.25, we may take a fundamental sequence (p;);en for M. Every trace T on M satisfies
1=7(1) = D)) = L) ) =27 (p)
J J

Hence 7(p;) = 27'. It follows that all traces agree on the SOT-closure of E = span{vv*|v*v =
p; for some i/}. We show that this set contains all projections of M and hence, by Proposition 1.5.22,
all of M.

Fix a trace 7 on M. By Proposition 1.5.3, we know that 7 is faithful. Let p € M be some projection
and c:= 7(p). Let i € N be minimal such that 2=/ < c. By Proposition 1.5.19, we have either p; < p
or p; > p. Since the latter implies 27/ = T(pi) > 71(p) =Cc> 2~ we can conclude p; ~ p in this case.
So we obtain p; < p in any case. Let v e M be a partial isometry satisfying suppv = p; and imv < p.
Then T(p-vv*)=c-27"< 2=(+1) by the choice of i. Inductively, we can approximate p in |- +2 by
a bounded sequence of elements from E. Since the | |2-topology agrees with the strong topology on
bounded sets by Proposition 1.2.4, we conclude that p lies in the SOT-close of E. This finishes the
proof. ]
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1.6 Solutions to exercises

Solution (To exercise 1.2.6). Consider the von Neumann algebra L=([0,1]) c L*°([0, 1], A). We
give an example of an unbounded sequence of function f, € L**([0, 1]) such that 7, - 0 in | |2, but
fn # 0 in the strong topology (not even weakly).
Let )
fn(X) = 1[2—(n+1)y2—n]m
and
1
€00 = 77

Note that ¢ is well defined up to measure 0 in L2([0,1],X). We have

-n

1 y .
I7al2 = / _dX:[X1/2]2 _on2 _o=5 L g

x1/2 2-(n+1) ™
2—(n+1)
while
2 1 2N
(fa€.€) = f ;dx = [log X]z_(n+1) =1log(2™") = log (2~ (") = log(271).
2—(n+1)

So (fn)n is the desired example.

Solution (To exercise 1.4.4). Let A <[ be a normal inclusion of groups. We show that for every
trace T on L(A) the composition T o E is a trace on L(I").

For g, hel, we have E(ugup) = 1n(gh)ugn and E(upug) = 1n(hg)upg. Since A 4T is normal, we have
gh=h"t(hg)heAif and only if hg e A. So if T denotes any trace on L(A), then

T o E(ugun) = In(gh)T(ugn) = In(hg)T(ugn) = 1n(gh)T(ung) -

Solution (To exercise 1.4.12). Let I" be an infinite group and (Xo, o) a non-trivial standard prob-
ability measure space. Denote by I ~ (X, ) = (Xo, to)" the Bernoulli shift. We show that this is a
free ergodic pmp action.

We start by showing that [ ~ X is probability measure preserving. To this end define for any

Let us next show that ' ~ X is free. Let g e[~ {e}. Then gx = x implies that x is constant on
(g)-orbits. So
Xg = {xeX|gx=x} = A9
g gx = x} (X))

where A denotes the diagonal embedding A(x)p, = (x)p(g). Assuming that g has infinite order, we can

use the fact that the diagonal embedding Xp — X(')\l has measure O to conclude that u(Xg) = 0. If
ord(g) < oo, then ['/(g) is infinite. The image of the embedding Xq = X°(9) has measure m< 1. So

A(Xg/(g>) has measure TTpgyer/(g) M = O.
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We finally show that I ~ X is ergodic. To this end we consider the following property. The action
I ~ X is mixing if for all A, B c X measurable we have u(AngB) I w(A)u(B). A mixing action
of an infinite group is ergodic, since a -invariant set A c X satisfies

w(A) = u(An gA) - u(A)?

implying that w(A) € {0,1}. So proving that the Bernoulli shift is mixing, shows that it is ergodic.
Let g1,..., gn and hyq, ..., hm be two finite sequences of pairwise different elements from [ and
let Aq,..., A, and By, ..., B be measurable subsets of Xp. Let F = {gel|3ie{L,..., n}ij e

..... n hi,....hm v Gn ght,...ghm e hi,....hm
B(BS 5, noBR ) = w(BS R ) = w(BYy G (BT ).

..............................

If now A, B are arbitrary measurable subsets of X, they can be approximated by finite disjoint unions
of sets of the form Bill """ i”n. This way one proves that for every € > 0 there is a finite set F c I such

that for all g el \ F we have
Iu(AngB) - u(A)u(B)| <e.

This is the exact meaning of u(AngB) I w(A)u(B).

Solution (To exercise 1.4.14). Let [ < G be a dense subgroup of a compact second countable
group. Denote by p the normalised Haar measure of G. We show that the action ' ~ (G, ) is free
ergodic and pmp.

Since the Haar measure is left invariant, it is clear that I ~ G is pmp. Further, if gel and x € G
satisfy gx = x, then g = e just by the fact that " is a subgroup of G. It remains to show ergodicity of
[~ G. Assume that A c G is a non-negligible measurable -invariant subset. Consider the probability
measure v = ﬁMA on G. Since A is I-invariant, also v is [-invariant. By continuity of the action
G ~P(G) on the compact set of all probability measures on G, it follows that v is also G-invariant.
But then uniqueness of the normalised Haar measure (see for example Theorem 1.3.4 in Deitmar,
Echerhoff - Principles of Harmonic Analysis) implies that u(A¢) = v(A°) =0. So A is co-negligible.

Solution (To exercise 1.5.7). We first show that F, is icc for all n > 2. Denote by x, ..., X the
free letters. Let g € F, be non-trivial and let x;, i € {1,..., n} be the first letter from the left in the
reduced form of g. Let je{1,..., n}~{j}. Then the reduced form of xj’ng‘/ starts with lex,', making
these elements pairwise different for / € Z. It follows that the conjugacy class of g is infinite.

Now consider the group S of finitely supported permutations of N and let ™ € So, be non-trivial.
There is n e N such that w(n) # n. We have

((nm)ﬂ(nm))(m) =m(n)

for all m# w(n). So the elements (nm)m(nm) are pairwise different and the conjugacy class of 7 is
infinite.
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2 Jones’ basic construction and Popa’s intertwining technique

Intertwining by bimodules is a techniques introduced by Popa in the mid 2000’s in order to study
unitary conjugacy of inclusions of von Neumann algebras. The aim of this section is to prove the
following equivalence, which gives a practical criterion for conjugation of Cartan subalgebras.

Theorem 2.0.1. Let A, B c M be von Neumann subalgebras of a tracial von Neumann algebra. Then
the following two statements are equivalent.

e There is a projection p € M,(C) ® B, a non-zero *-~homomorphism ¢ : A - p(l\/l,,(C) ® B)p and
a non-zero partial isometry v € (M1,,(C) ® M)p such that ve(a) = av for all a€ A.

e There is no sequence of unitaries (up)p in A such that for all a, b e M we have |Eg(aupb)|2 - 0

If M is a finite factor and A, B ¢ M are Cartan subalgebras, then either of the previous conditions
implies that there is a unitary u € M such that uAu™ = B.

2.1 Unbounded traces and semi-finite factors

In the sequel we will need to a replacement for traces on von Neumann algebras of the form N®B(H)
for a finite von Neumann algebra N and an infinite dimensional Hilbert space H. Such a von Neumann
algebra is not finite and in fact it does not support a single non-zero trace. We have to replace traces
by their unbounded cousins, like in the passage from M,(C) to B(£?(N)).

Definition 2.1.1. Let M be a von Neumann algebra. An unbounded trace on M is a map Tr: M* —
Rso U {00} such that Tr(x*x) = Tr(xx*) for all x e M. The trace Tr is called

e semifinite, if the set n1y = {x € M* | Tr(x*x) < 0o} is *-strongly dense in M;
o faithful, if Tr(x*x) =0 implies x = 0 for x e M;

e normal, Tr(sup x,) =sup Tr(x,) for all non-decreasing bounded sequences (x,), in M*.

Note that every tracial state defines a unique normal unbounded trace in the sense of the previous
definition.

Definition 2.1.2. A von Neumann algebra M is called semifinite if it admits a faithful family (Tr;);
of normal semifinite traces. A semifinite factor that is not finite or contains a minimal projection is
called a Il factor.

The terminology of the previous definition is explained by the next theorem, expressing type Il
factors in terms of “infinite amplifications” of Il; factors. It can be proved using a similar strategy as
for Theorem 1.5.21.

Theorem 2.1.3. /f N is a ll; factor and H and infinite dimensional Hilbert space, then N®B(H) is a
type |l factor. Vice versa, if M is a type llo, factor, then M =~ N®B(H) for some Il; factor N and
some infinite dimensional Hilbert space H.

Let us collect some remarks, drawing parallels with theorems we already know for tracial states.
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Remark 2.1.4. If M is a von Neumann algebra with an unbounded trace Tr, then n, is a two-sided
ideal in M, which is not necessarily SOT-closed. In particular, an unbounded trace on a factor is
automatically semifinite. In analogy with Theorem 1.5.26, one can proof that a type Il factor admits
a unique non-zero unbounded trace up to scaling by positive constants.

add GNS-construction for unbounded traces

In Proposition 1.2.4 we described the equivalence of SOT and of | |2 convergence on the unit ball
of a tracial von Neumann algebra. The reader might have observed, that not only the topologies, but
also the uniformities underlying the SOT and the | |2-topology agree. A similar result holds for von
Neumann algebras admitting a faithful semifinite normal trace. We omit its proof here.

Proposition 2.1.5. Let M be a von Neumann algebra with normal semifinite faithful trace Tr. If (x;);
is a bounded net in ny, converging to € € L2(M, Tr) in | ||o1v, then there is x € ny, such that x; — x
in SOT and X = €.

Proof. Denote by ¢ € L2(M, Tr) the | |2 1-limit of the bounded net (x;); in n;. Let ¢ > 0 such that
|xi|| < ¢ for all i. For y € n1, we have

Jévl = lim %] = lim |x] < clyla.

So y = £y extends to a bounded operator L¢ : L2(M, Tr) — L2(M, Tr). Since (x;); is a bounded net,
the previous calculation shows that x; — L¢ in SOT. In particular, L¢ € M.

We show that L¢ € nry. Note that Lel§ = Supaen,, jaj<1 Leaa®L¢. We have L¢a € nyy and [ca=Lea=¢a
by the definition of L¢. This shows that

Tr(Lile) = Tr(Lelg) = sup  Tr(Leaa"Li) = sup  [€al3rr < sup  [€[*]al® <]

aenty, [laf<1 aenty, [laf<1 aenty, [laf<1
So L¢ e nr. The equation Iiga = £a for all a € n1, implies that EE = &. This finishes the proof of the
proposition. O

Here's an auxiliary result that we use frequently in L2-space of von Neumann algebras. Before we show
its proof, recall the parallelogram identity

1
SUg+nl + 1€ =nl*) = [€]* + In]*,

which holds in C? and hence in every Hilbert space.

Proposition 2.1.6. Let H be a Hilbert space and C c H a closed convex set. Then there is a unique
element of minimal norm in C.

Proof. Let £ = infgec |€] and take a sequence (£,), in H such that |x,| - £ as n — oco. The fact that
C is convex together with the parallelogram identity implies that

1 1 1
£ < 560+ EmI = Sl + €ml®) - 5 1n - Eml?.

As L(|&4]% + |€m]?) converges to €2 when n, m — oo, we conclude that (£,), is a Cauchy sequence.
Denote by £ € C the limit of (£,),, which satisfies |£]| = £.

If £ m e C satisfy [£]| = ||n| = ¢, then

1 1
<56+ em= £ Zl6 - <

shows that £ = 1. This finishes the proof of the proposition. ]
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2.2 The J-operator

Proposition 2.2.1. Let M be a von Neumann algebra with normal semifinite faithful trace Tr. The
map nT, 3 X = X* extends to a conjugate linear isometric involution J of L2(M, Tr).

Proof. From the tracial property Tr(x*x) = Tr(xx*), it follows that J is | [27-preserving. So it
extends form the dense subset n, c L2(/\//, Tr) to a well-defined conjugate linear map J: L2(M, Tr) -
L>(M, Tr). Since (x*)* = x for all x € M, we have J2 = id, so J is an isometric involution of
L2(M, Tr). ]

Theorem 2.2.2. Let M be a von Neumann algebra with normal semifinite faithful trace Tr. The J
operator satisfies JMJ = M' c B(L>(M, Tr)). Further, x°P v Jx*J defines an isomorphism M°P = M'.

2.3 Modules over von Neumann algebras

Definition 2.3.1. Let M be a von Neumann algebra. A left M-module is a Hilbert space H with a
normal *-homomorphism M — B(H). We write p, to indicate that H is a left M-module. A right
M-module is a Hilbert space ‘H with a normal *-antihomomorphism M — B(#), that is a normal
C-linear antimultiplicative map which respects the *-structure. We write H, for a right M-module.

Example 2.3.2. If M is a von Neumann algebra with faithful semifinite normal trace, then L2(M, Tr)
is a left M-module and a right M-module. Further, £2(N) ® L>(M) is a both a left and a right M-
module and if p € B(£(N)) ® M is a projection, then also p(¢2(N) ® LQ(M))p is a left M-module and
p(€2(N) ® L2(M)) is a right M-module.

Theorem 2.3.3. Let M be a tracial von Neumann algebra. If y H is a countably generated left
M-module, then there is a projection p € B(£?(N))®&M such that yH = (¢(N) L2(/\//))p. If Hp
is a countably generated right M-module, then there is a projection p € B(£2(N))®M such that
Hu 2 p(L(N) e 2(M)),,.

In order to prove this theorem, we will make use of the existence of bounded vectors in any M-
module, that is denoting by /A a left M-module, then there is a dense subspace °# < # such that
Re: M — H 3 x = x§ extends to a bounded map L2(M) - H. (Here R¢ stands for “right multiplication
with £"). A proof of this fact lies unfortunately beyond the scope of this course.

Proof of Theorem 2.3.3. Let us first reduce to the case of left M-modules. If H,, is a right module,
then x€ = £x* defines a left M-module structure on the conjugate Hilbert space 7. In a similar way we
can pass from left to right M-modules, establishing a bijection between the set of countably generated
left M-modules and countably generated right M-modules. In particular, the yL2(M) = 2(M),, and

more generally (€2(N) ® L2(M))p = p(¢2(N) ® (M) ) .

Let \yH be a countably generated left M-module. Let (V,,), be a maximal family of non-zero M-linear
partial isometries V, : L>(M) — H with pairwise orthogonal images V,L2(M) = KC,,. If @, K, # H, then
we can take a bounded vector £ in its orthogonal complement C, which is an M-submodule of H.
Denote by V' the partial isometry in the polar decomposition of the bounded operator R : LQ(M) - K.
Then VI2(M) < K is orthogonal to all (K,), and V is M-linear, since R¢ is M-linear. This contradicts
maximality of the family (V,,), hand hence shows that H = @ KC,. Since H is countably generated, the
family of its pairwise orthogonal non-zero subspaces (K,), is countable. If there it is a finite family, we
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may simply drop the non-zero assumption on all (V,,), and complete it to a countably infinite family.
We identify this family’s index set with N. Define a map W = @®,,en Vi :ZQ(N)®L2(M) — H, which is an
M-linear coisometry. Since W is M-linear, its support projection lies in (1&M)'n(B(£2(N))®L>(M)).
Using the fact that M’ nB(L2(M)) is antiisomorphic with M, we obtain a projection p € B(£2(N))&M
and an M-linear unitary between (£2(N) ® L>(M))p - H. This finishes the proof of the theorem. [J

2.4 Jones’ basic construction

One important technical tool in von Neumann algebras is Jones’ basic construction, which implements
a conditional expectation E: M — B as conjugation by a projection eg ¢ L2(/\/l) satisfying egxep =
E(x)eg. As for the group-measure space constructions, we proceed in an axiomatic way.

Definition 2.4.1. Let B ¢ M be an inclusion of tracial von Neumann algebras and E : M — B the
trace preserving conditional expectation. Then the basic construction of B ¢ M is a von Neumann
algebra (M, eg) such that

° /\//C(M,GB>

there is a projection eg € (M, eg),

e (M, eg) is generated by M and eg,

egxeg = E(x)eg for all x e M, and

there is a faithful normal (unbounded) trace Tr on (M, eg) satisfying Tr(xegx*) = T(x*x) for
all x e M.

Theorem 2.4.2. The basic construction exists and it is unique up to isomorphism preserving M and
eg and the unbounded trace.

Proof. Consider M c B(L?(M)) and let eg : L2(M) — L2(B) be the orthogonal projection. We show
that M := (M u{eg})” is the basic construction. By definition M ¢ M and eg € M. Further M
is generated by M and eg. For x € M, the element egy € L?(B) is uniquely determined by its scalar
products with ¥, for y € L>(B). We obtain for xe M, y € B

-

(es%,9) = (%.9) =7(y"x) =7(Es(y"x)) = 7(y", Es(X)) = (E&(X). ¥)

This shows that egx = Eg(x) for all x e M.

If x,y e M, then

egxesy = eaxEg(y) = (Es(xEs(¥)))" = (Es(x)Es(¥))" = Es(x)esy

So egxeg = Eg(x) for all x e M.

It remains to show that there is a faithful normal trace Tr on M satisfying Tr(xegx™) = T(x*x) for
all x e M. To this end not that M’ = JMJn{eg}' = JBJ. By Theorem 2.3.3, we find an isomorphism
U:L2(M)g - p(£3(N) ® L2(B))B. We may assume that U(1) = 6; ® 1 € £2(N) ® L(B) and hence
p>e ®1. Note that U= egU* = e; ® 1. The faithful normal trace Trp Ny ® T5 On B(£2(N))® B =
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B(£?(N)®L?(B))nJBJ restricts to p(B(¢*(N))®B)p = UMU*. Define Tr = (Trp(ny ®75) o (Ad U).
Then

Tr(xegx™) = Tr(egx*xeg)
=Tr(Eg(x"x)eg)
=(Tremny ® T8) (61 ® Eg(x*x))
= T5(Es(x"x))

=T7(x*x).

This proves existence of the basic construction.

We only sketch a proof of the uniqueness statement in the Theorem. Let (M, eg) be a basic con-
struction for B ¢ M. On the subset nt, > MeM, we can define a non-degenerate inner product
by

(x,y)=Tr(y"x)

On the subset MegM c nTy, which is dense with respect to the induced Hilbert norm, we have

(xesy. zega) Tr((zepa)* (xesy)) = T(va"Es(2°X)).,

for x,y,z,a e M. This only depends on the properties of Tr and not on the particular realisation
of (M, eg). Denoting the Hilbert space completion of ny, with respect to this inner product by
L>((M, eg), Tr), we can represent (M, eg). On the dense *-subalgebra MegM, this representation
does not depend on concrete realisation of (M, eg), which suffices to prove its uniqueness. Since the
Tr is characterised by a relation between (M, T) and eg, we see that it is also unique. O

2.5 Bimodules

Definition 2.5.1. Let M, N be von Neumann algebras. An M-N-bimodule is a Hilbert space ‘H with
a normal *-representation A : M — B(#) and a normal *-antirepresentation p: N — B(?) such that
[A(x),p(y)]=0forall xe M, yeN.

Example 2.5.2. e Let M be a tracial von Neumann algebra. Then L>(M) is an M-M-bimodule
equipped with the actions xyz = Xyz for all x,y,z € M. We use the fact that, if 7 denotes the
trace of M, then

lyzl3=7((v2) yz) =7(z*y*yz) = (yzz*y*) < |22* | T(yy") = | 2|?| ¥ I3
e More generally, if A, B c M, then L?(M) is an A-B-bimodule, after restricting the left and right
action of M.

e If I"is a discrete group and 7 : " — U(Hy) is a unitary representation of I, then H, ® £2(I") is
an L(I")-L(I")-bimodule with left and right action induced by m® A and 1 ® p. It is necessary to
invoke Fell's absorption property to see this.

Proposition 2.5.3. Let M be a tracial von Neumann algebra and A,B ¢ M. Then p — pLQ(I\//)
establishes a one-to-one correspondence between projections in (M, eg) n A" and A-B-subbimodules
of L2(M).
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Proof. There is a one-to-one correspondence between closed subspaces of LQ(M) and projections in
B(L2(M)) given by p = pL?(M). If pe (M, eg)nA" = (JBJ' nB(L2))nA’, then p is an A-B-linear map,
and hence pl?(M) is an A-B-subbimodule of L>(M). Vice verse, if pL?>(M) is an A-B-subbimodule of
L2(M) for some projection p € B(L2(M)), then for all ¢ e (M) and all a€ A, be B, we have

apg = papg
JbJp€ = pJbJpk.

This shows that ap = pap and JbJp = pJbJp for all ae A, be B. So pe B(L>2(M))nA'nJBJ =
(M, eg)n A O

The next proposition shows that we have a good notion of dimension for bimodules of tracial von
Neumann algebras. This will be fixed in Definiton 2.5.5.

Proposition 2.5.4. Let M be a tracial von Neumann algebra and ,,cH a countably generated left
M-module. Picking an M-module isomorphism H = (£2(N) ® L2(M))p with p € B(£2(N))®&M as in
Proposition 2.3.3, the number (Tr ® T)(p) does only depend on p,cH.

Similarly, if Hyy is a countably generated right M-module, then the number (Tr ® T)(p) for an M-
module isomorphism H = p(£2(N) ® L2(M)) does only depend on H.

Proof. It suffices to prove the statement for left M-modules only. Let U : (£2(N) ® L>(M))p —
(¢2(N) ® L2(M))q be a isomorphism between the two left M-modules defined by p, g € B(L*(N))®M.
Then U is a partial isometry in B(£2(N) ® L2(B)) n B' = B(¢*(N))®JBJ with support projection JpJ
and image projection JgJ. In particular, we get

(TreT)(p) =(TreT)(JUUJ) = (TreT)(JUU*J) = (TreT)(q) .
This finishes the proof of the proposition. L]

Definition 2.5.5. Let M be a tracial von Neumann algebra and let y,H be a countably generated left M-
module. The number (Tr® 7)(p) for an M-module isomorphism H = (¢2(N))p with p € B(£2(N))®@M
is called the (left) dimension of p,H. It is denoted by dimp,_ H.

If Hpy is a countably generated right M-module and H = p((¢2(N)) ® L>(M)) with p e B(¢2(N))®M,
then (Tr® 7)(p) is called the (right) dimension of H, and we denote it by dim_p H.

If both M, N are tracial von Neumann algebras and A is an M-N-bimodule, then (dimp,_ H-dim_y )/
is called the index of H.

Remark 2.5.6. A finite dimensional module does not need to be finitely generated. However, for
modules over factors this is true.

Let for example f be a measurable integer valued integrable and unbounded function on [0, 1]. Choose
projections p, of rank nin B(£2(N)). Let p € L*([0,1])®B(£2(N)) be defined by p(t) = p, if f(t) = n.
Then (L2([0,1]) ® £2(N))p is a finite dimensional L*°([0, 1])-module, but it is not finitely generated.

Proposition 2.5.7. Let M, N be von Neumann algebras and assume that M is tracial. If \/Hy Is a
non-zero M-N-bimodule of finite left dimension, then H contains a non-zero M-N-subbimodule that
is finitely generated as a left module. Similarly, every non-zero N-M-bimodule of finite right dimension
contains a non-zero N-M-subbimodule that is finitely generated as a right M-module.
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Proof in the case M is a factor. It suffices to consider the case of an M-N-bimodule ,Hp of finite left
dimension. We assume that M is a factor and prove that H is finitely generated as a left M-module.

Assume that M is a factor and write H = (¢2(N) ® L>(M))p for some non-zero projection p ¢
B(£?(N))®M that satisfies (Tr ® 7)(p) < co. Since M is a factor, also B(£?(N))®M is a factor.
Take n> (Tr®T)(p). The projection py : £2(N) - £2({0, .. ., n-1}). Wehave p<p,®lorp>p,®1
by Proposition 1.5.19. Since (Tr® T)(pr,® 1) =n>(Tr® 7)(p), we conclude that p<p,® 1. So H
is isomorphic with a M-subbimodule of C" ® L2(M). Clearly, M(C” ® L2(/\/l)) is finitely generated as a
left M-module. Further, if K < C"® L2(M) is any M-submodule, then there is an M-linear projection
of from C"® (M) onto K. The image of a finite generating set of C" ® L?( M) under this projection
is a finite generating set for /. This finishes the proof in case M is a factor. ]

Remark 2.5.8. The proof of the general case uses the centre valued trace Ez : M — Z(M),
which is by definition the trace preserving conditional expectation onto the centre. Write p/Hy =
(¢2(N) ® L2(M))p for some finite trace projection p € B(¢2(N))®M and a unital *-homomorphism
N — p(B(£2(N))&M)q. Writing Z(M) = L*(X) and applying Tr® Ez to the finite trace projection p,
we obtain an integrable element over X. We can cut this element by a suitable projection in L*°(X) to
obtain a non-zero bounded function. Cutting p by the same projection in L*°(X'), one can prove that
the resulting associated left M-module is finitely generated and it remains an M-N-bimodule in fact.
However, we did not develop the necessary extension of comparison of projections from Proposition
1.5.19 in order to actually prove this.

We finish this section by linking the notion of dimension to Jones’ basic construction.

Proposition 2.5.9. Let M be a tracial von Neumann algebra and B ¢ M a von Neumann subalgebra.
Let p e (M, eg) be a projection. Then the dimension of the right B-module pL?(M) equals Tr(p).

Proof. First note that pL?(M) is indeed a right B-module by Proposition 2.5.3 (disguised as a C-B-
bimodule). Let U:12(M) - g(¢2(N) ® L>(B)) be a B-module isomorphism, which satisfies as in the
proof of the existence of (M, eg) in Theorem 2.4.2 the property Tr = (Trpy ® T) o (AdU). Then

Tr(p) = (Treny @ T)(UpU*) = dim_g UpU*q(£*(N) ® L*(B)) = dim_g pl>(M) .

2.6 Proof of Popa’s intertwining theorem

Theorem 2.6.1. Let A, B c M be von Neumann subalgebras of a tracial von Neumann algebra. Then
the following two statements are equivalent.

(i) There is no sequence of unitaries (up), in A such that for all a, be M we have |Eg(aunb)||> = 0
(ii) There is a non-zero element x € ((M, eg) n A")* which has finite trace.
(iii) There is an A-B-subbimodule sHg c L>(M) which has finite right dimension.

(iv) There is a projection p € M,(C) ® B, a non-zero *homomorphism ¢ : A - p(l\/ln(C) ® B)p and
a non-zero partial isometry v € (Ml,n(C) ® /\/I)p such that vep(a) = av for all a e A.
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If either of the conditions of this theorem is satisfies, we say that a corner of A embeds into a corner
of B inside M and we write A <y B.

Proof. We prove (i) = (ii) = (iii) = (iv) = (i).
Assume that (i) holds. Then there is some € > 0 and some finite subset F ¢ M such that for all
uel(A) we have

H > EB(Xuy*)H22£.
X, yeF

Consider in L>({M, eg), Tr) the set

C=conv! m{ S ux*egyu*|uelU(A)}.
X, yeF

Since | [2,7v is finite and bounded on conv{}, ,cr ux*egyu” |ueUU(A)} , we see that Cisa | |2 1:-
closed subset of L2({M, eg), Tr). So Proposition 2.1.6 says that there is a unique element m e C of

minimal | |27 In particular, Tr(m*m) < co. We have
Tr(( Y. ux*egyu*)( Y. z'ega))=Tr( > epaux*egEg(yu*z"))

x,yeF z,aefF X,y,z,aeF

=Tr(Es( ), xuy)egEg( ), xu*y™))
X,yeF X, yeF
= |Es( ) xuy)|3
X, yeF

>€,

which shows that also

Tr(m( ZFx*eBy)) >€.

So m# 0. Further, uCu* = C for all u € U(A) implies that m e (M, eg)nA". So m*me ((M, eB)mA’)+
is a non-zero element of finite trace. This proves (ii).

Now assume that (i) holds. Let x € ((M,eg) n A’)" be a non-zero element with finite trace. Take

€ >0 such that 0 # p =1, y(x). Then p((M, es) ﬁA’)+ and p < %x implying that it has finite trace.
According to Proposition 2.5.9, the A-B-bimodule pl?(M) has right dimension dim_g(pl?(M)) =
Tr(p) < oo. This proves (iii).

Let us now assume (ii) and let K < 4l2(M)g be an A-B-bimodule of finite right dimension. By
Proposition 2.5.7, we may assume that K is finitely generated as a right B-module. We obtain a normal
unital *-homomorphism ¢ : A - p(M,(C) ® B)p and an isomorphism V : (p(A)p(C” ® LQ(B))B - I of
A-B-bimodules. Consider the vectors ¢ := V(p(8; ® 1)) € L>(M). They satisfy for ac A
agj=av(p(é®1))
=Vep(a)(§;®1)

= Z V(6 ® mji)
J

= ZEJ‘P(Q)J'/-
J
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If we set € =Y e1;®¢& € My, ® L2(M), then this implies

€p(a) = (eri®&i)p(a) = ey ®&ip(a)y = ) e ®ag; = ag,
1J J

for all a € A.

Using a generalisation of the polar decomposition from Proposition 1.5.16, we obtain a decomposition
¢ = v|¢| for the vector € € My ,(C) ® 2(M) c L2(M,(C)® M), where [¢] e 2 and ve Min(C)eoM
is a partial isometry. Using a uniqueness argument for the polar decomposition, we obtain av = vp(a)
for all ae A. In particular, v=vpe (l\/lly,,(C) ® M)p. This proves (iv).

Assume (iv) and ¢ : A — p(M,(C) ® B)p be a non-zero *-homomorphism and v € My ,(M)p be a
non-zero partial isometry satisfying vip(a) = av for all ae A. If (up), is a sequence of unitaries in A,
then considering matrices over M, we have

Es(vupv) = Eg(vive(un)) = Es(v'v)e(un),
showing that matrix elements of Eg(v*upv) do not go to O in | |2. This shows (i). ]

Lemma 2.6.2. Let Ac M be a Cartan subalgebra in a finite factor. If p, g € A are non-zero projections,
then there is a unitary u € Ny (A) such that upu*q # 0.

Proof. Denote by z = V enr,,(a) upu™ the smallest projection in A containing all My (A) conjugates of
p. Then z is Ny (A)-invariant and hence central in the factor M. It follows that z = 1. In particular
zq # 0, implying that there is u € N (A) such that upu*q +0. ]

Theorem 2.6.3. /f M is a finite factor and A, B ¢ M are Cartan subalgebras, then A <y B implies
that there is a unitary u € M such that uAu* = B.

Proof. It remains to show that if A, B ¢ M are Cartan subalgebras of a finite factor, then A < B
implies that there is a unitary u € M satisfying uAu* = B.

We first prove that there is a non-zero partial isometry v € M such that (a) v*ve A, (b) vv* e B,
and (c) v*Avc B. Let pe M,(C)® B be a projection, ¢ : A - p(M,(C) ® B)p a *-homomorphism
and v € (I\/Ilyn(C) ® M)p a partial isometry satisfying vp(a) = av for all ae€ A. We may assume that
@ is unital. Since @(A) c M,(C) ® B is an abelian subalgebra, it can be conjugated into C" ® B. In
particular, p € C" ® B and we can cut down by a rank one projection in C” in order to assume that
n=1.

Put e := vv*. Now avv* = vp(a)v* = vv*a, shows that e e AnM = A Let f := v*v. Then
fep(A)Y npMp. Further f(o(A) npMp)f = v (A" neMe)v =v*Av is abelian, which uses the fact
that e € A. We use a slight extension of Theorem 1.5.21: the projection f is abelian in @(A)" npMp,
generalising the notion of minimal projections to not necessarily factorial von Neumann algebras. An
extension of considerations made in the proof of Theorem 1.5.21 shows that there is a projection
f' € pB such that f ~ f’, that is, there is a partial isometry w € @(A)" n pMp such that ww = f
and w*w = f’. Now vw is a non-zero partial isometry in M such that suppvw = w*v*vw = w*fw =
f' e Bp and imvw =imv € A. Further (vw)p(a) = vp(a)w = a(vw) for all a € A. This implies
(vw)*A(vw) = f'p(A) c B.

Let (v;) be maximal family of partial isometries in M such that v v; € A are pairwise orthogonal,
viv;" € B are pairwise orthogonal and v;Av;* c B for all /. If 3; v'v; # 1, then also 3 ; v;v;" # 1, since M
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is finite. Write r=1-3%;vv;and s =1-Y,v;v". By Lemma 2.6.2, there are unitaries v € Np(A) and
w € Ny(B) such that uru*suppv # 0 and w*sw(vuru*v*) # 0. Then swvur is a non-zero partial
isometry whose support projection lies in A and is contained in r and whose image projection lies in
B and is contained in s. This contradicts maximality of the family (v;);. So u:=3;v; is a unitary in
M satisfying uAu* c B. Since uAu* is maximal abelian in M and B is abelian, we have uAu* = B in
fact. This finishes the proof of the theorem. O
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3 A rigidity result

In this section we are going to give examples of actions I ~ (X, i) which to a certain extend can up
to orbit equivalence be recovered from their group-measure space von Neumann algebras. This will
give rise to examples of non-isomorphic group-measure space constructions.

3.1 Completely positive maps

Definition 3.1.1. Let M, N be von Neumann algebras. A linear map ¢ : M — N is called completely
positive (abbreviated “cp map”), if all amplifications p ® id : M ® M,(C) > N ® M,(C) are positive
maps. If ¢(1) =1, then g is called a unital completely positive map (abbreviated “ucp map”).

Example 3.1.2. e Every *~homomorphism between von Neumann algebras is completely positive.
e Every positive functional on a von Neumann algebra is a completely positive map.

o If McB(H) and T € B(H), then M > x+— TxT* is a completely positive map.

The next two propositions show that the previous examples suffice to describe all normal trace pre-
serving ucp maps between von Neumann algebras.

Proposition 3.1.3. Let M, N be tracial von Neumann algebras and let ¢ : M - N be a normal trace
preserving ucp map. Then

(x®& yen):=(p(y x)&mn)
defines an inner product on M ® 4 L>(N). The completion of M ® 54 L2(N) with respect to this inner
product is an M-N-bimodule with generating vector £, =1 ® 1. This vector has the property that

(x€py. &) = T(@(x)y)

for all xe M and y € N. In particular,
(X6, &p) = T(X), (Cpy . €o) =T(¥)-

Proof. We first show that (x®&, y®n) = (p(y*x)&, m) defines an inner product on M ®,4 L2(N). Itis
clear that it is sesquilinear, so we only have to show positive definiteness. Let .7 ; x®&; € M®,)q L2(N)
be a vector, written in such a way that &7, ..., &, are pairwise orthogonal. Consider the amplification
Yn:M&M,(C) > MeM,(C), which is positive by assumption. So the element

*

0 - x5 0 - 0 0 - 0 0 - 0

©n((X7x)ij) = @n( : = n(
O Xn X]. Xﬂ X]. Xf'l X]. Xn

is positive. We obtain that

(ZX,' ®¢&, ZX/ ®&i) = > (0(xx)&j. &i) = (@n((XX)i j) Z&' ®0;, ZS/ ®0;) >0,

iJ

where 01, ..., 0, denotes the standard basis of C". This proves positive definiteness. Denote the
completion of M ®,y4 L2(N) with respect to this inner product by H,.
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For me M, ne N we have

[mx @ &n[|? = (@(x*m*mx)én, &n)
< |m*ml[(p(x*x)én, én)
= [mIP(e(x*x)2¢n, o (x*x)2¢n)
< [mIP (e (xx)Y2¢, o(xx)2¢)
= ImI?In?|x @ €]?.

So the natural representations of M and N on H are bounded. Further, putting £, :=1® Te Hyp, we
have

(x€py. &p) = (0(x)7. 1) = T(0(x)y).
In particular,

(x€p. o) =T(0(x)) =7(x),  (§py.&p) =T(0(1)y) =7(y),

since g is trace preserving and unital. This also proves that the representations of M and N on H,,
are normal. ]

Proposition 3.1.4. Let M, N be tracial von Neumann algebras and H an M-N-bimodule with a vector
& € H such that for all x e M, y € N we have

(€& =1(x), (& =7().

Then € is a bounded vector for N and considering M c B(H), the map x — LixL¢ defines a normal
trace preserving ucp map ¢ : M — N.

Proof. For y € N we have
[y = (€yy™ &) = T(vy™) = lv]5.

showing that £ is bounded for N and L¢ is isometric. For x e M, y, n1, n> € N we have

(JyJLnggﬁl, fin) = Lnggﬁl, nay*)

(
= (xLehy, Lemoy™)
= (x€ny, Enoy™)

(

= (LixLeJyJin, fo).

This shows that (AdL{)(M) c JNJ n B(L2(N)) = N. So considering M c B(H) we can define ¢ =
(AdL¢) : M — N. Itis clear that ¢¢ is a normal completely positive map. Further, p¢(1) = LiLe =1,
since L¢ is isometric. So ¢ is unital. Finally, for all x € M, we have

T(Lngg) = (Lnggi, 1) = (x¢,€) = 7(x),
showing that ¢ is trace preserving. This finishes the proof of the proposition. ]

Definition 3.1.5. Let M, N be tracial von Neumann algebras. If ¢ : M - N is a normal trace preserving
ucp map, then we denote by &, € H,, the M-N-bimodule with distinguished vector associated with ¢
by Proposition 3.1.3.

If H is an M-N-bimodule with a generating tracial vector £ € H, then ¢, denotes the normal trace
preserving ucp map ¢ : M — N associated with £ € # by Proposition 3.1.4.
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Summarising Propositions 3.1.3 and 3.1.4, we obtain the following correspondence between ucp maps
and bimodules.

Theorem 3.1.6. Let M, N be tracial von Neumann algebras. The assignment ¢ — (Hy,&p) with
inverse (H,€&) = @¢ is a one-to-one correspondence between

(i) normal trace preserving ucp maps @ : M - N, and

(i) M-N-bimodules H with a fixed generating tracial vector £ € H.
Proof. \We have to show that (i) @¢, = ¢ and (i) (He,, Ep,) = (H.€). Let xe M and y € N. Then

T(pe, (x)y) = T(Lg, xLe,y)
= (ngngwyi, 1)
= (x€pY, &p)
=7(p(x)y).

using Proposition 3.1.3 for the last equality. This shows (i).

Calculating in Hy,, we obtain for x € M and y € N that

Ix® 9| =

So M®L%(N) 3 x® ¥+ x€y € H extends to a unitary between Hy, and H. It is clear that this unitary
intertwines the M and the N action and that it maps 1 ® 1 to £&. This proves (ii). O

3.2 Positive type functions

Definition 3.2.1. Let X be a set and ¢ : X x X — C a kernel on X. We say that ¢ is of positive type,
if for all A1,..., ApeCandall xq,..., X, € X we have

n —
Z >\,‘>\J‘(,0(X,',XJ') >0
i1

Let I be a discrete group. A function ¢ : I — C is called of positive type, if (g, h) = @(h™1g) is a
kernel of positive type on ['. More explicitly, ¢ is a function of positive type if for all A1, ..., ApeC
and all g4, ..., dn € we have

n JE—
> ANe(gitgi) 2 0.
i1

We call ¢ normalised if p(e) = 1.

The next theorem gives an analogue of the GNS-construction for kernels and functions of positive
type.
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Theorem 3.2.2. Let @ : X x X - C be a kernel of positive type on a set X. Then there is a Hilbert
space H and a map £ : X - H: x = £ whose image generates H such that

o(x,y) = (. &)

for all x,y € X.

Conversely, if € : X — H is a map into a Hilbert space whose image generates H, then (x,y) = (éx.&y)
is a kernel of positive type on X. So there is a one-to-one correspondence between

e Kernels of positive type on X, and

e maps X - H whose image generates H (up to unitary conjugacy).

Let ' be a discrete group and @ a function of positive type on . Then there is a cyclic unitary
representation (H, &) of I such that

©(g) = (9€.€)
forall gel.

Conversely, if (H,&) is a cyclic unitary representation of I, then g — (g€,&) is a function of positive
type on . So there is a one-to-one correspondence between

e Positive type functions on I', and

e cyclic unitary representations of I (up to unitary conjugacy).

Proof. Let X be some set and ¢ : X x X — C be a kernel of positive type. On CX define an sesquilinear
form by

(0x,0y) =w(x,y).
This defines an inner product, since we have
n n n o
(D Nib, Do NiBx) = > Aihjo(xi, %) >0,
i=1 i=1 ij=1

for all elements Y7 ; Aj0x, € CX. After separation-completion we obtain a Hilbert space H and a map
£: X = H:xw &, =0y satisfying

o(x,y) = (. &)
for all x,y € X. Note that H is generated by the image of £.

If £: X - H is some map into a Hilbert space, then reversing the previous calculation, we see that
(x,y) ¥ (0x, ) is of positive type.

Now assume that I is a group and ¢ is a function of positive type on ['. We obtain a Hilbert space H
and a map £: T — H whose image generates H and such that

(h™g) = (£q.€n),

forall g, hel. For gel, the rule g€ := {45 defines a unitary representation of [ on H, since

(€gn. €gk) = ©((gk) T gh) = 0 (k™ h) = (€n, €k)
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forall h,kel. Let £:= €. Then £ is a cyclic vector for the representation of ' on H. Further, for all
gel, we have

©0(9) =(£q.€e) = (9€.€).

If (H,&) is a cyclic unitary representation of I', then we can apply the first part of the theorem to the
map [ — H: g~ g&. We obtain that (g, h) — (g€, h€) is a kernel of positive type, which implies that
g~ (g€, &) is a function of positive type on I O

The following proposition proves some useful permanence properties for positive type functions.

Proposition 3.2.3. Let @, Y be either kernels of positive type on a set X or functions of positive type
on a group I'. Then the following kernels/functions are again of positive type:

e typ forallt >0,
e o+, and
o - 1.

Proof. We only need to consider kernels of positive type. Further, the only non-obvious claim is that
products of two kernels of positive type is a kernel of positive type. By Theorem 3.2.2, there are maps
into Hilbert spaces £ : X - H and n: X - K satisfying ¢(x,y) = (£x,€y) and ¥(x,y) = (nx, ny)-
Considering the tensor product H ® K, we see that

(x.y) = {€&x®nx, & @My ) = (X, y)P(x,y)
is a kernel of positive type on X. L]

Proposition 3.2.4. Let [ ~ X a pmp action and let ¢ : I — C be a normalised positive type function.
There is a well-defined normal L*°(X)-bimodular ucp map & : L°(X) x I - L=°(X) x [ satisfying
®(ug) =p(g)ug forall geT.

Proof. We first reduce to the case where X is a point. Assume that there is a trace preserving ucp
map @ : L(I") — L(I") such that ®(uy) = @(g)ug for all ge . Let [ ~ X be a pmp action. Inside
(L>(X) xM)®L(I") consider L>*(X) ® 1 and the elements ug ® ug. They satisfy the abstract charac-
terisation of the group-measure space construction of Definition 1.4.17. Hence by Theorem 1.4.21,
there is a unique *-homomorphism A : L*°(X) x [ — (L>(X) = N)®L(l") satisfying A(f) = f® 1 and
A(ug) =ug®ug forall f e L°(X) and all ge . The map id@® is A(L*(X))-bimodular and it satisfies

(id® ®)(A(ug)) = (id® P)(ug ® ug) = p(g)(ug ® ug) = v(g)A(ug) -

In particular, id ® ® preserves A(L>(X) ). So we can restrict id® ® to a trace preserving ucp map
O LX) = - L=(X)xT. Now @ is L*(X)-bimodular and it satisfies ®(ug) = ¢(g)ug. This finishes
the proof under the assumption that ¢ exists.

Theorem 3.2.2 gives a cyclic representation 7 of ' on a Hilbert space H with cyclic vector £ satisfying
(m(9)€,€) = w(g). By Fell's absorption property from Theorem 1.4.15, the representation ™ ® A of
I on H®¢2(I) extends to a representation of L(I'). The right regular representation id ® p, then
defines the structure of an L(I")-L(I)-bimodule on H ® £2(T"). Note that the vector £ ® §. is tracial
and generating. So Proposition 3.1.4 says that there is a normal tracial ucp map ¢ : L(I') - L(I)
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defined by ug = Ad(L{gs, )(m(g) ® Ug). In order to determine ®(ug), it suffices to calculate ®(ug)de.
For all hel, we have

(®(ug)de, dn) = (L§®5e (m(g9) ® Ug)'—f@éeée, on)
=((m(9) ® ug)Lews.Oe: Lews,On)
=((m(9) ® ug)(§ ®e), £ ® )
=(m(9)€.€){g. n)

=0g,n(9) -

This implies that ®(ug) = ¢(g)ug, finishing the proof of the proposition. O]

3.3 The Haagerup property

The aim of this section is to introduce the Haagerup property and show that free groups of finite rank
do have this property. We will finish, by showing how the Haagerup property of a group I is reflected
in a group measure space construction L*°(X) = .

Definition 3.3.1. A group I is said to have the Haagerup property, if there is a sequence of positive
type functions @, : ' - C such that ¢; € Co(I") for every i and ¢; — 1 pointwise.

Recall that the free group F, of rank n is the set of (possibly empty) reduced words in letters

X1, Xn, ><1‘1 ..... X,;l with the product defined by concatenation and successive reduction (i.e. delet-

ing possible appearances of x,-x,-‘1 and x,-‘lx,-). Consider the graph T whose set of vertices is F, as a
set of vertices of a graph, and with edges (g, gx;) for g € F,. Then T is a 2n-regular tree, on which
F, acts by left multiplication. T is called the Cayley graph of F,.

Theorem 3.3.2. For every ne N, the free group F, has the Haagerup property.

Proof. Consider the action F, ~ T on its Cayley graph. Denote by p the root of T and by E(T) the
set of edges of T. Then

1 ifeelp gp]
b(g)(e)=1-1 ifee[p gp]
0 otherwise

defines a function b: F, - £2(E(T)). We have

Ib(g) - b(h)[* = EE(:T) [b(g)(e) ~ b(h)(e)[ = 2|[gp. ho]| = 2d(g. h).

where d(g, h) denotes the distance between g, h € F,. We check that
b(gh) = gb(h) + b(9g) ,

for all g, h € F,. The path first running through [p, gp] and then [gp, ghp] crosses all edged from
[p, ghp] and additionally crosses all edges from [p, go] N [gp, ghp] in both directions. We obtain that

bgh)= 3 Ge-bc= Y be-0s+ 3 be—06s=0b(g)+gb(h).

e€[p.ghp] ee[rho,gp] e€[gp.ghp]
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So b:F, — £2(E(T)) is a 1-cocyle. In particular, it satisfies b(g™*) = —g~1b(g) for all g € F,,. This
implies that

[b(g7 h) | = 16(g™") + g7 b(h)] = |g~"b(h) = g7"b(g)]| = [b(h) - b(9)]
for all g, h e Fa. We use next the formula |xi —n[* = [€]* + [n]* - 2Re(€, n), which for element €,

in every Hilbert space. For all A1, ..., MpeCandall gq,..., gn € Fn, we have
n _ n
> AN (1€ 17+ [6(g)I1? = 16(gi) = b(g)IP) = D> 2Re(Xib(gi), Ajb(g)))
ij=1 ij=1
C 2
=2[ > Nib(g)|
i=1
>0.

So (g, h) = |b(9)|? + [|Ib(h)|? - |Ib(g) — b(h)|? is a kernel of positive type on F,. Since products of
kernels of positive type are again kernels of positive type by Proposition 3.2.3, this implies that
(g, h) o> D@+ P-Ioa)-b(MI _ 5 (b(9)[* +[bCh)[* - [16(g) - b(h)|*)*
keN k!
is a kernel of positive type on F,. Again take A1, ..., MeCandag,..., gn€F,. Then

n n
S Age UB@I+Ib@)) _ | § 5 e Ib@PR 5 o,
ij=1 i=1

So
(g, h) o~ (Ib(a) 2 +]b(h)]?)

is a kernel of positive type on ['. We conclude by Proposition 3.2.3 that
(g,h) — o I16(h™19) [ _ o=lIb(M)=b(9)[* _ olIb(9) P +]b(h)I2~]b(h)~b(9)|* o= (b(9) >+ b(h)[?)

is a kernel of positive type. This means that g — e~ 16(D)I* is 3 function of positive type on F,,. Replacing
b by t'/2b for some t > 0 in this argument, we obtain that that all the functions @¢(g) = e tIb(@1*,
g € F, are of positive type. We have ¢;(g) - 1 as t — 0 for all g € F,. Further, [b(g)| = oo if g — o0
implies that for all t € (0, 00) we have ¢:(g) - 0 as g — oco. This shows that F, has the Haagerup
property. O

Proposition 3.3.3. Let [ ~ X be a pmp action and let ¢; : I — C be sequence of normalised
positive type functions converging to 1 pointwise. The normal ucp maps L*°(X)-bimodular maps
G L°(X) x> L (X) x [ satisfying ®;(ug) = pi(g)ug converge to id pointwise in | |-.

Proof. Let x = ¥ g4er Xglg an element in the unit ball of L*(X) x . Then ®;(x) = ¥ ger 0i(9)XqUg-
Let € > 0 and take F c I finite such that ¥ g [xg]3 < €. For all i satisfying |i(g) - 1] < €/|F| for
all g € F, we have the estimate

[i(x) = x[3 = 3 [ (9i(9) - 1)xql3

gel
=2 1wi(9) - Dxgl3+ 3 (wil9) — 1) [xgl3
eF gel\fF ~—m———
<Ix|Pe/|F] <2
< |FlIx|1%e/IF| +2¢
= (Ix|* +2)e

Since @; - 1 pointwise, this shows that |®;(x) — x|2 = 0, finishing the proof of the proposition. [
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3.4 Rigid inclusions of von Neumann algebras and rigid actions

We are going to exploit the conclusion of Proposition 3.3.3 by opposing it with the following rigidity
property for inclusions of von Neumann algebras.

Definition 3.4.1. Let A c M be a tracial inclusion of von Neumann algebras. Then A c M is called
rigid if for all sequences of normal tracial ucp maps ¢, : M — M that converge to idy, pointwise in
| |2, we have ®; — id uniformly in | [ on the unit ball (A);.

Our source of rigid inclusions of von Neumann algebras is the relative property (T) for inclusions of
groups.

Definition 3.4.2. Let A <T be an inclusion of groups. Then A <T has relative property (T), if every
sequence of positive type functions ¢, : [T = C converging pointwise to 1 converges uniformly on A.

Proposition 3.4.3. Let A<T be an inclusion of groups with relative property (T). Then L(A) c L(I")
Is rigid.

Proof. Let ®; : L(I') = L(I") be a sequence of normal tracial ucp maps converging to id pointwise.
Let @i(g) = T(®(ug)uy). Then p; - 1 pointwise. For Ay, ..., ApeCand gy, ..., gn € \ we have

n _ n I
> Aarg0i(95 9a) = D AargT(Pi(ug, g, ) Uy, Ugs)
a,B=1 a,8=1

n

Z >\O‘>\6<u;g Ugoz ® U;a ugﬁ ! ECD/)
a,B=1
n
> (Aalg, ® g, Aglgy ® Ug, )
B=1

a
>0

1

where we made use of the L(I")-L(I")-bimodule He,. We showed that ¢; is a positive type function.
Since A < T has relative property (T), ¢; - 1 uniformly on A. Let € > 0 and take / such that
lpi(g) — 1| <€ for all g e A\. Write H; = Hqe, with generating vector &; = £¢,. We have

(ug€iug, &) = 1| =pi(g) -1 <e.

So |ug€iug ~ €2 = 2 - 2Re(ugiug, &) < 2e.  Let m; be the barycentre of the convex set
conv{ug€jug|geN}. Then m; = ugmiuy for all g € A, implying that xn; = m;x for all x € L(A).
Further ||n; - &% < 2e. If ueUd(L(A)), then

|Di(u) - ul3 =2 - 2Re(P;(u), u)
=2 -2%Re(u&iu*, )

= |ugi - &ul3

= |lu(é& =mi) - (& -mi)ul3
< (2]€ - mif2)?

< 8eg.

Since every element in (L(A))1 is a sum of 4 unitaries, it follows that (®;); converges to id uniformly
on the unit ball of L(A). O]
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Theorem 3.4.4. The inclusion Z? < Z? » SL(2,Z) has relative property (T).

Lemma 3.4.5. Let v be a measure on R? which is supported on [~1/2,1/2]? and which is e-invariant

under the transformations
1 1 and 1 0
01 1 1)

Proof. Denote by V4, V5, ..., Vg the eight parts of the real plane between the coordinate axes and the
lines x = x and x = —x. We consider the ray which is on the positively oriented side of these parts
as belonging to them. The origin is not part of either of V4, V5, ..., V5. This gives us the following
partition of R? \ {0}.

Then v(0) > 1 - 8e¢.

V3 V2

V4 V1

V5 V8
V6 | V7

We show that v(V;) <€ for all i, so that v({0}) =1- %%, (V) > 1 - 8¢ will follow.

Denote by o the linear transformation of R? induced by the matrix

(1)

Then a (V1) = V4 uVs. Since |[v-voal; <&, it follows that v(V5) < e. Since a t(Vg) = Vo u Vg, we
obtain v(V4) < g, too. Using e-invariance of v under o™, we obtain likewise that v(V3), v(Vs) < €.
Considering the same argument with the linear transformation induced by

1 0
1 1)
we see that v(\1),v(V4), v(Vs), v(Ve) < €. This finishes the proof of the lemma ]

Proof of Theorem 3.4.4. Write I = Z? SL(2,Z). Let ¢;: I - C be a sequence of positive type
functions converging to 1 pointwise. By Theorem 3.2.2 there is a the cyclic representation repre-
sentation of [ on a Hilbert space H; with cyclic vector &; such that ;(g) = (g&;,&;) for all g e T.
Using the isomorphism C*(Z?) = C(Z?) = C(T?), we obtain a representation of C(T?) on H,, which
is equivariant with respect to the SL(2,Z)-action. The vector state f + (f&;, €;) on C(T?) defines
a measure vj on T2. We identify T ¢ C with the elements of length 1 and hence T2 ¢ C2. For all
m, neZ, we have

f 212y dvi(z1, z2) = p(n, m) - 1,

T2
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showing by the Stone-Weierstrass theorem that [, fdv; - f(1,1) for all f ¢ C(T?). In particular, for
B = {(e>™t, e2™R) | t;, ty € [-1/4,1/4]} we have v;(B) - 1. If geT, then

|/ gfdu,-—ffdu,-|=|<ugfu;»s,-,s/>—<f&,-.5/>|
T2 T2

= [(Fugi ug€i) —(F&;, &) + (F&i ug&i) = (F&i, ug&i)|
<[(Fug€&i—F&i ug€il +[(FE€i, & — ugi)l

<[ fugéi— FEilllug€&ill + IFEill1€ — ugéil
<2||f[lug&i - &l -

This shows that |gvi—vil|s > 0forall ge . Let 0 <e. Take/suchthatv;(B) >1-€and |gvi-vi|1 <€
for all g € F, where

on) (o) (B9) (4 tpesea
Let 17,' = I/,‘|B/l/,‘(B). Then
|7i = vi1 =2(1-vi(B)) < 2¢

and
lg; — Dj|1 < 5e,

for all g € F. Since g[-1/4,1/4]% c [-1/2,1/2]? for all g € F, we can consider &; as measure on R?
supported in [-1/4,1/4]2, which is Se-invariant under the linear transformation induced by elements
from F. Now Lemma 3.4.5 implies that 7;((0,0)) > 1 —40e. Since |7 — vj| < 2¢, this shows that
vi((1,1)) > 1-42¢. Hence, ||v; = 6¢1,1)l1 <2(1-vi((1,1))) <84e. It follows that

loi(m,n)-1| = ‘f 71" Z8dvi(z1, z0) - / 2{'2)dé11)| < |vi=61.1yl1 sup_|z{"25| < 84e.
T2 T2 z1,20€T
This proves that ¢; - 1 uniformly on Z2 as | — oo. O

3.5 A uniqueness of Cartan result
Theorem 3.5.1. Let [ ~ X and A ~Y be free ergodic pmp actions and assume that

e [ has the Haagerup property and
o [°(Y)cL>(Y)xA is rigid.

Ifor: L (X)=l 5 L (Y')xA, then there is a unitary u € U(L™ (Y)xA such that uo(L>(X))u* = L=(Y).
In particular, T ~ X and N ~Y are orbit equivalent.

Proof. We identify L*(X) I = L*(Y)x/A = M via the isomorphism a.. Write A=L*(Y), B = L*(X).
Denote by ¢; : ' - C a sequence of normalised positive type functions in co(I") such that ¢; — 1
pointwise. By Proposition 3.2.4 there are normal B-modular trace preserving ucp maps ®;: M - M
such that ®;(ug) = @i(g)ug for all g € I'. Proposition 3.3.3 says that ®; — idy pointwise in | |2.
Since A ~ Y is rigid, also A c M is rigid by Theorem 3.4.3. So ®; — id uniformly in | |2 on the unit
ball of A.
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Assume that there is a sequence of unitaries (u,), is Asuch that Eg(xuny) = 0in | |2 forall x,y € M.
Then in particular (up)g = Eg(unuy) - 0in | |2 forall ge . Let 0 <e < 1/5 and take / such that
[®i(un)—un|l2 <€ forall neN. Let F c T be a finite subset such that ¢;(g) <€ forall gel ~ F. Now

take n such that |(up)g|3 < €/|F| for all g€ F. Then

1= |lun3
< (lun = ®i(un) 2 + |®i(un)|2)?
< [@i(un)[3 + (€% + 2¢)

=| Z(“n)gq’i(ug)ug + (e +2¢) B-modularity
gel

=| Zrtp/(g)(un)gugH% + (&7 + 2¢)
ge

= Y lei(@)(un)glz+ X l0i(9)(un)gl +(e* + 2¢)

gef ~¥——— gel\fF"7——
<lwi(9)lPe/F <e?|(un)g) I3

2462+ 2¢

<e+e¢
<1.

This is a contradiction. So Theorem 2.6.1 shows that A <, B, which implies by Theorem 2.6.3 that
there is a unitary u e (M) such that uAu* = B. In particular, ' ~ X and A ~Y are orbit equivalent
by Theorem 1.4.37. ]

3.6 Cost

In view of Theorem 3.5.1, we now want to introduce orbit equivalence invariants for group actions.
Gaboriau introduced an invariant, generalising the rank of a group. We will introduce this invariant —
cost — and then prove that the cost of every free pmp action of a free group equals the rank of the
free group.

Definition 3.6.1. Let (X, ) be a standard probability measure space without atoms. A countable
probability measure preserving equivalence relation is an equivalence relation R on X such that R c
X x X is measurable, R has countable classes and such that for every partial isomorphism ¢ : A - B
with A, B ¢ X and graph¢ c¢ R we have u(A) = u(B). A countable probability measure preserving
equivalence relation is called |l; equivalence relation if it has almost surely infinite classes.

Two countable pmp equivalence relations R ¢ X x X and S c Y x Y are called isomorphic if there is
an isomorphism A : X - Y such that (AxA)(R)=S.

Example 3.6.2. Let I A X be a free pmp action of an infinite discrete group. Then R = R(I' ~ X)) =
{(x,9x)|xe X, gel}isall; equivalence relation.

Indeed, R is an equivalence relation, since I is a group. Further, R = Uger graph ay is measurable as
a subset of X x X. Since " is countable, it is immediate that R has countable classes. These classes
are almost surely infinite, since [ acts freely. Finally if ¢ : A — B is a partial isomorphism between
A, B c X such that graph c R, then A = ger Ag with ©|a, = agla,, so that u(A) = u(B) follows.

The next proposition is obvious from the definitions.

Proposition 3.6.3. Let [ ~ X and A ~Y be free pmp actions. Then R(I' ~ X) 2 R(A ~Y) if and
on/y ifIr ~X ~OE AN~Y.
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Definition 3.6.4. Let R be a ll; equivalence relation. A graphing of R is a family ® of maps
@ : Ay = By of partial isomorphism with graph(¢) c R such that R is generated by Uyes graph ¢.

We define the cost of a graphing ® as C(®) = ¥ ,ce Ap and the cost of the equivalence relation R as
C(R) =info graphing of RC(P).

Let us remark that cost is invariant under isomorphism of |l; equivalence relations. Further, it is a
generalisation of the rank of a group. In fact, if [ = (S) is a finitely generated group and I AXis a
free pmp action, then ® = ag)ges is a graphing of R(I" ~ X) with cost |S]|.

The following is a special case of a result of Gaboriau.

Theorem 3.6.5. Let F, ~ X be a free pmp action and R = R(F, ~ X). Then C(R) = n.

Proof. We already remarked that C(R) < n, so we have to show the converse inclusion. Let S c F,
be its natural set of generators and denote by u the probabilty measure on X. Cutting and pasting
we may assume that every graphing is of the form (@g : Ay = Bg)ger, With @4 = agla,. Let € > 0.
We define a partial ordering on graphings ® of R satisfying C(®) <C(R) + € by

®<d’ ifandonlyif VgeS:Agc Ay and VgeF,NS:Ag0 A,

We may find a maximal element & for this order and we shall prove that A; = X for all g€ S. This
will finish the proof of the theorem.

So assume from now on for a contradiction, that A, # X for some he S. Since ® generates R, we
find partial isomorphisms @, : Aj > Bj = Aj41, 1 €{1, ..., I} such that

[ ] Al C A,
e there are elements g; € Fj, such that ¢; is the restriction of ¢y, for all /,
® P op 10 0P =apla;.

Since F, ~ X is free, it follows that g;---g1 = h. Hence thereis ke {1, ..., I} and there are gk 1, gk 2 € Fp
such that

® gk =gk 1h9k 2,
® 9/9-1-"9k+19k,1 = €, and

® Jk29k-1"91 = €.

First assume that gx € S is a generator. Then g, = h. Further, gx_1---g1 = e, so it follows that
A1 = Ax © Ap, in contradiction to the assumption A1 ¢ A = X N Ay, We showed that gx ¢ S.
Since g1gj_1+"9k+1 = 9/:,11 and gx_1--"91 = g;é, we may remove then @y = @g,|a, from & and add
instead ozh|_qk12_qk71___glA1 to ® and we obtain a graphing ®’ of R. Since gk 29k-1..-91 = €, we have
Qhlgeogi1..g1 A = Cthla,, SO that @ < &', This contradicts the maximality of ® and finishes the proof
of the theorem. O
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3.7 Some examples of non-isomorphic group measure space constructions

In this section we are going to exploit Theorem 3.5.1 together with Theorem 3.6.5. We are going
to construct rigid free ergodic pmp actions of free groups of arbitrary rank. Continuing our example
from Section 3.4, we will construct these as restrictions of SL(2,Z) ~ T2 to certain finite index free
subgroups.

We will make use of the following proposition, for which we do not give a proof.

Proposition 3.7.1. Let I ~ X be a rigid free ergodic pmp action. If N<T is a finite index subgroup,
then also N ~ X is rigid.

Let us exhibit free subgroups of arbitrary rank in SL(2, Z).
Proposition 3.7.2. Let I be the subgroup of SL(2,Z) generated by the matrices

1) (=9)

In order to give a proof of this proposition, we will make use of the so called ping-pong lemma. This
is a very useful result, which appears in different forms in group theory.

ThenT = F»5.

Lemma 3.7.3. Let [ be a group generated by subgroups 1, ..., [, < T, such that the product of
their orders is at least 6. Assume that there is an action I ~ X on a set such that there are subsets
X1, ..., Xn c X satistying (T~ {e})Xjc X; foralli#j. ThenT =Tq %%,

Proof. We may assume that all I'1, ..., [, are non-trivial. If n=1, we are done. If n=2, then either
['1 or '» has order at least three and we may assume that this is '1. We will show that every non-trivial
reduced word in the elements from 1, ..., [, acts non-trivially on X. This will show that the natural

homomorphism [; % ---* [, = [ is injective. Since it is surjective by assumption, this will finish the
proof.

Let w be a non-trivial reduced word in the elements of I'1, ..., [,. Let us first assume that the first
and the last letter of w are from the same ;. Then wX; c X; for / # j, by our assumptions. So
w #ein . Now let w be arbitrary. If n> 3 and the first and the last letter of w are from ['; and [
respectively, we consider wX; c X; for some j # i, i’. Again, we obtain w # e in . If n =2, we can
conjugate w with some element from [ in order to obtain a word which does start and end with an
element from 1. To this end recall that |['1| > 3. We can hence find an element g € 'y which neither
equals the inverse of the first element of w nor equals the last element of w. (Only one of these two
lies in ['1). We obtain by the previous argument that gwg™ # e in I', so that w # e in I". This finishes
the proof of the lemma. L]

Proof of Proposition 3.7.2. e apply the Ping-Pong Lemma to the action ' <SL(2,Z) ~R?. Let
1 2 1 0

X1 ={(x.y) eR?[x|> Iy} Xo={(x,y) eR?|ly|>Ix]}.
Then (1~ {e})X2c Xy and (M2~ {e}) X1 c Xa. Since I'1, I, are both infinite cyclic groups, it follows
from the Ping-Pong Lemma 3.7.3that ' =11 x5 2 F». U]

Further let
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We want to determine the index of I from Proposition 3.7.2 inside SL(2, Z).

Proposition 3.7.4. Let I be the subgroup of SL(2,Z) generated by the matrices
1 2 0
( L2 ) and ( : ) |

Proof. Consider the so called congruence subgroup Iy := ker(SL(2,Z) - SL(Z/2Z)). Since
SL(2,Z/2Z) has order 6, it follows that [ : ['(5)] = 6. We will show that () is generated by

the matrices
-1 0 1 2 and 1 0
o -11)" 0 1 2 1)

It then follows that [I'(z) : '] =2, implying the proposition.

N =

Then I <SL(2,Z) has index 12.

Every element in I'(5) must be of the form

[ 1+2k 2]
77\ 2m 1420
for some k,/,m,neZ. If =0 or m=0 then it is clear that g € ['(5). Otherwise, we show that we can
multiply from the left with matrices
1 0
2 1

1 2
0 1
in order to reduce the absolute value of the off-diagonal entries. We have

1 +2 1+2k 2/ [ 1+2(k+2m) 2(/«(1+2n))
0 1 2m  1+2n |~ 2m 1+2n

and
1 0 1+2k 2/ _ 1+2k 2/
2 1 2m  1+2n ) \ 2(mx(1+2k) 1+2(nx2/) )~

So it is indeed possible to reduce the absolute value of one of the off-diagonal entries, unless |1+2n| >
|2/| and |1 + 2k| > |2m|. But this cannot happen as the following calculations show. If |1 +2n| = |2/]
and |1+ 2k| =|2m|, then

1+2k 2/
det( om  1+9n )-(1+2k)(1+2n)—4/m€{0,8/m}.

If one of the inequalities |1 +2n| > |2/| and |1 + 2k| > |2m| is proper, we obtain

’det(1+2k 2/ )2|1+2k||1+2n|—|4/m|

2m 1+2n

>min{(|2/| + 1)]2m|, [2/|(|]2m| + 1)} — |4Im)|
=min{|2m|,|2/|} .

Since I, m # 0, this is a contradiction, finishing the proof. ]
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We showed that SL(2,Z) has a finite index subgroup isomorphic with F,. The following theorem of
Nielsen-Schreier, which we will not prove, then provides finite index subgroups of SL(2,Z) or arbitrary
rank.

Theorem 3.7.5 (Nielsen-Schreier). Let I < F, be some subgroup of index k. Then I' = F,, for
m=(n-1)k+1.

Note that the kernel of F; — Z/kZ, sending the first generator to 1 and the second generator to 0O
has index k inside F>. So F» contains finite index free groups of rank (2—-1)k +1 = k + 1 for every
k>2.

Summarising our results up to now, we showed the following statement: for every n e Ns» there is a
rigid free pmp action of F, ~ T2 coming from the restiction of SL(2,Z) ~ T?. Note that if A< T
is a finite index inclusion and ' ~ X is an ergodic pmp action, then any A-invariant set must have
measure at least [ : A]™1. We can hence find for every n € Ns»> some rigid freeergodic pmp action
of F,. We can now combine Theorems 3.6.5 and 3.5.1 with our work in this section to obtain the
following conclusion.

Theorem 3.7.6. There are free ergodic pmp actions F, ~ X of non-abelian free groups of arbitrary
rank such that L (X) x F, 2 L°(X) x Fp, implies n = m.
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