VON NEUMANN ALGEBRAS

ADRIAN IOANA

These are lecture notes from a topics graduate class taught at UCSD in Winter 2019.

1. REVIEW OF FUNCTIONAL ANALYSIS

In this section we state the results that we will need from functional analysis. All of these are
stated and proved in [Fo99, Chapters 4-7].

Convention. All vector spaces considered below are over C.

1.1. Normed vector spaces.

Definition 1.1. A normed vector space is a vector space X over C together with a map
|-l : X — [0,00) which is a norm, i.e., it satisfies that

o |z +yll < llz] +[lyl, for al z,y € X,
o ||azx| = |a| ||z||, for all z € X and a € C, and
o |z =0 2 =0, for all z € X.

Definition 1.2. Let X be a normed vector space.

(1) A map ¢ : X — C is called a linear functional if it satisfies p(az + By) = ap(x) + Be(y),
for all o, € C and z,y € X. A linear functional ¢ : X — C is called bounded if
[l := supyjzy<1 lp(z)| < co. The dual of X, denoted X*, is the normed vector space of
all bounded linear functionals ¢ : X — C.

(2) Amap T : X — X is called linear if it satisfies T'(ax+By) = oT'(x)+ BT (y), for all a, f € C
and z,y € X. A linear map 7': X — X is called bounded if || T|| := sup <1 [|T(2)]| < oo.
A linear bounded map T is usually called a linear bounded operator, or simply a bounded
operator. We denote by B(X) the normed vector space of all bounded operators T': X — X.

Definition 1.3. A Banach space is a normed vector space X which is complete in the norm
metric: any Cauchy sequence {x,} (i.e., such that limy,, o0 ||Zm — @] = 0) is convergent (i.e.,
there exists € X such that lim,_ ||z, — x| = 0).

Examples 1.4. (of Banach spaces):

e C", for n > 1, with the Euclidean norm ||(x1, ..., z,)| = /23 + ... + 22,
e LP(Y), for any measure space (Y, ) and 1 < p < oo, with the LP-norm:
T (f ]f]p)l/p, if p is finite,
P2 Vinf{a > 0| |f(y)| < a, for p-almost every y € Y}, if p = oo.
(Cier [F@IP)VP, if p is finite,
sup;e; | f(2)], if p = oo.
e O(X)={f:X — C| f continuous}, for any compact Hausdorff topological space X, with
the supremum norm || f|| = sup,cx |f(z)|.

o (P(I), for any set I and 1 < p < oo, with the P-norm: || f||, = {
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e B(X)={f:X — C| f bounded Borel}, for any compact Hausdorff topological space X,
with the supremum norm || f|| = sup,cx |f(x)].

e The dual X* of any normed vector space X.
(Recall that LP(Y)* = LY(Y) and ¢P(I)* =09(I),if I <p<oocand 1/p+1/qg=1.)

e B(X), for any Banach space X.

Definition 1.5. A Hilbert space H is a Banach space whose norm comes from a scalar product,
i.e., there exists a scalar product (-,-) : H x H — C such that ||z|| = /(z, z), for all x € H.

Examples 1.6. (of Hilbert spaces):

e C", for n > 1, with the Euclidean scalar product ((z1,...,Zpn), (Y1, -, Yn)) = T1Y1+ ..+ TnTn.

e [2(Y), for any measure space (Y, ), with the scalar product (f,g) = [ fg.

e (2(I), for any set I, with the scalar product (f,g) = >;c; f(i)g(i).

e Recall that every Hilbert space H has an orthonormal basis, i.e., a set {; };cs such that
(§i,&j) = 6iy, forall 4,5 € I, and & = ), (£, &)&, for all { € H. This fact implies that

every Hilbert space H is isomorphic to ¢£2(I), for some set I.

1.2. Linear functionals.

Theorem 1.7 (Hahn-Banach). Let X be a normed vector space, Y C X a subspace, and ¢ : Y — C
a linear functional such that |o(x)| < ||z||, for all x € Y. Then there exists ¢ € X* such that
[p(z)| < [|zf], for all z € X, and gy = ¢.

Definition 1.8. Let X be a normed vector space. The weak® topology on X* is the topology
of pointwise convergence: ¢; — ¢ iff p;(x) — p(x), for all z € X. The weak topology on X is
given by z; — z iff p(z;) — ¢(z), for all p € X*.

Theorem 1.9 (Alaoglu). The closed unit ball of X*, B :={p € X* | |l¢|| < 1}, is compact in the
weak™ topology.

Proof. Put D, = {2z € C| |2| < [|z][} for x € X. Then P := [],.x D. is compact by Tychonoff’s
theorem. Define 6 : B — P by letting 0(p) = (p(x))zex. Then ¢; — ¢ is the weak® topology
iff 0(¢;) — 0(p) in the product topology. Thus, in order to show that B is compact in the weak*
topology (equivalently, that every net (p;) € B has a weak® convergent subnet) it suffices to prove
that 6(B) is compact in the product topology. As it can be easily seen that 6(B) is closed, and
thus compact, in the product topology, the conclusion follows. |

Theorem 1.10. Let H be a Hilbert space. If o € H*, then there exists y € H such that

o(z) = (x,y), forallz € H.
Proof. Let K = {z € H | ¢(x) = 0}. Since ¢ is bounded, K is a closed subspace of H. If
K = H, then ¢ = 0 and y = 0 works. If K is a proper subspace of H, we can find z € H such

that z L K and ||z|| = 1 (see [Fo99, Theorem 5.24]). Since ¢(p(2) - x — ¢(x) - z) = 0, we have
o(z) - x—p(x) -z € K, hence (p(2) - z,2) = (p(x) - 2, 2), thus p(z) = (x,¢(2)z), forallz € H. A

Definition 1.11. Let X be a compact Hausdorff topological space. A Borel measure on X is
a measure defined on the o-algebra Bx of all Borel subsets of X. A finite Borel measure p on X
is called regular if p(A) = inf{u(U) | U D A open} = sup{u(K) | K C A compact}, for every
Borel set A C X. A complex Borel regular measure on X is a map u : Bx — C of the form
= (1 — po) +i(us — pg), where iy, ..., puq are finite Borel regular measures on X.

Theorem 1.12 (Riesz’s Representation Theorem). Let X be a compact Hausdorff topological space.
If ¢ € C(X)*, then there exists a complex Borel reqular measure i on X such that o(f) = [ f du.
Moreover, we have that ||lp|| = ||ull := sup{3 i, [u(Ai)| | {Ai}iL, Borel partition of X}.
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Theorem 1.13 (Stone-Weierstrass). Let X be a compact Hausdorff topological space. Let A be a
closed subalgebra of C(X) such that

o 1y € A, B
o if fe Athen f €A, and
o A separates points: for all x #y € X, there is f € A such that f(x) # f(y).

Then A = C(X).

1.3. The adjoint operation and topologies on B(H). Let H be a Hilbert space.

Exercise 1.14. Let T € B(H). Prove that there exists a unique 7* € B(H), called the adjoint of
T, such that (Tz,y) = (x, T*y), for all z,y € H. Prove that ||T*|| = ||T|| and |T*T| = ||T|?.

Definition 1.15. An operator 7' € B(H) is called:

self-adjoint (or, hermitian) if 7% =T,

a projection if T = T* = T2,

a unitary if 7T = TT* = Idg,

an isometry if | Tx| = ||z||, for all x € H, or equivalently T*T = Idy,
normal if T*T = TT*,

compact if the closure of {T'(z) | ||z|| <1} in H is compact.

Remark 1.16. The set of unitary operators 1" € B(H) is group which is denoted by U(H).

Exercise 1.17. Let T € B(H) be a projection. Prove that there exists a closed subspace K C H
such that 7" is the orthogonal projection onto K (see [F099, page 177, Exercise 58]).

Definition 1.18. There are three topologies on B(H) that we will consider:

e the norm topology: T; — T iff ||T; — T|| — 0.
e the strong operator topology (SOT): T; — T ift ||T;(¢) — T'(§)]| — 0, for all { € H.
e the weak operator topology (WOT): T; — T iff (T;(€),n) — (T'(§),n), for all {,n € H.

Exercise 1.19. Let (T});e; C B(H) be a net such that 7; — 7' (WOT), for some T' € B(H).

(1) Assume that (7;);cr and T are projections. Prove that T; — 17" (SOT).
(2) Assume that (73);cr and T' are unitaries. Prove that 7; — 7' (SOT).

Exercise 1.20. Assume that H is infinite dimensional (<= any orthonormal basis of H is infinite).

(1) Given an example of a net of projections (7;);c; converging in the WOT but not the SOT.
(2) Given an example of a net of unitaries (7;);c; converging in the WOT but not the SOT.

Exercise 1.21. Prove that the closed unit ball of B(H), B := {T € B(H) | ||T|| < 1}, is compact
in the WOT.

Proposition 1.22. If C C B(H) is a convex set, then "

—WOT
=C .

The proof of Proposition relies on the following lemma:

Lemma 1.23. If C C H is a convex set, then the weak and norm closures of C' are equal.

Proof. By Theorem the weak topology on H is given by: & — & weakly iff (§;,n) — (&,n),

—weak

for all n € H. Denote D = 6“'”. It is clear that D Cc C . To prove the reverse inclusion, let

e C"*  Since D is a norm closed and convex subset of the Hilbert space H, we can find ng € D
such that ||£ — no|| = inf,ep |€ — 1| (see [Fo99, page 177, Exercise 58]). Let n € C. Then the



4 ADRIAN IOANA

function [0,1] 3t — || — (1 —t)no —tn||> = ||(€ —n0) —t(n —n0)||? has a minimum at ¢ = 0, hence its
derivative at t = 0 is positive. It follows that (£ —ng,n—no) < 0, for all n € C. Finally, let n; € C
be a net such that n; — & weakly. We get that R(£ — 19, & — n9) < 0 and therefore { =np € D. B

Proof of Proposition Let y € 6WOT, &1y...6p € H and € > 0. Then D = {(z&1, ..., x&,)|z €
C'} is a convex subset of H" = @' | H. Since (y&1, ..., y&y,) is in the weak closure of D, by Lemma
it is also in the norm closure of D. Therefore, we can find z € C such that (31, [|#&—y&[|*)Y/? < e.

This implies that y € GSOT. Since the inclusion €SOT C 6W0T also holds, we are done. [

2. VON NEUMANN ALGEBRAS BASICS

Definition 2.1. Let H be a Hilbert space.

e A subalgebra A C B(H) is called a x-algebra if T* € A, for every T € A.
e A x-subalgebra A C B(H) is called a E| C*-algebra if it closed in the norm topology.
e A x-subalgebra A C B(H) is called a von Neumann algebra if it is WOT-closed.

Definition 2.2. A map 7 : A — B between two C*-algebras is a *-homomorphism if it is a
homomorphism (7(a + b) = w(a) + w(b), w(ab) = w(a)w(b), m(Aa) = An(a), for all a,b € A, A € C)
and satisfies m(a*) = w(a)* for all a € A. A bijective *-homomorphism is called a *-isomorphism.

Examples 2.3. (of C*-algebras and von Neumann algebras):

(1) Any von Neumann algebra is a C*-algebra.

(2) B(H) is a von Neumann algebra.

(3) K(H), the algebra of compact operators on H, is a C*-algebra.

(4) Let B C B(H) be a set such that 7% € B, for every T' € B. Then the commutant of B,
defined as B’ = {T € B(H) | T'S = ST, for every S € B} is a von Neumann algebra.

Conversely, the next theorem shows that every von Neumann algebra arises this way.

Theorem 2.4 (von Neumann’s bicommutant theorem). If M C B(H) is a unital *-subalgebra,
then the following three conditions are equivalent:

(1) M is WOT-closed.
(2) M is SOT-closed.
(3) M = M" .= (M').

This is a beautiful result which asserts that for x-algebras, the analytic condition of being closed
in the WOT is equivalent to the algebraic condition of being equal to their double commutant.

Remark 2.5. Let S C B(H) be a *-set which contains the identity. By Theorem S is equal
to the von Neumann algebra generated by 9, i.e., the smallest von Neumann algebra containing S.

Proof. Tt is clear that (3) = (1) = (2). To prove that (2) = (3), it suffices to show that if x € M”,
e >0, and &1, ...,§, € H, then there exists y € M such that ||z& — y&|| <e, for alli=1,...,n.

We start with the following claim. Let p be the orthogonal projection from H onto an M-invariant
closed subspace K. Then p € M’. To see this, let z € M. Then (1 —p)zp¢ € (1 —p)(K) = {0}, for
all £ € H. Hence (1 — p)xp = 0 and so zp = prp. By taking adjoints, we get that pz* = px*p and
hence px = pxp, for all x € M. This shows that p commutes with z, as claimed.

1Stric‘cly speaking, this defines a C*algebra that is concrete, i.e., one which is represented concretely on a Hilbert
space. We will later define what an abstract C*-algebra means and see that the two notions are equivalent.
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Assume first that n = 1 and let p be the orthogonal projection onto M¢&; = {x& | € M}. Since
M¢; is M-invariant, Claim 1 gives that p € M’. Thus xp = pz and so x& = xpé; = px& € ME&;.
Therefore, there is y € M such that ||z — y&1] < e.

Now, for arbitrary n > 2, we use a “matrix trick”. Let H" = @} ; H be the direct sum of n copies
of H and identify B(H™) = M,,(B(H)). Let m : M — B(H") be the “diagonal” *-representation

a0 ...0
(a) = Oa ... 0
00 ..a

Equivalently, 7m(a)(§&1 @ ... ® &) = a1 @ ... ® a&y,.
Exercise 2.6. Prove that the following holds: 7(M") C M,,(M')" and =(M)" C M, (M").

Finally, if z € M"”, then Exercise gives that w(z) € #(M)". Let & = (&,....&,) € H". By
applying the case n = 1 we conclude that there is y € M such that ||7(z){ — 7(y)¢|| < €. Since

|7m(2)€ — m(y)él|> = Y0, |z& — y&i||?, we are done. m

Definition 2.7. A Polish space is a topological space X which is metrizable, complete and
separable. A measure space (X, u) is called a probability space if u(X) = 1. A probability space
(X, ) is called standard if X is a Polish space and p is a Borel probability measure on X.

Proposition 2.8. Let (X, ) be a standard probability space. Define m: L°°(X, ) — B(L?(X, 1))
by letting m¢(€) = f&, for all f € L®(X) and § € L*(X). Then n(L>(X)) = n(L>(X)).
Therefore, (L (X)) C B(L*(X)) is a mazimal abelian von Neumann subalgebra.

Proof. Let T € w(L*°(X))" and put g = T'(1). Then fg = n;T(1) = Tw(1) = T(f) and hence
1fgllz = T (Hll2 < TN fll2, for every f e L>*(X).

Let e > 0 and f = 1{ex| |g(a)2|T|+e}- Then it is clear that || fgll2 = (|7']| +€)[/ f[l2. In combination
with the last inequality, we get that (||T']] +¢)||f|l2 < |T|||| f|l2, and so f = 0, almost everywhere.
Thus, we conclude that g € L*>(X). Since T(f) = fg = my(f), for all f € L>®(X), and L*(X) is
|.]|2-dense in L?(X), it follows that T = 7, € L>(X). [ |

Exercise 2.9. Let I be a set. Define 7 : £(I) — B(¢*(1)) by 7¢(g)(i) = f(i)g(i), for all i € I,
f € ¢®(I) and g € £2(I). Prove that 7(¢*°(I)) = w(¢£>°(I)). (Therefore, 7(¢*(I)) C B(¢%(I)) is a

maximal abelian von Neumann subalgebra.)

3. ABELIAN GROUP ALGEBRAS AND STANDARD PROBABILITY SPACES

3.1. Group von Neumann algebras. Let I" be a countable group. A unitary representation
of T on a Hilbert space H is a group homomorphism 7 : I' — U(H). Every countable group I has
a canonical unitary representation A : I' — U (¢*(T")) called the left regular representation and
defined by A(g)f(h) = f(g~'h), for all g,h € T and f € ¢*(T).

Remark 3.1. Let d, € ¢*(T") denote the Dirac mass at g € I' given by 4(h) = d44. Then {0y} ger
is an orthonormal basis of £2(T"), and we have A(g)(ds) = dgp, for all g, h € T.

Let A= {3 ,cragA(g)| F CT finite, a; € C, for all g € F'}. Then A C B(¢%(I")) is a *-subalgebra,
which is isomorphic to the complex group algebra C[T'].
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Definition 3.2. The reduced C*-algebra of I is defined as C}(T") := Al
The group von Neumann algebra of I is defined as L(T") := AT,

The structure of L(I') can be understood is a simpler way for abelian groups. Recall that the
Pontryagin dual of a countable abelian group I', denoted by I, consists of all characters of T,
i.e., homomorphisms h : ' — T = {z € C | |z| = 1}. Then I'is a compact metrizable group, when
endowed with the topology of pointwise convergence: h; — h iff h;i(g) — h(g), for all g € T'. Indeed,
if we enumerate I' = {gp }n>1, then d(h, h') = >, 27"|h(gn) — W' (gn)| is a compatible metric.

Proposition 3.3. Let I" be a counéable abelian group. Denote by p the Hgar measure of I.
Then L(I") is *-isomorphic to L*°(T', u), and C}(T") is x-isomorphic to C(I').

Before proving Proposition we establish the following useful fact (see also [C099, Lemma 9.7]):

Lemma 3.4. Let X be a topological space which is normal in the sense that any two disjoint closed
sets have disjoint open neighborhoods. If f € B(X), then there exists a net f; € C(X) such that
sup; || filloo < || flloo and [y fi du — [ f dpu, for every Borel regqular probability measure p on X.

Remark 3.5. Every compact Hausdorff space X is normal.

Proof. Let f € B(X), pi,..., tn be regular Borel probability measures on X, and ¢ > 0. Let
ai,...,am € Cand Ayq, ..., A, be disjoint Borel subsets of X such that || f —> " arla, |l < /2
and |ag| < ||f|loo, for all K =1,...,m. Since 1, ..., u, are regular, we can find closed sets Fj, C Ay
and open sets G D Ay such that u; (G \ Fx) < €/(4m||f|l), for all k =1,....m and i = 1,...,n.
Thus, if F = U, F}, and G = U’ Gy, then 1;(G\ F) < /(4] f|loo), for all i =1, ..., n.

Let Y := FU (X \ G) and define h : Y — C by letting h(z) = o if x € Fj, and h(z) =0if 2 € G.
Then Y C X is closed, h € C(Y), and ||h]|co < ||f]|oo- Since X is normal, the Tietze Extension
Theorem (see [F099, Theorem 4.16 and Corollary 4.17]) provides f € C(Y) such that || f|leo < || f]lso
and f‘y = h. Then it is clear that |f — 37", agla,| < 2| flloolen > and thus we have that

~di_ di\ oo Mg _m o0 X <.
I/Xf s /Xf i) < 20 lloots(G\ F) + | f kzlamk\ <e

Since € > 0 and the probability measures puq, ..., i, are arbitrary, it is easy to finish the proof. W
Lemma 3.6. Let ' be a countable abelian group. If g € T'\ {e}, then h(g) # 1 for some h € I.

Proof. Enumerate I' = {g,}n>1 with g1 = ¢g. For any n, let I';, < I' be the subgroup generated
by {g1,...,gn}. Since g # e, there is a character h; : I'y — T such that h;(g) # 1. We prove by
induction that there is a character h,, : I';, — T such that hnH\Fn = hy,, for all n > 1. Once this is
done, it is clear how to define h. Thus, it suffices to show that a character h,, of I';, extends to a
character of I',,+1. Indeed, let [ be the smallest integer such that gﬁl 41 € I'yy. Define hn+1(gn+1) = 2,
where z € T is such that z! = h, (g}, +1)- Then h, 1 has the desired property. |

Proof of Proposz'tz’on For g €T, let g € LQ(f) be given by g(h) = h(g). If g € T'\ {e}, Lemma
gives b’ € T" such that h'(g) # 1. Then

/f a(h) du(h) = /F G(n'h) du(h) = () /F a(h) du(h),

hence [ g(h) du(h) = 0. Thus, the formula U(dy) = § defines an isometry U : *(T') — L2(D).
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We claim that U is onto, i.e., U is a unitary. Denote by B the linear span of {g | g € F} Since B
separates points in T, the Stone Weierstrass theorem implies that B is |. HOO dense in C(I"). Since
I is a compact Hausdorff space, Lemma immediately implies that C(I") is ||.|2-dense in L2(T).
By combining these two facts, we conclude that U is onto.

Let 7 : L(I") — B(L%(I")) be given as in Proposition Then it is clear that UX(g)U* = 7y, for
all g € I'. If A denotes the linear span of {A(g) | g € F} then UAU* = mw(B). Since 7 is isometric
and the inclusions A C C(T") and B C C(I') are norm dense, we get that UC}(I')U* = n(C(I")).

We claim that 7(C(I")) is WOT-dense in (L (T")). This will imply that UL()U* = 7(L>(I)),
and finish the proof. To prove the claim, let f € LOO(I‘). After changing f on a set of measure
zero, we may assume that f € B ( ). Since Iis a compact Hausdorff space, by applying Lemma
4 we can find a net f; € C( ) such that [+ f; du — fr f du, for every regular Borel measure p

on I'. Then for every &,1 € L*(T"), we have (ry, (€) = i fi (60) dp — [& f (&7) dp = (mf(E), m).
This shows that 7y, — 7, in the WOT and proves our claim. n

3.2. Standard probability spaces. We next prove that any non-atomic standard probability
space is isomorphic to ([0, 1], ). More precisely, we have:

Theorem 3.7. Let (X, u) be a standard probability space without atoms: u({x}) = 0, for every
x € X. Denote by \ be Lebesgue measure on [0,1]. Then there exist Borel sets Xo C X, Yy C [0,1]
such that u(X \ Xo) = A([0,1]\ Yo) = 0, and a bijection 0 : Xog — Yy such that 6,0~ are Borel
maps and O = X (i.e. w(0~1(A)) = X(A), for every Borel set A C Yy).

As a corollary, w: L*°([0,1],\) — L>®(X, 1) given by w(f) = f o0 is a x-isomorphism.
Remark 3.8. Theorem [3.7] holds in fact for Xo = X and Yy = [0, 1] (see [Ke95, Theorem 17.41]).

Lemma 3.9. Let X be a Polish space. Then X is homeomorphic to a Gy subset of [0,1]N. Here,
[0, 1] is endowed with the complete separable metric d'((Yn)n, (2n)n) = Doy 27" |Yn — 2n].

Proof. Let d be a complete separable metric on X such that d < 1. Let {z,,} be a dense sequence
in X in which every element is repeated infinitely many times. Define f : X — [0, 1] by letting
f(x) = (d(x,zy))n. Then f is injective and continuous. Moreover, f|}(1x) is continuous.

Indeed, let ¥ € X be a sequence such that f(z*) — f(z), for some 2 € X. Then klim d(z¥, x,) =
— 00

d(z,xy), for all n. Fix € > 0 and let n such that d(z,z,) < /2. Then we can find K such that
d(z*,z,) < £/2 and hence d(z*,x) < ¢, for all k > K. This implies that {x*} converges to =.

Altogether, we conclude that X is homeomorphic to f(X). To show that f(X) is a Gs set, we
denote U, := {y € [0,1]"| Iz € X such that d'(y, f(z)) < l} Then U, is open, for all p. Let V' be
the set of y = (yn)n € [0,1]Y such that d(:cm,xn) < Ym + Yn, for all m,n > 1. Since we can write
V = O, Ns1{Y] Um + Yn > d(Tm, 2n) — 5}, We get that V is a G subset of [0,1]N. Also, let W
be the set of y = (yn)n € [0,1]N such that 1innli£fyn = 0. Since W = Ny n>1(Unsn{yl yn < L1},

we get that W is a G5 subset of [0, 1]N.

We claim that f(X) = (Np>1Up) NV NW. Since the inclusion “ C ” is clear, we only need to prove

the reverse inclusion. Let y = (yn)n € (Mp=1Up) NV N W. Since y € Ny>1Up, there is a sequence

x¥ € X such that klim d'(f(z*),y) = 0. Thus, klim d(z*,2,) = yn, for all n. Since y € W, we can
—00 —0

find a subsequence {yy, } of {y,} such that y,, < 27, for all i. Thus, for all i, we can find k; > 1 such
that d(z*, x,,.) < 27% Since y € V, it follows that the sequence {z,,} is Cauchy, hence convergent.
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Let = lim x,,. Then we clearly get that lim z* = x and further that y = f(z) € f(X). This
1— 00 11— 00

shows that f(X) is G and finishes the proof. [ |

Proof of Theorem |3.7. Two Borel spaces X,Y are Borel isomorphic if there exists a bijection
¥ : X — Y such that ¢ and 1~! are Borel maps. Note that the dyadic expansion yields that [0, 1]
is Borel isomorphic to {0,1}. This fact implies the following Borel space are Borel isomorphic:
[0, 1N = ({0, 13N = {0, 1}"*N = £0,1}N = [0,1]. By Lemma X is Borel isomorphic to a
Borel subset of [0,1]N. By combining the last two facts we get that X is Borel isomorphic to a
Borel subset of [0,1]. We may therefore assume that X is a Borel subset of [0, 1].

Next, we extend p to a probability measure fi on [0, 1] by letting fi(A) = u(AN X), for every Borel
set A C X. Define ¢ : [0,1] — [0, 1] by letting ¢(x) = (][0, x]). Then ¢ is increasing, continuous
(since p has not atoms), ¢(0) = 0 and ¢(1) = 1. Let y € [0,1] and let x € [0,1] be the largest
number such that ¢(x) = y. Then we have that

¢+0([0,y]) = i({z € [0,1]] 8(2) < y}) = ([0, 2]) = ¢(z) =y = A([0, y]).
Since y € [0, 1] is arbitrary, we derive that ¢.ji = .

Now, let Z be the set of y € [0, 1] such that ¢~ ({y}) is a non-degenerate interval. Let W = ¢~(Z).
Then Z is countable, thus ji(W) = A(Z) = 0. The restriction ¢ := @jjo,1p\w : [0, 1] \ W — [0,1] \ Z
is a Borel isomorphism such that 1.t = A (to see that ¢»~! is Borel, note that for every closed set
F C [0,1] we have ¢(F \ W) = ¢(F) \ Z is Borel).

Finally, let Xo = X \ W, Yy = ¥(Xy), and 6 := Yx,  Xo — Yp. Then 6 satisfies the conclusion. W

Corollary 3.10. IfT is a countable infinite abelian group, then L(T') is x-isomorphic to L>(]0, 1], A).

Proof. Let pu denote the Haar measure of I'. Since T is infinite, T" is infinite (e.g. because the Hilbert
space L2(T', u) is isomorphic to ¢£2(I") and therefore is infinite dimensional). Since u({h}) = u({e}),

for every h € ', and p(I") = 1, we deduce that p has no atoms. The conclusion follows by combining
Proposition [3.3] and Theorem [ |

Exercise 3.11. Let I" be a finite abelian group and put n = |T'|. Prove that L(T") is *-isomorphic
to £*°({1,2,...,n}).

4. ABELIAN C*-ALGEBRAS

4.1. The spectrum and the spectral radius. We start this section by establishing that the
spectrum of a bounded operator is non-empty and a formula for the spectral radius.

Definition 4.1. A Banach algebra is an algebra A over C endowed with a norm ||.|| such that
(A, |I.]l) is a Banach space and ||zy|| < ||z| ||y, for all z,y € A.

Lemma 4.2. Let A be a unital Banach algebra. If a € A satisfies ||a|| < 1, then 1 — a is invertible,
(1—a)t=Yd" and ||(1 —a)7 Y| < s=f=r. Moreover, if X € C and |A| > ||al|, then A -1 —a is

1—laf]
invertible and (A -1 —a)™t =Y 22 A" am.
Proof. Let z, = Y j_ya”. For m > n, we have ||z, — | < Y4L,4 el < Hla_”ﬁ:”l Since ||a]| < 1,
we get that {z,} is a Cauchy sequence. Let z = li_)rn Zp. Then ||z|| = li_>m |z < m Since
n—oo n—oo

(1—a)zn, =Y p_o(a¥ —af*t1) = 1— a1 we get that ||(1 —a)z, — 1|| < [la]| L, for all n. It follows
that (1 — a)z = 1, which finishes the proof of the first assertion.

Since A -1 —a = A(1 — A~ !a), the moreover assertion is immediate. |
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Corollary 4.3. Let A be a unital Banach algebra. The set G of invertible elements of A is open

and the map G > a — a~ ' € G is continuous.

Proof. Let a € G and b € A such that ||b— a| < 2||a_1H Then |1 —a™'b]| < [la™!|| [la —b] < 3.

Lemma gives that b~ 1a = (a7'b)~! exists and ||b~ta| < j = 2. Thus, we derive that b1
2

exists and [[b=1| < |67 al| |la7!|| < 2|je!||. Finally, we have that 6! —a=! = b"!(a — b)a~! and
therefore ||b=! — a_1|| 67 lla — b|| la=|| < ||lal|~2 ||@ — b||. This proves the conclusion. [ |

Definition 4.4. Let A be a unital Banach algebra.

e The spectrum of a € A is given by o(a) ={\ € C| A-1 — a not invertible}.
e The spectral radius of a € A is defined as r(a) = supycq(q) [A|-

Theorem 4.5. o(a) is a non-empty compact subset of C.

Proof. By Corollary 4.3} o(a) C {A € C| |A| < |ja||} and C\ o(a) is an open set. To show that
o(a) # 0, we define the resolvent R:C\ o(a) = A by letting R(A) = (A-1—a)!

Let \g € C\ o(a). Then R(A) — R(Ag) = —(A — Xg)R(A)R(Ag). Since R is continuous on R\ o(a),
we get that /\hr&l %ﬁf’w = —R()\o)%. This shows that R is an analytic function, in the sense
—A0
that po R: C\ o(a) — C is analytic, for every ¢ € A*.
Now, by continuity of the inverse we get that /\lim |R(N)|| = Alim IA7HI(1T = A"ta)7t| = 0. So,
—00 —00

if o(a) = 0, then po R : C — C is a bounded analytic function, for every ¢ € A*. By Liouville’s
theorem we get that ¢ o R is constant, hence ¢(R(\)) = 0, for all A € C. Since this holds for every
¢ € A*, the Hahn-Banach theorem implies that R(\) = 0, for all A € C. This is a contradiction. H

Theorem 4.6. r(a) = lim Ha”H%
n—oo

Proof. The conclusion will follow from two inequalities. First, if A -1 — a is not invertible, thus
1
A" -1 —a" is not invertible, hence |A\"| < ||a"||, for all n. This proves that r(a) < lim inf |la™|| ™.

On the other hand, recall that R(\) = > o2 j A"""1a", whenever |A| > ||a|. Since R is analytic on

{A € C| |A\| = r(a)}, the last series converges for || > r(a). In particular, hﬁm A" lg" = 0 and
n—oo

therefore |\| > hmsup ||a”||n whenever || > r(a). This shows that r(a) > limsup ||a"\|% [
n—oo

Theorem 4.7 (Gelfand-Mazur). If A is a unital Banach algebra in which every non-zero element
1s invertible, then A= C - 1.

Proof. Assume that there is an element a € A\ C-1. Then A -1 — a is invertible, for every A € C.
Thus, o(a) is empty, which contradicts Theorem [

Definition 4.8. Let A be a unital abelian Banach algebra. We let 3(A) be the set of all non-zero
homomorphisms ¢ : A — C, and call it the maximal ideal space (or dual or spectrum) of A.

Corollary 4.9. If I C A is mazximal ideal, then there is ¢ € X(A) such that I = ker(yp).

Proof. Recall that an ideal I C A is a vector subspace such that axz € I, for all x € I and a € A.

Let us first show that I is closed. Since I is a proper ideal, we get that |1 — x| < 1, for all x €
(otherwise, = would be invertible by Lemmam This implies that 1 ¢ I, hence I is a proper ideal
of A. Since I C I and I is a maximal ideal, we get that I = I.
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Since I is a closed ideal, the quotient A/I is a Banach algebra, where ||a + I|| = infyes ||a + z||.
Moreover, if a € A\ I, then aA + I is an ideal of A which contains I. Hence, Aa + I = A and so
we can find z € A,y € I such that axz +y = 1. Thus, (a+ I)(x + I) = 1 + I and therefore a + I
is invertible in A/I. This shows that every non-zero element in A/I is invertible. Theorem
implies that A/I = C-1. Finally, the quotient homomorphism ¢ : A — A/I satisfies ker(p) = 1. B

4.2. Abstract abelian C*-algebras. Recall that we defined a concrete C*-algebra to be a norm
closed *-subalgebra A C B(H).

Definition 4.10. An abstract C*-algebra is a Banach algebra (A4, ||.||) together with an adjoint
operation * : A — A such that

(a+0b)* =a*+0b*, (Aa)* = Ia*, (a*)* =a, (ab)* =b*a*, foralla,bc Aand X € C, and
la*a| = ||a||?, for all a € A.
Remark 4.11. By Exercise [15.3] any concrete C*-algebra is an abstract C*-algebra. As we will

note in the next section, the converse is also true.

If X be a compact Hausdorff space, then C(X) is an abstract C*-algebra, where the norm and
adjoint given by || fllecc = sup,ex |f(z)| and f*(x) = f(z). The goal of this subsection is to prove
that every abstract abelian C*-algebra arises this way.

Lemma 4.12. Let A be a unital abelian C*-algebra. If ¢ € 3(A), then ||¢|| =1 and p(a*) = ¢(a),
for all a € A.

Proof. Since ¢(1) = 1, we have that ||¢|| > 1. We claim that [|¢|| < 1. If ||¢]| > 1, then we can find
a € A such that |ja|| < 1 and |¢p(a)| = 1. Let b =>">", a”. Then a + ab = b and applying ¢ gives
that 1+ ¢(b) = ¢(b), which is absurd.

Next, let a € A be self-adjoint. Then for every t € R we have that

lp(a+it)? < lla+it]|* = |[(a +it)(a — it)l| = [la® + ]| < [|la®| +¢*.
If we write p(a) = z + iy, then |¢p(a + it)|> = 22 + (t + y)?. The above inequality rewrites as
2?2 + 2ty < ||al|?, for all + € R. This forces y = 0 and thus ¢(a) € R.
Finally, let a € A be arbitrary and write a = b+ ic, where b, c € A are self-adjoint. Then we have
that (a”) = ¢(b%) — ip(c") = @(b) —ip(c) = ¢(a). o

Lemma 4.13. By Lemmal{.19 we have that S(A) C {¢ € A*| |l¢|| = 1}. Then ©(A) is a compact
Hausdorff space with respect to the relative weak® topology.

Proof. If ¢; : A — C is a net of homomorphisms such that ¢;(a) — ¢(a), for every a € A, then ¢ is a
homomorphism. This shows that ¥(A) is weak*-closed. Since {¢ € A*| ||¢|| = 1} is weak*-compact
by Alaoglu’s theorem, the conclusion follows. |

Theorem 4.14. Assume that A is a unital abelian C*-algebra. Then the Gelfand transform
I': A— C(X(A)) given by T'(a)(p) = p(a) is a x-isomorphism.

Proof. Firslty, since I'(a*)(¢) = ¢(a*) = ¢(a) =T'(a)(p) =T'(a)(¢), T is a x-homomorphism.

Secondly, let a € A be self adjoint. Then [|I'(a)|| = sup,exa) l(a)| < |lal|. Since a is self-adjoint,

r(a) = |la||. If A € o(a), then X -1 — a is not invertible and is therefore contained in a maximal
ideal of A. By Lemma we can find ¢ € X(A) such that (A -1 —a) = 0. Thus, A = ¢(a).
It follows that [[I'(a)|| = sup,ex(a)lp(a)l = r(a) = [la]|. Altogether, we get that ||7(a)|| = [lal,
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whenever a € A is self-adjoint. Thus, ||7(a)|? = ||7(a)*n(a)| = ||7(a*a)| = ||a*a| = |a||*> and

hence ||7(a)|| = ||a||, for every a € A. We have proven that I' is an isometry.
Finally, since 7 is an isometric *-homomorphism, I'(A4) is a closed subalgebra of C(X(A)) which

contains 1 and is closed under complex conjugation. Since I'(A) clearly separates points in ¥ (A),
the Stone-Weierstrass theorem implies that I'(4) = C(X(A4)). [ |

5. CONTINUOUS FUNCTIONAL CALCULUS AND APPLICATIONS

5.1. Continuous functional calculus.

Theorem 5.1. Let a € A be a normal element. Denote by C*(a) the C*-algebra generated by a.
Then there exists a *-isomorphism 7 : C*(a) — C(o(a)) such that w(a) = z.

Proof. Since a is normal, A := C*(a) is an abelian C*-algebra. By Theorem the Gelfand
transform I" : A — C(X(A)) is a x-isomorphism.

Let p: ¥(A) — o(a) be given by p(p) = ¢(a). Note that p is well defined since p(¢(a)-1—a) = 0 and
thus ¢(a)-1—a is not invertible. The proof of Theoremshows that p is also surjective. Moreover,
p is injective. If ¢1(a) = ¢a(a), then p1(a*) = pa(a*) and therefore ¢1(P(a,a*)) = ¢a(P(a,a*)),
for every polynomial P in a and a*. This implies that @1 = 2. Since p is continuous and X(A) is
compact, we conclude that p is a homeomorphism.

Then 7 : C(X(A)) — C(o(a)) given by 7(f) = fop~!is a *-isomorphism. Finally, we define
m:=10l': A— C(o(a)). Then 7 is a *-isomorphism and 7(a) = z. [ |
Corollary 5.2 (continuous functional calculus). In the notation from Theorem we define
f(a) =77(f), for every f € C(o(a)). Then ||f(a)ll =|fllec and o(f(a)) = f(o(a)).

Proof. Since the Gelfand transform I' is isometric, 7 is isometric. This implies the first assertion.
The second assertion is immediate since o(f(a)) = o(f) = f(o(a)). [ |

In the rest of this section, we derive several consequences of continuous functional calculus.
Definition 5.3. An element a of a C*-algebra A is called positive if a = a* and o(a) C [0, 00).
Exercise 5.4. Prove that an operator T' € B(H) is positive if and only if (T'¢,&) > 0, for all £ € H.
Corollary 5.5. Let A be a C*-algebra and a € A.

(1) If a is self-adjoint, then o(a) C R, |la|| — a is positive, and there exist unique positive
elements b,c € A such that a = b — ¢ and bc = ¢b = 0.

(2) If a is a unitary, then o(a) C T.

(3) If a is positive, then there exists a unique positive element b € A such that a = b.

Proof. (1) Let A = C*(a). If ¢ € %(A), then p(a) = p(a*) = ¢(a), hence p(a) € R. Since
o(a) C{e(a)lp € X(A)}, we get that o(a) C R.

Since o(a) C R, we get that o(a) C [—|lal|,||a||]. Thus, o(||la]] —a) = |ja]| — o(a) C [0,2]all], and
since ||a|| — a is self-adjoint, we deduce that it is positive.

Let f,g € C(o(a)) be given by f(t) = max{t,0} and g(t) = — min{¢,0}. Put b = f(a) and ¢ = g(a).
Since f,g > 0, Corollary implies that b,¢ > 0. Since f(t) — g(t) =t and fg = 0, we also get
that b — ¢ = a and bc = ¢b = 0. This proves the existence assertion. For the uniqueness part, just
note that the C*-algebra generated by any such b, ¢ is abelian, hence isomorphic to C'(X), for some
compact Hausdorff space X.
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(2) It ¢ € 3(A), then |p(a)[2 = p(a)p(a) = p(a*)p(a) = pla*a) = 1, hence [p(a)] = 1. Since
o(a) C{e(a)lp € 3(A)}, we get that o(a) C T.

(3) Since o(a) C [0,00) we can define h € C(o(a)) by letting h(t) = v/t. Then b = h(a) is positive
and b? = a. The uniqueness assertion follows as sketched in the proof of (1). |

Exercise 5.6. If A is a C*-algebra, prove that every element a € A can be written as a linear
combination of four unitary elements from A.

5.2. The Gelfand-Naimark-Segal construction.

Theorem 5.7 (Gelfand-Naimark-Segal). Every abstract C*-algebra is isometrically *-isomorphic
to a concrete C*-algebra.

For the proof of Theorem see [C099, Theorem 7.10]. Here, we will only emphasize the main
tool in the proof of Theorem the so-called Gelfand-Naimark-Segal (GNS) construction.

Definition 5.8. Let A be a C*-algebra. A linear functional ¢ : A — C is called positive if
p(a*a) > 0, for all @ € A. If A is unital, then a positive linear functional ¢ : A — C is called a
state if (1) = 1. A positive linear functional ¢ : A — C is called faifthul if p(a*a) = 0= a = 0.

Exercise 5.9. (the Cauchy-Schwarz inequality) Let A be a C*-algebra and ¢ : A — C be a positive
linear functional. Prove that |p(y*1)|? < ¢(z*z)p(y*y), for all x,y € A.

Exercise 5.10. Let A be a unital C*-algebra and ¢ : A — C be a positive linear functional. Prove
that ¢ is bounded and ||| = ¢(1).

Theorem 5.11 (the GNS construction). Let A be a unital C*-algebra and ¢ : A — C be a state.
Then there exist a Hilbert space Hy, a x-homomorphism 7, : A — B(H,) and a unit vector &, € H,
such that p(a) = (my(a)é,, &y), for all a € A.

Proof. Let I = {x € A | p(x*x) = 0}. Then I is a closed left ideal of A. Indeed, I is closed since
¢ is bounded. Moreover, if a € A and z € I, then ||a*a|| — a*a is positive by Corollary (1) and
thus can be written as ||a*a|| — a*a = b*b, for some b € A, by Corollary |5.5( (3). Since ¢ is positive,
we get that ¢(x*b*bxr) > 0 and therefore 0 < p(z*a*ax) < ||a*al|¢(x*x) = 0, implying that az € I.

Consider the vector space A/I and for z,y € A, define (x + I,y + I) = p(y*x). Then (-,-) defines
an inner product on A/I. Let H, to be the completion of A/I w.r.t. the norm defined by this
inner product. If a,z € A, then by using the inequality proved above, we have

laz + I|)* = (az + I,az + I) = p(a*a*ax) < ||a]*p(z*z) = |lal*||lz + I]|*.

Thus, if a € A, then the map m, : A/I — A/I defined by 7 (a)(x + I) = ax + I extends to a
bounded operator on H, satisfying ||7,(a)| < |lal|. It is easy to see that 7, : A — B(H,) is a
*-homomorphism, &, =1+ 1 € H, is a unit vector and (7,(&,),&,) = ¢(a), for all a € A. [

Remark 5.12. Let X be a compact Hausdorff space. Then C'(X) is an abstract C*-algebra, where
the norm and adjoint given by || f|/cc = sup,ex |f(z)| and f*(z) = f(x). Let M(X) denote the set
of regular Borel probability measures on X. By Riesz’s representation theorem, M(X) is equal to
the positive part of the unital ball of C(X)*. Let H = ®,em(x)L*(X, 1). The s-homomorphism
m: C(X) — B(H) given by multiplication, is isometric. This a concrete representation of C'(X).

For a general abstract C*-algebra A, one considers the set S(A) of all states ¢ : A — C, and shows
that the *-homomorphism 7 = @ c5(4)Ty : A — B(Dpes(a)H,) is isometric.
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5.3. Continuity of *-homomorphisms.

Lemma 5.13. Let m: A — B be a *-homomorphism between two abstract C*-algebras. Then T is
contractive: ||m(a)| < |lal|, for all a € A.

Proof. Let a € A be a self-adjoint element. Then |la?|| = ||a*a| = |la||?>. Since a*" is self-adjoint,

we get that [[a2"" || = [|a2"||? and by induction it follows that |[a2"| = ||a]|?", for all n > 1. As a

consequence r(a) = lim ||a®" ||2i" = ||la]|. (If a is only assumed normal, then for all n > 1 we have
n—oo

[a2" |12 = [[a®""a2"|| = ||(a*a)®" | = ||la]|®""". We get that r(a) = ||a|| in this case as well)

Let a € A. If A-1— a*a invertible, then A -1 — w(a*a) is invertible, thus o(7(a*a)) C o(a*a). This

fact implies that ||7(a)||? = |7 (a*a)|| = r(7(a*a)) < r(a*a) = ||a*a|| = ||a||?, hence 7 is contractive.

Corollary 5.14. Any injective x-homomorphism m : A — B between two C*-algebras is an isome-
try.

Proof. Let a € A be a self-adjoint element. Consider the inclusion i : o(w(a)) — o(a) and the
s-homomorphism p : C(o((a)) = C(o(n(a))) given by p(f) = foi. Let I'1 : C*(a) = C(o(a)) and
Ty : C*(n(a)) = C(o(n(a))) be the Gelfand transforms. Then p(z) = I';' o 7o T'y(z), for every
x € C*(a). Since 7 is injective, we get that p is injective. This implies that o(7(a)) = o(a), hence
|m(a)|| = r(m(a)) = r(a) = ||al|. It is now clear that 7 is an isometry. [

5.4. Kaplansky’s density theorem.

Theorem 5.15 (Kaplansky’s density theorem). Let M C B(H) be a unital von Neumann algebra.

Let A C M be a C*-subalgebra such that A%°T — M. Then the following hold:

(1) D7 = M, where A = {a € A] o] < 1).
(2) ALsa = Ml,sa; where Al,sa = {a c A’ HaH <1 and a* = CL}.
(3) Asq = Msq, where Asq = {a € Al a* = a}.

Proof. (3) Let x € My, and x; € A such that z; — = (SOT). Then z} — 2* = « (WOT) and

therefore 3(z; + z7) — = (WOT). By using Lemma we derive that = € TMWOT = TMSOT

(2) Let f: R — [—1,1] be given by f(t) = 1_2;;2. Then g = fi—1,1] is @ homeomorphism of [-1, 1].
Let g = (fia) ™ : [=1,1] = [=1, 1),

Let © € M 5, and put y = g(x) € Mj . Then f(y) = x. By part (1), there exists a net y; € A,
such that y; — y (SOT). We claim that f(y;) — f(y) = « (SOT). Since z; = f(y;) € A1,sa (by

. . . . . . ——SOT .
continuous functional calculus) this claim implies that € Aj g, , as desired.

To prove the claim, note that
Flu) = fly) =201 +y) " =291+ 92" = L+ ) ' Quil+4°) 20+ y) (1 +¢*) ' =
M+ Qi —y) + 20y — w)y) (1 +y*) 7L
Let ¢ € H and put n = (1 +%?)7(¢). Then
1CF(ya) = F) N < 20y = )+ 20lwa(1 +57) I (i — v)(yn)

which implies that ||(f(y:) — f(y))(&)|| — 0, as claimed.
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(1) We use a “matrix trick”. Consider the inclusions My(A) C My(M) C My(B(H)) = B(H?). Let
g?*"’“"o . Then 7 € My(M)1.a. Since Ma(A) 0" = Ma(A°°T) = My (M),

by applying part (2) we can find a net y; € Ma(A); s, such that y; — & (SOT).

Write y; = <z; 329 where ypq € A. Let £ € H. Since <£§Eg) = Y; (2) — (2) — <93E)£)>7

. _ : 0 ,
we get that yi; — o (SOT). Since [lyio () < llyi { ¢ ) Il < lwill €N < €], we get that [lyi,[l <1

z € M7 and define z =

——SOoT .
Therefore, x € Ay , as claimed. [ |

6. THE SPECTRAL THEOREM

Let A C B(H) be a concrete abelian C*-algebra (e.g. take A to be the C*-algebra generated by
a normal operator). Then A is “abstractly” s-isomorphic to C(X), where ¥ is the maximal ideal
space of A. This result, although very useful, does not explain how A acts on H. In this section
we prove the so-called spectral theorem which gives a description of all *-representations of C'(X).

Remark 6.1. Assume ¥ = {z1,...,x,} is finite (equivalently, C’(E) is finite dimensional) and let 7 :
C(¥) — B(H) be a *-homomorphism. Then e; = 7(1y,,}), i = 1,...,n, are commuting projections.

For all f € C(X), we have that 7(f) = 7(3_i1, f(2i)l{z,)) = 2iy f zi)e; = “ [¢ f de”.

Notation. Let 3 be a compact Hausdorff space. We denote by €2 the o-algebra of Borel subsets
of ¥ and by B(X) the algebra of bounded Borel functions f : ¥ — C.

Theorem 6.2 (the spectral theorem). Let w : C(X) — B(H) be a *x-representation. Then there
exists a unique regular spectral measure E : Q — B(H) such that

w(f) = /Ef dE, for every f € C(X).

Definition 6.3. A projection-valued spectral measure for (3,Q) is a map F : Q — B(H) that
satisfies the following conditions:

(1) E(A) is a projection, for every A € Q.

(2) E(0)=0and E(X) =1.

(3) E(Al N Ag) = E(Al)E(Ag), for every Ay, Ay € Q.

(4) BE(UX,A,) =30 | E(A,), in the SOT, for any pairwise disjoint sets {A,}52 from Q.
Example 6.4. Let 1 be a Borel probability measure on . Let 7 : L>(X, u) — B(L?(X, 1)) be the
*-homomorphism given by 7¢(§) = f§. Then E(A) = w1, defines a spectral measure.

Lemma 6.5. Let £ : Q) — B(H) be a spectral measure. If &, € H, then E¢,(A) = (E(A)(&),n)
defines a complez-valued measure on Q with || E¢ || < ||€]] |[n]]-

Proof. It is clear that E¢ , is a complex-valued measure on (2. To prove the total variation assertion,
let Aq,...,A, be pairwise disjoint sets. Let o; € T such that |E¢,(A;)| = a;E¢n(A;). Then we
have that )", ]Egn(A')| = aE(A)E ) < || Yo ai B(A)E]] ||m]]. Since we also have that

[ Zaz DEIP =D (B(A)E ) = (B(UL A)E ) < €17,

=1
we conclude that Zi:l | Een(A)| <&l [In]], as desired. [

Definition 6.6. A spectral measure E is called regular if E; , is regular, for every §,n € H.



VON NEUMANN ALGEBRAS 15

Lemma 6.7. Let E : Q — B(H) be a spectral measure. Then for every f € B(X), there exists
an operator w(f) € B(H) such that ||7(f)|| < || flloo and (m(f)&,n) = fzf dE¢ ), for all {,m € H.
Moreover, the map 7 : B(X) — B(H) is a *-homomorphism.

Proof. Firstly, let f € B(X). Since the map H x H 3 (§,) = [ f dE¢, is sesquilinear and
satisfies | [¢ f dE¢y| < ||fllocllBenll < 11fllsollélllInll, the existence of 7(f) is a consequence of
Riesz’s representation theorem.

Secondly, let A € Q. Then (7(1a)&,n) = [x1adEey, = E¢p(A) = (E(X)E,n) and therefore
m(1a) = E(A). We get that 7(1a,na,) = 7(1a,)7(1a,), for every A1, Ay € Q, and further that
w(fif2) = m(f1)m(f2), for any simple functions fi, fo € B(X). Since ||7(f)| < ||fl]loo, for every
f € B(¥), by approximating bounded Borel functions with simple functions, we conclude that 7 is
multiplicative. It follows that 7 is a *-homomorphism. |

Before proving the spectral theorem, we need one additional result.

Lemma 6.8. Let m: C(X) — B(H) be a x-homomorphism. Then there exists a *-homomorphism
7: B(X) — B(H) such that 7jc(s) = .

Moreover, if f € B(X) and f; € B(X) is a net such that [y, fi du — [ f du, for every regular Borel
measure 1 on ¥, then w(f;) — 7(f) in the WOT.

Proof. Let &,n € H. Note that C(X) > f — (n(f)&,n) € C is a linear functional such that
Kr(HEm < x(AHN N lImll < [LFI] €N lImll. Riesz’s representation theorem implies that there
exists a regular complex Borel measure ji¢ ; on ¥ such that [ f due, = (w(f)&,n), for all f € C(X),
and [|pe | < [|€]] |n|]- Note that fig,, = piy ¢, so the map (&,7) — pe,, is sesquilinear.

Next, let f € B(X). Repeating the argument from the proof of Lemma shows that there exists
an operator 7(f) € B(H) such that ||7(f)| < ||fllec and (7(f)&,n) = [ f dpe,y, for all §,n € H.
It is clear that 7(f) = w(f), if f € C(X), so the last assertion is verified.

It is easy to see that 7 is linear and *-preserving, so it remains to argue that 7 is multiplicative.
To this end, let f € B(X) and g € C(X). By Lemma [3.4] we can find a net f; € C(X) such that
| filloo < [|flloo, for all i, and [s f; du — [5 f dp, for every regular Borel measure p on X. Since

Lien is a regular Borel measure it follows that (w(f;)&,n) = [ fi dpen = [x f dpen = (R(F)En),
for all £,m € H. Thus, n(f;) — 7(f) in the WOT. Similarly, 7(fig) — 7(fg) in the WOT. Since

w(fig) = 7(fi)m(g), for all i, we deduce that 7(fg) = 7(f)m(g), for all f € B(X) and g € C(X).

Finally, let f,g € B(X). By approximating g with continuous functions as above and using the last
identity, it follows similarly that 7(fg) = 7(f)7(g). Thus, 7 is multiplicative.

For the moreover assertion, let f, f; € B(X) as in the hypothesis. Then for every £, € H we have
that (7(fi)&,n) = [ fi dpey = [ f dpey = (7(f)€,m). Therefore, 7(f;) — 7(f) in the WOT. R

Proof of Theorem By Lemma 7 extends to a x-homomorphism 7 : B(X) — B(H). We
define E : Q — B(H) by letting F(A) = 7(1a). We claim that E is a spectral measure.

Firstly, since 13 = Ta = 1a, by applying 7 we get that E(A)? = E(A)* = E(A), hence E(A) is a
projection. Secondly, since 7(0) = 0 and 7(1) = 1, we get that E(#) = 0 and E(X) = 1. Thirdly, if
A1, Ag € Q, then 1a,1a, = 1a,nA, and applying 7 yields that E(A;)E(Ag) = E(A; N Ag).
Finally, let {A,,}°°; be a sequence of pairwise disjoint Borel subsets of ¥. Put X = UF_; A, and
X = U2 A, Then klim w(X \ Xi) = 0, for every Borel measure p on ¥. The moreover part

— 00

of Lemma gives that E(X \ Xz) = 7(1x\x,) — 0 in the WOT. If £ € H, then we have that

IE(X \ Xp)¢|? = (E(X \ Xp)&,€) — 0, which shows that E(X \ X;) — 0 in the SOT. Hence
E(X},) — E(X) in the SOT. Since E(X;) = Y-F_, E(A,), the claim is proven.

n=1
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If &,n € H, then E¢,(A) = pe,. Since pe, is a Borel regular measure by construction (see the
proof of Lemma , we get that F is a regular. Thus, E is a regular spectral measure.

Further, by Lemma p: B(X) — B(H) given by p(f) = [ f dE is a *-homomorphism. Then
p(la) = [51a dE = E(A) = 7(1a), for every A € Q. It follows that p(f) = 7(f), for every simple
function f € B(X). Since simple functions are dense in B(X) and both p, 7 are contractive, we

get that p = 7. In particular, 7(f) = [y, f dE, for every f € C(X). This finishes the proof of the
existence assertion.

It remains to argue that E is unique. Assume that E’ is a regular spectral measure such that
n(f) = [s f dE', for every f € C(¥). Let f € B(X). By Lemma we can find a net f; € C(X)
such that ||fillcc < [|f]loo, for all 4, and [g fi du — [5, f du, for every regular Borel measure .
The moreover part of Lemma gives that 7(f;) — 7(f) in the WOT. Since we also have that
Js fi dE' — [ f dE' in the WOT, we conclude that 7(f) = [ f dE’. Therefore, if A € Q, by
letting f = 1a we get that E(A) = 7(1a) = [y 1a dE' = E'(A). [ ]

7. BOREL FUNCTIONAL CALCULUS

7.1. Borel functional calculus.

Theorem 7.1 (Borel functional calculus). Let a € B(H) be a normal operator and Q2 the o-algebra
of Borel subsets of o(a). Then there exists a regqular spectral measure E : Q — B(H) such that

a= / z dE
o(a)

For every f € B(o(a)), define f(a) := fg(a) f(2) dE. Then the map B(o(a)) > f — f(a) € B(H)
is a x-homomorphism. Moreover, if f; € B(o(a)) is a net of functions such that fo(a) fi du — 0,
for every Borel regular measure p on o(a), then fi(a) — 0 in the WOT.

Proof. By Theorem there exists a x-homomorphism 7 : C(o(a)) — B(H) such that 7(z) = a.
The conclusion now follows directly from the spectral theorem Il

Corollary 7.2. Let M C B(H) be a von Neumann algebra.

(1) If a € M is normal, then f(a) € M, for every f € B(o(a)).
(2) M is equal to the norm closure of the linear span of its projections.

Proof. (1) Let f € B(o(a)). Let f; € C(c(a)) be a net such that || filloc < ||f]loo, for all ¢, and
fa(a) fidu — fa(a) f du, for every regular Borel measure p on o(a). By Theorem we have that

fi(a) = f(a) in the WOT. Since fij(a) € C*(a) C M, we conclude that f(a) € M.

(2) If a € M, then we can write a = b+ ic ,where b,c € M are self-adjoint. So it suffices to show
that any self-adjoint a € M is belongs to the norm closure of the linear span of projections of M.
To this end, let € > 0 and write a = fo(a) z dE. Then we can find aj, ..., @, € R and Borel sets
Ay, ..., Ap Co(a) such that ||z =" a;ila, |l < €. It follows that [[a—>"" ; a;1a,(a)| < e. Since
the projections 14, (a) belong to M by part (1), we are done.

Exercise 7.3. Let M C B(H) be a von Neumann algebra and a € M with a > 0. Prove that there

o0

exist projections {p;, }n>1 such that a = ||a|| >, "1 27" pp.

Exercise 7.4. Let a € B(H) be a positive operator. Prove that a is compact if and only if the
projection 1. .)(a) is finite dimensional, for every e > 0.
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7.2. Polar decomposition.

Definition 7.5. An operator v € B(H) is called a partial isometry if ||v(£)| = [|£]|, for all
¢ € (kerv)t. In this case, (kerv)* is called the initial space of v and the range ran(v) = vH is
called the final space of v.

Theorem 7.6 (polar decomposition). If a € B(H), then there exists a unique partial isometry

v € B(H) with initial space (ker a)* and final space ran(a) such that a = vla|, where |a| = (a*a)%
is the absolute value of a.

Proof. If € € H, then |[a&||?> = (a&,a€) = (a*a&, &) = (|a?¢, &) = || |al¢||*>. Then the formula
v(|al€) = a& defines a unitary operator v : ran(la]) — ran(a). We extend v to H by letting
v(n) = 0, for all n € (ran(|al)*. Then v is a partial isometry such that v|a| = a. By definition the
final space of v is ran(a), while the initial space of v is ran(|a]) = (ker |a|)* = (kera)’ (the second
equality follows from the first line of the proof). The uniqueness of v is obvious. |

Exercise 7.7. Let M C B(H) be a von Neumann algebra and a € M. Let v be the partial isometry
provided by Theorem Define [(a) to be the projection onto ran(a) (the right support of a)
and 7(a) to be the projection onto (kera)* (the left support of a).

(1) Prove that v € M. (Hint: prove that v commutes with every unitary element = € M’ and
use the bicommutant theorem to deduce that v € M.)
(2) Prove that I(a) = vv* and r(a) = v*v. Deduce that I(a),r(a) € M.

Exercise 7.8. Let H be a separable Hilbert space. Assume that a € B(H) is an operator that is
not compact. Prove that there exist z,y € B(H) such that zay = 1.

Exercise 7.9. Let H be a separable Hilbert space. Prove that any closed two-sided ideal I C B(H)
is equal to {0}, K(H) or B(H).

8. ABELIAN VON NEUMANN ALGEBRAS

Definition 8.1. Let M C B(H) be a von Neumann algebra. A vector ¢ € H is cyclic if Mé = H.

Remark 8.2. Let (X, ) be a standard probability space. Then 1 € L?(X) is a cyclic vector for
the abelian von Neumann algebra L>(X) C B(L*(X)).

Theorem 8.3. Let M C B(H) be an abelian von Neumann algebra which admits a cyclic vector
& € H. Then there exist a compact Hausdorff space X, a reqular Borel measure pu on X, and a
unitary operator U : L*(X) — H such that M = UL>(X)U*. Moreover, if H is separable, then X

s a compact metrizable space.

Proof. Let A C M be an SOT-dense C*-subalgebra (to prove the moreover assertion, we will make
a specific choice for A). Let X = ¥(A) be the maximal ideal space of A and 7 : C'(X) — A C B(H)
be the inverse of the Gelfand transform (see Theorem [5.1]). By the Spectral Theorem there
exists a regular spectral measure E on X such that 7(f) = [ f dE, for every f € C(X).

Then p(A) = (E(A)E,€) defines a Borel regular measure on X such that [ f du = (7(f)€, &), for
every f € C(X). Thus, for every f € C(X) we get that

lm(£)EI* = (m ()& m()8) = (r(F)*n(f)E, &) = (n(|f[*)E, &) = /X I dps,

hence || 7(f)E|| = [|fll2(x)- As 7(C(X)) = A is SOT-dense in M, we get that {7 (f){|f € C(X)} is
dense in M¢ = H. Also, Lemma [3.4] implies that C(X) is dense in L?(X).
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The last three facts allow us to define a unitary operator U : L2(X) — H by letting
U(f)=n(f)¢, forall feC(X).

Now, let p : L%°(X) — B(L?(X)) be the *-homomorphism given by ps(n) = fn. Then for every

frg9 € C(X) we have that Ups(g) = U(fg) = n(f9)§ = n(f)w(9)§ = n(f)U(g). Since C(X) is
dense in L?(X) we deduce that Ups = 7(f)U and therefore 7(f) = Up;U*, for all f € C(X).

From this we get that 7(C(X)) = Up(C(X))U*. Since by Lemma p(C(X)) is WOT-dense in
L*(X), we conclude that M = UL*(X)U*.

To prove the moreover assertion, assume that H is separable. Then (B(H);, WOT) is a compact
metrizable space (see Exercise and hence (M;,WOT) is a compact metrizable space. Let
{zn} € M; be a WOT-dense sequence. Define A to be the C*-algebra generated by {z,}. Then
A is SOT-dense in M. Moreover, X = 3(A) is metrizable. Indeed, one can define a compatible

metric by letting d(¢, ') = 300 | o |@(25) — ¢’ (2)], for every ¢, ¢’ € o(A). [

Theorem 8.4. Let H be a separable Hilbert space and M C B(H) be an abelian von Neumann
algebra. Then M is x-isomorphic to L (X, u), where X is a compact metric space and p is a Borel
reqular measure on X.

Proof. By Zorn’s lemma, there exists a maximal family {}ier of unit vectors in H such that
Mg L Mifj, for all i # j. Then H = @;erM&;. To see this, let £ € (®ierME)L. Then for
all z,y € M,i € I we have (x€,y&) = (&,2%y&) = 0. Thus ME L ME;, for all i € I, and
the maximality of the family {&;};c; implies that £ = 0. Also, since H is separable, I must be
countable. We reindex the family by {{,} and define £ =) 27"E,.

We claim that £ is separating for M. To prove this, let x € M with 2§ = 0. Then ) 27"z, =0
and since z¢, € M¢&,, we deduce that z&, = 0, for all n. Now, if y € M, then since M is abelian
we get that z(y&,) = y(z&,) = 0. Thus, xn = 0, for all n € M¢,, and every n. Therefore, xn = 0,
for all n € H, implying that z = 0.

Now, denote by p the orthogonal projection from H onto K := M. Claim 1 from the proof of
Theorem gives that p € M’. Consequently, for all z € M, we can see xp as an operator on K.
We define a *-homomorphism 7 : M — B(K) by letting 7(z) = xp, for every = € M. Let us show
that 7 is injective. If zp = 0, then € = xp€ = 0 and since £ is separating, it follows that x = 0.

Next, we claim that w(M) is a von Neumann algebra. Let M be the closure of w(M) in the
WOT. Since 7 is injective, by Lemma we get that 7 is isometric. This implies that 7(M) is
a C*-algebra and (w(M)); = w(My). Since m is WOT-continuous and (M), is WOT-compact, we
derive that (w(M)); is WOT-compact. On the other hand, since 7(M) is a C*-algebra, Kaplansky’s
density theorem [5.15| gives that (7(M)); is WOT-dense in (M);. The last two facts together imply
that (7(M))1 = (M)1. Hence, 7(M) = M is a von Neumann algebra.

Finally, since m(M)¢ = Mpé = ME = K, we get that & is a cyclic vector for m(M) C B(K).
Theorem implies that 7(M) is *-isomorphic to L*>°(X, ), for a compact metrizable space X
and a regular Borel measure p on X. Since w(M) is *-isomorphic to M, we are done. |

Definition 8.5. A projection p of a von Neumann algebra M is called minimal if every projection
g € M such that 0 < ¢ < p satisfies ¢ € {0,p}. A von Neumann algebra M is called diffuse if any
minimal projection is equal to 0.

Corollary 8.6. Let H be a separable Hilbert space and M C B(H) be a diffuse abelian von Neumann
algebra. Then M is x-isomorphic to L>([0,1], \).
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Proof. By Theorem M 1is *-isomorphic to L>°(X), where (X, ) is a standard probability space.
Since M is diffuse, (X, p1) has no atoms: if u({z}) > 0, for some z € X, then 1,y € L*(X) is a
non-zero minimal projection. Theorem thus implies the conclusion. |

Exercise 8.7. Let M be a von Neumann algebra and p € M be a projection. Prove that p is
minimal if and only if pMp = Cp := {ap | a € C}.

Exercise 8.8. Let M C B(H) be a diffuse von Neumann algebra. Let A C M be an abelian von
Neumann subalgebra which is maximal abelian, i.e., satisfies A’NM = A. Prove that A is diffuse.

9. DECOMPOSITION INTO TYPES FOR VON NEUMANN ALGEBRAS

Starting in this section, we explore further the general theory of von Neumann algebras. Recall
that any von Neumann algebras is generated by its projections (see Corollary [7.2)). It is therefore
important to understand better how these projections “interact”.

9.1. Projections. For a von Neumann algebra M we denote by P(M) the set of its projections
and by U (M) the group of its unitaries.

Definition 9.1. Let {p;};,cr € B(H) be a family of projections. We denote by

e \/c;pi the smallest projection p € B(H) such that p > p;, for all i € I (equivalently, the
orthogonal projection onto the closure of the linear span of {p;H|i € I}).

o N,crpi the largest projection p € B(H) such that p < p;, for all @ € I (equivalently, the
orthogonal projection onto N;crp; H.

Proposition 9.2. If p; € P(M), for alli € I, then \/;c; pis N\ic;pi € M.

Proof. A projection p € B(H) belongs M if and only if p commutes with every € M’ and if and
only if pH is invariant under every x € M’ (see the bicommutant theorem and its proof). n

Definition 9.3. Let M C B(H) be a unital von Neumann algebra.

Z(M) = Mn M is called the center of M.

M is called a factor if Z(M)=C- 1.

a projection p € P(M) is central if p € Z(M).

the central support of p € P(M) is the smallest projection z(p) € Z(M) such that
p < z(p).

Lemma 9.4. z(p) is the orthogonal projection onto MpH .

Proof. Let z be the orthogonal projection onto MpH. Since pH C MpH, we have that p < z. Since
MpH is both M and M’ invariant, we get that p € M’ N (M')’ = Z(M). Finally, since p = z(p)p
we have MpH = Mz(p)pH = z(p)MpH C z(p)H and hence z < z(p). Altogether, z = z(p). [

Exercise 9.5. Prove that z(p) = V() upu”.

Proposition 9.6. Let M C B(H) be a von Neumann algebra. Let p € P(M) and p' € P(M'). We
denote pMp = {pxplr € M} and Mp' = {xp'|x € M} and view them as algebras of operators on
the Hilbert spaces pH and p'H, respectively. Then we have the following:

(1) Mp' C B(p'H) is a von Neumann algebra and (Mp') = p'M'p’.
(2) pMp C B(pH) is a von Neumann algebra and (pMp)' = M'p.
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Proof. Since (2) clearly implies (1), we only prove (2). To prove (2), note that M'p C (pMp)’. For
the converse inclusion, let u € (pMp)’ be a unitary.

Claim. There exists 4 € M’ such that v = up (hence u € M'p).

Let x1,...,z, € M and &1, ...,&, € pH. Since u*x;‘xzu = u'prjTipu = pa:;f:rip, we have that

n n n n n
DY S miwkil® = (s, ajuéy) = > (wrmnds, &) = | mpglP =11zl
i=1 ij=1 ij=1 i=1 i=1

Define @ : H — H by (&) = > ;- xu&;, for £ =31 2& € MpH, and u(§) =0, for € € MpHJ'.
Then @ is a partial isometry whose left and right supports are equal to z = z(p). Clearly, up = u.
To see that @ € M’, note that M = Mz® M(1—2z). Ify € M(1—2), then ay =yu=0. If y € Mz,
then ay(zf) = a(yzp) = yrul = yu(xf), for all x € M and £ € pH, hence § = yu. Since every
operator in (pMp)’ is a linear combination of 4 unitaries, the claim implies that (pMp)" C M'p. This
completes the proof of the equality (pMp)’ = M'p. To see that pMp is a von Neumann algebra, let
x € (pMp)". it y € M’, then py = yp € M'p C (pMp)' and thus zy = z(py) = (py)z = y(pz) = yz.
Hence x € (M') = M and so x € pMp. [ |

Corollary 9.7. Z(Mp') = Z(M)p and Z(pMp) = Z(M)p.

9.2. Equivalence of projections.

Definition 9.8. Two projections p,q € M are equivalent (p ~ q) if there exists a partial isometry
v € M such that p = v*v and ¢ = vv*. We say that p is dominated by ¢ (and write p < q) if
p ~ ¢, for some projection ¢’ € M with ¢ < q.

Exercise 9.9. Prove the following:

(1) If p ~ q, then z(p) = z(q).
(2) If p ~ q via partial isometry v, then the map pMp > = — vav* € ¢Mgq is a *-isomorphism.
(3) If {pi}ier,{¢}ier are families of mutually orthogonal projections and p; ~ ¢;, for all i € I,

then >, pi ~ D ics Gi-
(4) If p~ qand z € M is a central projection, then zp ~ zq.

Lemma 9.10. Let M be a von Neumann algebra and p,q € P(M). TFAE:

(1) pMq # {0}.

(2) there exist non-zero projections p1,q1 € M such that p1 < p,q1 < q and p1 ~ q1.

(3) z(p)z(q) # 0.

Proof. (1) = (2) Let x € M such that y = prq #0. Then 0 # p; = l(y) < p,0 # q1 =7r(y) < ¢
and p; ~ q1 (see Exercise .

(2) = (@)

(1) = (3) If 2(p)2(q) = 0, then pxq = pz(p)zz(q)q = prz(p)z(q)q = 0, for all x € M.

(3) = (1) If pMq = {0}, then p(xq€) = 0, for all £ € H. Since z(q) is the orthogonal projection

onto MqH, we get that pz(q) = 0 and thus p < 1 — 2(gq). From this we get that z(q) < 1 — z(p),
hence z(p)z(q) = 0. [ |

= If v € M is such that p; = vv* and ¢ = v*v, then 0 # v = pvg € pMg.
=

Theorem 9.11 (the comparison theorem). If p,q € P(M), then there ezists a projection z € Z(M)
such that pz < gz and q(1 — z) < p(1 — z).
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Proof. By Zorn’s lemma, there exist maximal families of mutually orthogonal projections {p; }icr, {qi }icr
such that p; < p,q; < g and p; ~ ¢, for alli € I. Put p1 = > ,.;pi, and ¢1 = > ,c;qi- Then
p1~ q1. Also, let ps =p—p1 and g2 =g — q1.

Since po, g2 do not have equivalent non-zero subprojections, Lemma implies that z(p2)z(g2) = 0.
Thus, if we let z = 2(g2), then paz = 0 and ¢2(1 — z) = 0. The conclusion now follows since

pz = Zpiz + p2z = Zpiz ~ Z%‘Z = ZQiZ+q2Z =qz

icl icl icl el
and similarly ¢(1 —2) < p(1 — 2). [
Corollary 9.12. If M is a factor and p,q € P(M), then p < q or q < p.

9.3. Classification into types.

Definition 9.13. A projection p € M is called:

(1) abelian if pMp is abelian.
(2) finite if whenever ¢ € M is a projection such that ¢ < p and g ~ p, then ¢ = p.

Remark 9.14. Every abelian projection is finite. Also, a subprojection of an abelian (resp. finite)
projection is abelian (resp. finite).

Definition 9.15. A unital von Neumann algebra M C B(H) is called

e finite if 1 € M is finite.

e of type I if any non-zero central projection contains a non-zero abelian subprojection.

e of type II if it has no abelian projections and any non-zero central projection contains a
non-zero finite subprojection.

of type III if it contains no non-zero finite projection.

of type Igy if it is of type I and finite.

of type I if it is of type I and not finite.

of type 11, if it is of type /1 and finite.

of type Il if it is of type I1 and not finite.

Remark 9.16. M is finite iff any isometry is a unitary, i.e., v*v =1 = vv* = 1.
Exercise 9.17. Prove that B(H) is finite if and only if H is finite dimensional.

Exercise 9.18. Let M be a von Neumann algebra and p € P(M).

(1) Prove that if p € M is abelian, then Mz(p) is of type I.
(2) Prove that if p € M is finite, then M z(p) is semifinite: every non-zero central projection g
of Mz(p) contains a non-zero finite subprojection.

Theorem 9.19. Let M C B(H) be a von Neumann algebra. Then there exist unique central
projections z1, ..., z5 € Z(M) with Z?:l zi =1 and Mz1, Mz, Mz3, M z4, M z5 are von Neumann
algebras of the type Ifyn, I, 111,11, 111, respectively.

For a proof see |[C099, Theorem 48.16] or the next exercise.

Exercise 9.20. Let p,q,r € Z(M) be the maximal projections such that Mp is of type I, Mq
is of type I, and r is finite projection. Define z; = pr,zo = p(1 — 1), 23 = qr,z4 = q(1 — r) and
z5 =1 — (p+ q). Use Exercise to prove that 21, .., z5 satisfy the conclusion of Theorem [9.19|
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9.4. von Neumann algebras of type 1.

Definition 9.21. Let M C B(H) and N C B(K) be von Neumann algebras. For x € M,y € N we
define z ® y € B(H ® K) by letting (z®@y)({®n) =x{@yn, forall £ € Hyn e K.

The tensor product von Neumann algebra M®N C B(H ® K) is defined as the closure of the
linear span of {x ® y|z € M,y € N} in the SOT.

Exercise 9.22. Let (X, 1) be a standard probability space. Show that M, (L> (X, u)) = M, (C)®L>*(X)
is a type Iy, von Neumann algebra. Show that if K is an infinite dimensional Hilbert space, then
B(K)®L>*(X) is a type I von Neumann algebra.

Remark 9.23. As it turns out, any type I von Neumann algebra M is isomorphic to a direct sum
of algebras of type I, and I as in the previous exercise (see [C099, Section 50] for a proof). Here,
limit ourselves to giving a proof of this fact in the case M is a factor.

Theorem 9.24. Let M be a von Neumann algebra. Assume that {p;}icr is a family of mutually
orthogonal projections such that ;. ;p; = 1. Let ig € I and put p = p;,. Then M is x-isomorphic
to B(£2(1))@pMp.

Proof. Denote by {8;}ies the canonical orthonormal basis of ¢21. For 4,5 € I, we let e; ; € B(¢21)
be the “elementary” operator given by e; ;o = 0;10;, for all k € I.

For i € I, let v; € M be a partial isometry such that v;v; = p and v;v] = p;. We take v;, = p. We
define U : H — (I ® pH by letting U(§) = Y,c; 6 ®vi&. Since Y, [[v7E]12 = e Ipi€ll? = |1€]],
for all £ € H, it follows that U is a unitary.

We claim UMU* = B(¢*(I))@pMp. To this end, note that U*(}",c; 6 ® &) = >_;c; vi&i, for all
& € pH. Using this fact, one checks the following:

o UzU" = ey, ® x, for all z € pMp.
o UniU* =¢€;;,@p, for alli e I.

Let A C M be the x-algebra generated by {v;}ie; UpMp. Let B C B(¢2(I))@pMp be the x-algebra
generated by {e; i, }icr U {€ig,iy ® x|z € pMp}. The last formulae imply that UAU* = B.

Let x € M and for F' C [ finite, denote pr = ), pi. Since pr — 1, we get that ppxpr — =, in the
SOT. On the other hand, since ppzppr = Zi,jeF VU] TVU; = Zi,jeF vi(vi zvj)v; and vizv; € pMp,
we get that ppapr € A. This shows that A is SOT-dense in M. Similarly, we get that B is
SOT-dense in B(¢2I)@pMp. The claim and the theorem are now proven. |

Exercise 9.25. Let K be a Hilbert space. Prove that B(K) is a factor of type L

Corollary 9.26. Any factor M of type I is x-isomorphic to B(K), for some Hilbert space K.

Proof. Let p € M be a non-zero abelian projection. Then pMp is both abelian and a factor.
Therefore, pMp = C - p. Let {p;}icr be a maximal family of mutually orthogonal projections in
M that are equivalent to p. Put ¢ =1 -3, ;p;. We claim that ¢ = 0. Indeed, if ¢ # 0, then by
Corollary we have that either (1) p < g or (2) ¢ < p. Now, (1) contradicts the maximality of
{pi}icr, while (2) implies that there exists a projection ¢’ < p such that ¢’ ~ ¢. Since pMp = Cp,
it follows that ¢’ = p, contradicting again the maximality of {p;};c;. Since ¢ = 0, the conclusion is
a consequence of Theorem [ |
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10. TRACIAL VON NEUMANN ALGEBRAS

10.1. Tracial von Neumann algebras.
Definition 10.1. Let M C B(H) be a von Neumann algebra. A state ¢ : M — C is called

o E|normal if (V,erpi) = supser p(pi), for any increasing net of projections {p;}icr.
e tracial if p(zy) = ¢(yx), for all z,y € M.

Definition 10.2. A von Neumann algebra M is called tracial if it admits a normal, faithful, tracial
state 7 : M — C. (In short, we will say that the pair (M, 1) is a tracial von Neumann algebra.)

Examples 10.3. (of tracial von Neumann algebras)

(1) L*(X) is a tracial von Neumann algebra with the trace given by 7(f) = [ f du.

X
(2) M, (C) is a tracial von Neumann algebra with the normalized trace 7([a;;]) = £ 37 a; ;.
(3) More generally, M, (L>(X)) is a tracial von Neumann algebra, where 7([f; ;]) = = Y1, [y fii du.

Remark 10.4. Any tracial von Neumann algebra M is finite. To see this, let v € M such that
v*v = 1. Then vv* is a projection, hence 1 —vv* is a projection. Since 7(1—wvv*) = 7(v*v—vv*) =0
and 7 is faithful, we get that vv* = 1.

Theorem 10.5. Any finite von Neumann algebra M on a separable Hilbert space H is tracial.
Any 1L factor is a tracial von Neumann algebra.

Remark 10.6. If M C B(H) is a finite von Neumann algebra on an arbitrary Hilbert space H,
then there exists a normal center-valued trace ¥ : M — Z(M) (see [KR97, Chapter 8], for a
constructive proof, and |C099, Section 55], for a proof based on the Ryll-Nardzewski fixed point
theorem). In particular, any II; factor M is tracial. Now, if H is separable, then Z (M) is isomorphic
to L>®(X), for a standard probability space (X, pu) by Theorem Then 7(T) = [ U(T) du
defines a normal, faithful, tracial state on M.

Exercise 10.7. Let M be a II; factor with a faithful normal tracial state 7. Prove that two
projections p.q € M is equivalent if and only if 7(p) = 7(¢). (Hint for (<): use Corollary [9.12)).

10.2. The standard representation. A von Neumann algebra can sit in many ways inside B(H).
In this section, we show that any tracial von Neumann algebra (M, 7) has a canonical representation
on a Hilbert space. This representation is a particular case of the GNS construction.

Endow M with the scalar product (x,y) = 7(y*z). Define L?(M) to be the closure of M with
respect to the 2-norm ||z||s = /7(2*z). Let M >  — & € L?(M) be the canonical embedding.
Since |eyl = 7(y"2°zy) < |2 zl7(y"y) = |2lPllyl, letting 7(x)(3) = 2, for all z,y € M, defines
a *-homomorphism 7 : M — B(L?(M)). 7 is called the standard representation of M.

Remark 10.8. (1) 1 € L*(M) is a cyclic and separating vector for 7(M).
(2) 7 can be recovered as a vector state: 7(z) = (m(z)1,1).
(3) m is injective, hence isometric. Therefore, w(M) is a C*-algebra.

Theorem 10.9. (M) is a von Neumann algebra.

Lemma 10.10. Let M C B(H) be a von Neumann algebra and ¢ : M — C be a normal state.
Then @), 1s WOT-continuous.

2A positive linear map ¢ : M — N between von Neumann algebras is normal if ¢(A;) — ©(A) (SOT) for any
increasing net (A;) in M such that A; — A (SOT), see [Co99, Definition 46.1]. By |[Co99, Theorem 46.4], for states,
this notion is equivalent to the definition given here.
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Remark 10.11. Although we will not need this fact, note that a state ¢ : M — C is normal if
and only if it is weak*-continuous (see [C099, Theorem 46.4]). (The weak*-topology on M arises
from identifying B(H ) with the dual of B;(H) = the ideal of trace class operators).

Proof. We begin with a claim:

Claim 1. If p € M is a non-zero projection, then there exists a non-zero projection r < p and
¢ € H such that ¢(x) < (x€,&), for all z € rMr with = > 0.

(Any normal functional is “locally” (i.e. on a corner of M) dominated by a vector functional).

Proof of Claim 1. To prove the claim, choose £ € H such that ¢(p) < (p&,§). Define ¢ : M — C by
letting v (z) = (x&,£). Then ¢(p) < 1(p). Let {¢; }ier be a maximal family of mutually orthogonal
projections in pMp such that 1(g;) < ¢(g;), for all i € I. Let ¢ = Y ;.; q;. Since 9 is normal, it

is completely additive: ¥(q) = ¢(V pc fnite 2ier ¢) = SUPPCT finite ¥ (Xier @) = Dier ¥(qi). We
deduce that 1(q) < ¢(q). As a consequence, r = p — q # 0.

Moreover, the maximality of {g; };cr implies that ¢(s) < ¥ (s), for any projection s € M with s < 7.
Now, let x € rMr with z > 0. By Exercise for every € > 0, there exist aq,...,a, € [0,00)
and projections pi,...,p, € rMr such that || — > " | aipi|| < €. Since both ¢ and ¢ are norm
continuous (see Exercise [5.10]), we deduce that ¢(x) < ¢(z). This proves Claim 1. O

By Claim 1, we can find a family {p;};c; of mutually orthogonal projections in M and vectors
{&}ier such that >, ;p; = 1 and ¢(x) < (2§;,&;), for all x € p;Mp; with z > 0 and all i € 1.
To finish the proof we also need a “Hilbert space trick”:
Claim 2. For every i € I we can find n; € H such that ¢(zp;) = (xpi&,n), for all x € M.
Proof of Claim 2. If x € M, then Cauchy-Schwarz (see Exercise and Claim 1 give that:
lo(xpi)|> < p(pia”ap;) < (pa*api&i, &).

Denote by K C H the closure of {zp;&;|z € M}. Then K 3 xp;& — ¢(ap;) € C is a well-defined
bounded linear functional. Applying Riesz’s representation theorem now implies Claim 2. O
Finally, let x;, € (M) be a net such that x; — 0 in the WOT. We want to show that ¢(x;) — 0.
Towards this, fix € > 0. Since ) ;.; ¢(pi) = ¢(O;crpi) = ¢(1) = 1, we can find a finite set F' C I
such that ;. p(pi) > 1 —e. Thus, letting po = > ;e\ pi, then ¢(po) < e.
Let # € (M);. Then Cauchy-Schwarz gives that |p(zpo)| < @(x*z)p(po) < ||z]|*¢(po) < €. Since
> icrpPi+Dpo =1, we get that

p@) < X lelama)l + 1ol < 3 amom)| +e.

= ieF

Thus, limsup |¢(zx)| < e. Since € > 0 is arbitrary, we are done. [ |
k

Proof of Theorem Since w(M) is a C*-algebra, in order to show that it is a von Neumann
algebra, by Kaplansky’s density theorem it suffices to prove that (w(M)); is SOT-closed. Let
{m(z;)}; € ©(M)1 be a net such that w(z;) — T € B(L*(M)) in the SOT.

Since 7 is an isometry, x; € (M);. Since (M); is WOT-compact, after passing to a subnet we
may assume that {z;}; converges to some = € (M); in the WOT. Let y;,y2 € M. Then yjx;y; —
ysxyr in the WOT. Since 7 is normal, Lemma implies that its restriction to (M); is WOT-
continuous. In particular, we get that lim 7(y5x;y1) = 7(y52y1) and therefore

(2

~ ~

lim(m (i) (41), y2) = lim 7 (yzziy1) = 7(yaryn) = (m(2) (1), v2)-
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Since M C L?(M) is dense, we conclude that 7(z;) — 7(z) in the WOT, hence T' = 7(x) € m(M);.
This shows that 7(M); is SOT-closed and finishes the proof. [

Exercise 10.12. Let (M, 1) be a tracial von Neumann algebra. Prove that a state ¢ : M — C is
normal if and only if for every £ > 0, we can find y € M such that sup,c ), [¢(7) — T(zy)| < e.

10.3. The commutant of the standard representation. We next identify the commutant of
M in the standard representation and show that it is anti-isomorphic to M. We start by defining
J : L*(M) — L*(M) as follows: J(&) = a*. Then J is a conjugate linear unitary involution:
(i + Bg) = @ (@) + BI(G), (J(2), J(§)) = (§,2), if , B € C, 2,y € M, and J2 = 1.

Theorem 10.13. M’ = JMJ.

Proof. Denote H = L?(M). Notice that {z1|z € M} is dense in H and J(z1) = z*1, for all x € M.
Using these properties for every x,y,z € M we get that

JeJy(2l) = Jod(yzl) = Jo(2*y*1) = J(z2*y*1) = yza*l = yJ(z2*1) = yJzJ(21).

This shows that JMJ C M'.

In particular, we get that {z'1]2’ € M'} D {JzJl|z € M} = {a*|x € M} = {&|z € M}, which
implies that {z'1|z’ € M’} is dense in H. Further, if 2/ € M’, then for every y € M we have that

(in,yi) = (in,xi) = <x*y*i, 1) = <y*x*i, ) = (:L‘*l,yi).

This shows that Jz1 = 2*1, for all z € M. Altogether, have shown that the two properties satisfied
by M are also verified by M’. Thus, we deduce that JM'J c M"” = M and hence JMJ = M'. R

10.4. Hilbert modules. Next, we address the following question: on what Hilbert spaces other
than L?(M) can a tracial von Neumann algebra M be represented? If 7 : M — B(H) is an isometric
«-homomorphism, then 7(M) is a von Neumann algebra iff 7 is normal. This fact motivates the
following definition:

Definition 10.14. Let M be a von Neumann algebra. A s-homomorphism 7 : M — B(H)
is E]normal if the linear functional M > =z — (w(2)&,£) € C is normal, for every £ € H. A

left Hilbert M-module is a Hilbert space M together with a unital normal *-homomorphism
m: M — B(H). (Note that defining = - £ = w(x)§ makes H a left M-module.)

Exercise 10.15. Let ¢ : M — C be a state. Let 7, : M — B(H,) the GNS *-homomorphism.
Prove that ¢ is normal if and only if 7, is normal.

Exercise 10.16. Prove that there exists a non-normal state ¢ : L°([0,1],A\) — C. Deduce the
existence of x-homomorphisms 7 : L*°([0, 1], \) — B(H) which are not normal.

Theorem 10.17. If H is a left Hilbert M -module, there exists a family of projections {p;}icr in M
such that H = @;c L?(M)p;. More precisely, there exists a unitary operator U : H — @;cr L*(M)p;
such that U(x - &) =x-U(§), for allx € M and £ € H.

Lemma 10.18 (Radon-Nikodym). Let ¢ : M — C be a linear functional such that 0 < ¢(x) < 7(z),
for all x € M with x > 0. Then there exists y € M such that 0 < y < 1 and ¢(x) = 7(xy), for all
ze M.

3Let (A;) be an increasing net in M such that A; — A (SOT). Then for & € H, since z — (r(z),£) is normal,
we have that (7(4;)¢,€) = (m(A)E,€) and hence w(A;) — 7(A) (SOT) by [Co99, Proposition 43.1]. Thus, the notion
considered here is the same as the usual notion of normality from [C099, Definition 46.1].
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Proof, Cauchy-Schwarz gives that |o(y*z)|> < p(z*2)e(y*y) < T(x*z)7(y*y) = ||z|13||ly||3, for all
x,y € M. In particular, |p(z)| < ||z||2 = ||Z]|2, for all z € M. By Riesz’s representation theorem
we find € € L2(M) such that p(x) = (2,€), for all z € M. Next, for y € M, we get that

|yl = sup  [(Z,9)| = sup  [(y*z,§)[ =  sup  Jo@ )| < [yl = 17l
€M, ||z|l2<1 €M, ||z]|2<1 rEM,||z||2<1

This inequality implies that there exists T € B(L?(M)) such that T() = y¢, for all y € M. Then
2T (9) = zyé = Tx(y), for all z € M. We deduce that T € M’, which by Theorem implies
that 7' € JM.J. Hence there exists y € M such that ¢ = T'(1) = JyJ(1) = y*. Thus, we have that
o(z) = 7(xy), for all z € M. It is left as an exercise to show that 0 < y < 1. [

Exercise 10.19. Let (M, 7) be a tracial von Neumann algebra. Assume that y € M satisfies
0 < 7(zy) < 7(x), for all x € M with > 0. Prove that 0 <y < 1.

Proof of Theorem The proof relies on the following claim:

Claim. Let £ € H\{0}. Then we can find non-zero projections ¢, p € M such that Mq¢¢ = L?(M)p,
as left Hilbert M-modules.

Proof of the claim. To prove the claim, define ¢ : M — C by letting ¢(x) = (x€,&), for every
x € M. Since ¢ is normal, we can find a non-zero projection r € M such that ¢(q) > 0 for every
non-zero projection ¢ € rMr. Indeed, if no such r exists, then any maximal familiy {p;}icsr of
mutually orthogonal projections such that ¢(p;) = 0, for all i € I, would necessarily satisfy that
> icr Pi = 1. Since ¢ is normal we would get that ¢(1) = 0 which contradicts £ # 0.

Let ¢ > 0 such that ¢(r) < c¢r(r). Note that ¢ and ¢ are both normal positive linear functionals on
rMr. Then the proof of Claim 1 in the proof of Lemma [10.10|implies that we can find a projection
q € rMr such that p(x) < er(x), for all x € ¢Mq with = > 0.

By applying Lemma [10.18 we can find y € ¢M¢q such that 0 < y < ¢ and ¢(x) = 7(zy), for all
x € qMgq. Let z € ¢Mq such that z > 0 and 2% = y. If x € M, then since qzq € ¢Mq, we get that
(2(q€), q€) = (g€, &) = p(qrq) = T(quqy) = T(zy) = T(x2?) = (2, £) 12(01).-

From this, we get that [|z(¢€)[| = [|[zZ||2, for all x € M. We conclude that 6 : Mg{ — M2 C L*(M)
given by 0(x(q€)) = xZ extends to a unitary operator. It follows that Mq& = Mz, as left Hilbert
M-modules. The proof of the claim is done modulo the following exercise:

Exercise 10.20. Let z € M with z > 0 and denote by p the support projection of z. Then we
have that M2 = Mp = L?(M)p, as left Hilbert M-modules. O

Finally, let {H;};cr be a maximal family of mutually orthogonal left Hilbert A/-sub-modules of
H such that for every i € I, there exists p; € P(M) with H; = L?(M)p;. In order to finish the
proof, it is enough to show that H = @®;crH;. Assume by contradiction that there is £ € H \ {0}
such that £ € (D¢ IHi)l. Then the claim provides non-zero projections p,q € M such that
K := Mq¢ = L*(M)p. Since K C M& C (@ierH;)* , this contradicts the maximality of {H;};c7. W

Theorem 10.21. Let (M, ) be a tracial von Neumann and {p;}icr, {q;}jes be projections in M.
Assume that either

(1) there exists a linear injective map L : ®jerMp; — ®jesMgq; such that L(x - &) = x - L(§),
forallx € M and & € @i Mp;, or

(2) there exists an injective bounded operator (e.g., an isometry) T : ®;er L*(M)p; — ©jesL*(M)g;

such that T(z - &) =z - T(€), for allx € M and & € @i L*(M)p;.
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Then ) ;e T(pi) < Zje] 7(q;)-

Proof. Since Y .. ;7(pi;) = sup{sup;cp7(p;) | F C I finite}, we may assume that I is finite. We
may also assume that J is countable. Suppose therefore that J = {1,2,...,n}, where n € NU {oc0}.

Let us first show that (1) implies (2). If L is as in (1), then we can find «;; € p;Mgq; such that
L(®icrzipi) = ®jes(Xeq i), for all (z:)ier C M. Since || 3¢y micijll2 < maxier [lou || 3ose s lzipill2,
if we let ¢; ; := 27 (maxjer |Ja ;|| + 1), then T : @;er L*(M)p; — ®jesL*(M)g; given by

T(Dicrripi) = @jeJ(CZjl Z Titt,j)
icl

is an injective bounded operator satisfying (2).

Now, assuming that (2) holds, let K = I U J and put p; =¢; =0, foralli e K\ I and j € K\ J.
Put H = L*(M)®¢*(K) and view M C B(H). Embed ®yex L?*(M)pr, Brer L*(M)q into H, in
the natural way. Then T extends to a bounded injective operator on H which commutes with
M. In other words, T € M' NB(H) = JMJRB({?>(K)). Let V be the partial isometry in the
polar decomposition of 7. By Exercise V € JMJRB((*(K)) and the left and right support
projections of T satisfy I(T') = VV* and r(T) = V*V. Since Tig, _, 12(am)p, 1S injective we have
that r(T) = @kexJprJ. Also, by definition we have that I[(T) < ®rexJqrJ. Write V in matrix
form as V' = (JVi,1J)k ek, where Vi, € M for all k,l € K. Then, for every k € K, we have that
Pk = D 1ek W*lek and g > > ek Vi1Vie- Thus, we conclude that

doroe) = D rViVie) = Do t(ViaVi) < Y 7la).
keK kleK klEK keK
|
Definition 10.22. Let (M, 7) be a tracial von Neumann algebra. We define the dimension of a
left Hilbert M-module H as dimy; H := ), .; 7(p;), where {p; };c; C M is any family of projections
such that H & @;c;L*(M)p;. (By Theorem [10.21} dimy; H is independent of the choices made.)

10.5. Conditional expectation.

Definition 10.23. Let M be a von Neumann algebra and B C M be a von Neumann subalgebra.
A linear map E : M — B is called a conditional expectation if it satisfies the following:

( ) E(b) =0, for every b € B.
(2) E x)>0 for every x € M with = > 0.
(3) E(bixbs) = by E(x)by, for every by,bs € B and z € M.

Proposition 10.24. Let (M, ) be a tracial von Neumann algebra and B C M be a von Neumann
subalgebra. Then there exists a unique trace preserving conditional expectation E: M — B.

Proof. Let ep : L2(M) — L*(B) be the orthogonal projection, where L?(B) denotes the ||.||o-closure
of {b|lb € B}. If x € M and b € B, then bep(z) = eg(bx) and hence

lben(@)lz = llep(ba)lla < [ball2 = lIbxllz < lll| bll2 = llz]] (5]

Thus, there is T' € B(L2(B)) such that T'(b) = beg(2). Since T € B, we get that T € JB.J, which

gives that ep () € B. We therefore have a linear map Ep : M — B given by Eg(z) = eg(#). One
checks that E satisfies all the conditions. |
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11. THE HYPERFINITE II; FACTOR

For n > 1, let A, = Mn(C) and 7, = Tr/2" : A,, — C be the normalized trace. Consider the
diagonal embedding A,, C A1 given by
N 0
. 0 =z

Define A = Up>14,, and notice that A is a *-algebra which is equipped with a norm | - || which
satisfies ||z*z| = ||x||?, for all z € A. Moreover, 7 : A — C defined by 7(x) = 7,(2), if # € 4, is a
faithful tracial state functional which satisfies |7(z)| < ||z||, for all z € A.

We denote by H the closure of A w.r.t. to the norm ||z||z = 7(z*z)"/?, and consider the GNS
s-homomorphism 7 : A — B(H) given by m(x)(y) = zy, for all z,y € A.

Theorem 11.1. R := W(A)WOT is a ITy factor and the map ¢ : R — C given by @(x) = (x1,1) is
a normal faithful tracial state.
1,2*1) = (z1,y*1), for all

Proof. Showing that ¢ is tracial on R is equivalent to proving that (yl,z*1) =
) = 7(zy), for all z,y € A)

x,y € R. Since this holds for all z,y € 7(A) ((r(y)1,n(x)*1) = (§,z*
and m(A) is SOT-dense in R, we deduce that ¢ is tracial on R.

Given z € A, we have ||lyz||3 = 7(2*y*yz) = T(y22*y*) < ||lzz*|7(yy*) = ||2]|? - |[yl|3, for all y € A.
This implies we the existence of an operator p(z) € B(H) such that p(z)(9) = yz, for all y € A.
Since p(z) € m(A)', we get that p(z) € R'. Now, if € R is such that ¢(z*z) = 0, then z1 = 0,
and thus for every z € A we have that 22 = z(p(2)1) = p(z)(z1) = 0. Since A is dense in H, we
conclude that x = 0, showing that ¢ is faithful on R. Since ¢ is clearly a normal state, the second
assertion of the theorem is proven.

Finally, let us show that R is a factor. To this end, let z € Z(R) and put g = z — ¢(z) - 1.
For n > 1, let R, = ©(A,) C R and E, : R — R, be the unique ¢-preserving conditional
expectation. Then E,(x) € Z(R,). Since R, = My (C) is factor and E,, is ¢-preserving, we get
that E,(x) = ¢(En(x)) -1 = ¢(x) -1 or equivalently E,(xg) = 0. Thus, for every n > 1 and y € R,
we have that ¢(zoy) = p(En(zoy)) = ©(En(zo)y) = 0. Hence, ¢(zoy) = 0, for all y € w(A). Since
m(A) is SOT-dense in R, we conclude that this equality holds for every y € R. In particular, we
have that p(xoxf) = 0. Since ¢ is faithful we conclude that zp = 0 and thus z = ¢(z)-1€ C-1. B

Definition 11.2. A von Neumann algebra M is called hyperfinite if it admits an increasing
sequence (My,),>1 of finite dimensional *-subalgebras such that U,>1M,, is SOT-dense in M.

The II; factor R from Theorem is hyperfinite by definition. Murray and von Neumann [MvN43|
proved that any hyperfinite II; factor is isomorphic to R, which justifies the following:

Definition 11.3. The II; factor R is called the hyperfinite 1I; factor.

As it turns out, R is the smallest II; factor:

Exercise 11.4. Let M be a II; factor and 7 : M — C be a faithful normal tracial state.

(1) Prove that there exists a projection p € M such that 7(p) = 1/2.
(2) Prove that there exists an injective unital *-homomorphism p : My(C) — M.
(3) Prove that there exists an injective unital *-homomorphism 7 : R — M.
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12. GROUP AND GROUP MEASURE SPACE VON NEUMANN ALGEBRAS

12.1. Group von Neumann algebras. Let ' be a countable group. The left and right regular
representations X, p : I' — U(£?T) are given by A(g)(6n) = g and p(g)(6n) = dj4-1. The group
von Neumann algebra L(T') C B(¢?(T")) is the WOT-closure of the linear span of {\(g)|g € T'}.
We denote by R(I') C B(¢2(I")) the WOT-closure of the linear span of {p(g)|g € T'}.

Convention. Following the tradition in the subject, we denote u, = A(g), for g € I.

Proposition 12.1. 7 : L(I') — C given by 7(x) = (xd¢,0¢) is a faithful normal tracial state.
Moreover, L(I') = R(T).

Proof. Since 7(1) = 1 and 7(x*z) = ||26||? > 0, for all z € M, we get that 7 is a normal state. Since
T(ugup) = 7(ugh) = dghe = Onge = T(Ung) = T(upugy), we get that 7 is a trace. If 7(z*z) = 0, then
the first line of the proof implies that 26, = 0. If g € T', then 26, = z(p(g71)é.) = p(g7')(x,) = 0.
This implies that = 0, hence 7 is faithful.

We identify L?(L(T")) with ¢°T via the unitary u, — d,. Under this identification, the involution
J becomes J(dy) = 6,-1. Now, if g,h € ', then JuyJ () = Jugdp—1 = Jég-1 = dpg—1 = p(g)(6p)-
This shows that Ju,J = p(g), for all g € T', hence L(I')’ = JL(I")J = R(G). [ |

Notation 12.2. For z € L(I), we write xd. = ) 2404 € /7. Observe that in the above
identification L*(L(I')) = ¢*(I'), we have that & = z.. The coefficients {z,},er are called the

Fourier coefficients of » and can be calculated as z, = (2d,,d,) = 7(wuy). We will write
T =) cr Tglug, where the convergence holds in the || - [|2 (but not necessarily the WOT).

Exercise 12.3. Let 2,y € L(I") and let x = der Tglg, Y = der Yqug be their Fourier expansions.
Prove that 2" = > 1 T—1ug and 2y = 3 (D per Thyn—14)g-

By Proposition L(T") is a tracial von Neumann algebra. The next result clarifies when L(T")
is a II; factor.

Proposition 12.4. Let I' be a countable group. Then L(I') is a factor if and only T has infinite
conjugacy classes (or, is icc): the conjugacy class {hgh~'|h € T'} is infinite, for every g € T'\ {e}.

Proof. (=) Assume that C' = {hgh~'|h € T'} is finite, for some g # e. Then z =}, . u; belongs
to the center of L(I') and = ¢ C - 1.

(«) Assume that I' is icc and let  be an element in the center of L(I'). Let x = 3 . z4uy be
the Fourier expansion of x and h € T'. Let y = ) ger Ygg for the Fourier expansion of y = upzuj,.
Then y, = 7(yuy) = 7(uprujuy) = T(xu;;gh_l) = Zpgp-1. On the other hand, since 2 commutes
with up,, we get that y = . Hence z},g,-1 = x4, for all g,h € I'. Since }_ |zg|? < 0o, and T is
icc, we conclude that z, = 0, for all g € I' \ {e}. Thus, z € C- 1. [

Exercise 12.5. Prove that the following groups are icc:

(1) the group S of bijections 7 : N — N such that {n € N | 7(n) # n} is finite.

(2) the free product group I' = I'; * I'g, where I'1,I'9 are any group with |T';| > 1 and || > 2.
(in particular, the free group IF,, on n > 2 generators is icc).

(3) SL,(Z) :={A e M,,(Z) | det(A) = 1}, for every odd n > 3.
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12.2. Group measure space von Neumann algebras. Let I" be a countable group and (X, i) a
standard probability space. We say that an action I' ~ (X, ) is probability measure preserving
(abbreviated, pmp) if for every g € T' the map X > x — ¢ -z € X is measurable and measure
preserving: p(g-Y) = u(Y), for every measurable set Y C X.

Define a unitary representation o : I' — U(L*(X)) by o,(f)(z) = f(gtz), for all f € L*(X).
Note that o4(L>®(X)) = L>®(X), for all g € I'. Further, we denote H = L*(X) ® (°T and define a

unitary representation u : I' = U(H) be letting uy = 0, ® A(g). We also define a *-homomorphism
m: L®(X) — B(H) be letting 7(f)({ ® 6¢) = f€ ® g, and view L*°(X) C B(H), via 7. Then

ug fuy = ag4(f), for all g € T" and every f € L>(X).

Definition 12.6. The group measure space von Neumann algebra L>*(X) xI' C B(H) is
defined as the WOT-closure of the linear span of { fuy|f € L*°(X),g € T'}.

Proposition 12.7. 7: L*°(X) x ' — C given by 7(x) = (x(1 ® d¢),1 ® d¢) is a faithful normal
tracial state.

Proof. Note that for all f € L*°(X) and g € T" we have that
(fug) = (Fug(1© 6, 1©8) = (796,196 = dye [ f

If f1, f2 € L>(X) and g1, g2 € T, then fiug, foug, = fiog, (f2)ug, g, and foug, frug, = f204,(f1)tgsg, -
Since 7(og4(f)) = 7(f), for all f € L>°(X) and g € I', we get that 7(fiug, foug,) = 7(faug, fiug,).

This implies that 7 is a trace. We leave the rest of the proof as an exercise. |
Proposition 12.8. Fvery a € M has a unique Fourier expansion of the form a = dep aglg,
where ag = Ea(auy) € A, where the series converges in || - [|2. Moreover, we have the following:

e af = der 0971(a;)ug.
o [lall3 =X er llaglls-
e ab= ZgGF(ZhGF ahoh(bhflg))ug'

Proof. The formula U(fuy) = f ® d, defines a unitary operator U : L>(M) — L?*(X) ® ¢*T". Thus,

every a € M can be written as a = ) . agug, where a4 € L?(X) satisfy > ger lagll3 = [lal3.
Moreover, we have that a. = e4(a) and thus a. = Ex(a). Since auj = > cragpug, we get that
ap, = Ex(auy), for every h € I'. We leave the rest of the proof as an exercise. [

Definition 12.9. A pmp action I' ~ (X, p) is called:

e ergodic if every I'-invariant measurable set Y C X satisfies u(Y') € {0,1}.
o (essentially) free if u({x € X | gz = x}) =0, for every g € I\ {e}.

Lemma 12.10. A pmp action T ~ (X, u1) is ergodic if and only if any function f € L*(X) which
satisfies that o4(f) = f, for all g € T', is essentially constant.

Proof. (<) If Y is a [-invariant set, then f = 1y € L?(X) is a [-invariant function. Thus, there
is ¢ € C such that f =c. As f2 = f, we get that ¢ € {0,1}, hence pu(Y) = [y f du=c € {0,1}.

(=) Let f € L*(X) be a I'-invariant function. If f is not constant, then it admits at least two
distinct essential values z,w € C. Let 6 = |z —w|/2. Then Y = {x € X| |f(z) — 2| < 0} and
Z ={z € X| |f(z) —w| < §} are disjoint, I'-invariant, measurable sets. Since p(Y) > 0 and
w(Z) > 0, we get a contradiction with the ergodicity of the action. |
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Exercise 12.11. Let I" be an infinite group and (Y, v) be a non-trivial standard probability space.
Define (X, u) = (Y1, %r) Consider the Bernoulli action I' ~ (X, i1) given by

g7 = (Tg-1p)ner, for every g € I' and x = (p)per € X.

Prove that this action is pmp, essentially free and ergodic. Moreover, prove that this action is
mixing: if Y, Z C X are measurable sets, then lim u(gY NZ) = pu(Y)u(2).
g—o0

Exercise 12.12. Let G be a compact group and I' < G be a countable dense subgroup (e.g., take
G =T and I' = {exp(27mi na)|n € Z}, where « € R\ Q). Let mg be the Haar measure of G.
Consider the left translation action I' ~ (G, m¢) given by left multiplication: ¢ - x = gx.
Prove that this action is pmp, essentially free and ergodic. Prove that this action is not mixing.

Proposition 12.13. Let I' ~ (X, u) be a pmp action. Denote M = L>®(X) x T and A = L*=°(X).

(1) The action T ~ (X, ) is free if and only if A C M is maximal abelian, i.e. A’NM = A.
(2) Assume that the action T' ~ (X, u) is free. Then M is a factor if and only if the action
'~ (X, ) is ergodic.

Proof. (1) Assume that A N M = A. Let g € '\ {e} and put ¥ = {z € X|gx = x}. Since
lyog(f) =1y f, forall f € A, we get that a = 1yuy € A‘/NM. Hence a € A and thus a = E4(a) =0,
showing that (Y) = 0. This shows that the action is free.

Conversely, assume that the action is free. Let a € AN M and a = ) ger Qglig be its Fourier
decomposition. If b € A, then 3 pbagug = ba = ab =3 . ag04(b)ug, thus bag = o4(b)agy, for
all g e I'. Let g € I'\ {e} and put Y; = {z € X|ay(x) # 0}. From the last equality we get that
b(g~1x) = b(z), for almost every x € Y,. Since (X, u) is a standard probability space, we can find
a sequence of measurable sets X,, C X, n > 1, which separate points in X. By applying the last
identity to b = 1x,, for all n > 1, we deduce that g~'z = x, for almost every z € Y,. Since the
action is free, we get that ;(Yy) = 0, hence ay, = 0. Since this holds for all g € "\ {e}, we conclude
that a € A.

(2) Since the action is free, (1) implies that Z(M) = ANM' ={a € A | 04(a) = a,Yg € T'}. By
Lemma 10.8, the conclusion follows. [

Exercise 12.14. Let I" be an icc group and I' ~ (X, ) be a pmp action. Prove that L>®(X) x T’
is a II; factor if and only if the action I' ~ (X, u) is ergodic.

12.3. Cartan subalgebras and orbit equivalence.

Definition 12.15. Let (M, 7) be a tracial von Neumann algebra. We say that a von Neumann
subalgebra A C M is a Cartan subalgebra if the following conditions are satisfied:

(1) A is maximal abelian, i.e., AN M = A, and
(2) the normalising group Ny (A) = {u € U(M) | uAu* = A} satisfies Ny(A)”" = M.

By Proposition L>®(X) C L*(X) x I" is a Cartan subalgebra, for every free pmp action
I' ~ (X,p). It is a fundamental observation of Singer (1955) that the isomorphism class of the
inclusion L*>°(X) C L*(X)xI captures exactly the orbit equivalence class of the action I' ~ (X, ).
An isomorphism between two standard probability spaces (X, u) and (Y, v) is a Borel isomorphism
0 : X' — Y’ between Borel co-null subsets X’ € X,Y’ C Y which preserves the measure, i.e.,
satisfies u(0~1(Z)) = v(Z), for all measurable subsets Z C Y”.

Proposition 12.16. If T' ~ (X,u) and A ~ (Y,v) are free pmp actions, then the following
conditions are equivalent:
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(1) There exists a x-isomorphism 7 : L°(X) X' — L®(Y) x A such that w(L>®(X)) = L*(Y).
(2) The actions are orbit equivalent, i.e., there exists an isomorphism 0 : (X,u) — (Y,v)
which takes the T'-orbits onto the A-orbits: O(T - x) = A - 0(x), for almost every z € X.

(In this case, 0 is called an orbit equivalence between the actions.)

Proof. Denote A = L>®°(X),B=L>*(Y),M =L>*(X)xT'and N = L*(Y) x A.

(1) = (2) Since 74 : A — B is a *-isomorphism, we can find an isomorphism 0 : (X, ) — (Y,v)
such that 7(a) = a0 67!, for all @ € A (see, e.g., |AP18, Theorem 3.3.4]). We will prove that 6 is
the desired orbit equivalence between the actions.

To this end, fix ¢ € " and denote v = 7(ug). Then v normalises B and thus we can find an
isomorphism « : (Y,v) — (Y, v) such that vbv* =bo «, for all b € B.

Claim. a(y) € A -y, for almost every y € Y.

To this end, consider the Fourier expansion v = Zhe A Unun, where v, € B for all h € A. Since
vb = (boa), for all b € B, we deduce that v,(bo h™!) = v,(boa), for all h € A and b € B. If we
let Y, ={y € Y | vp(y) # 0}, then the same argument as in the proof of Proposition shows
that a(y) = h™! -y, for almost every y € Y}, and all h € A. Now, if we let Z =Y \ (UpeaYs), then
1th = 0, for all h € A and thus 121} = ZheA(lZUh)uh = 0. Hence V(Z)1/2 = ||1z||2 = ||12UH2 = 0,
which implies that the set UpcpaYy is co-null in Y. This clearly implies the claim.

*

g
g tof ' =01 oa hence o gt = aof. Together with the claim, this implies that for almost

every z € X, we have that (g~ - z) = a(f(z)) € A-0(x). Since g € T is arbitrary, we conclude
that §(T"-z) C A-6(z), for almost every x € X. Since the reverse inclusion can be proved similarly,
it follows that @ is an orbit equivalence.

*

Finally, if @ € A, then ao g™ 06071 = w(ugjau =m(a)oa = aof ' oa. Thus,

1

) = vm(a)v

(2) = (1) Let 6 : (X,u) — (Y,v) be an orbit equivalence. Define a x-isomorphism 7 : A — B by
letting 7(a) = a o #~1. Our goal is to show that 7 extends to a *-isomorphism 7 : M — N.

To this end, fix g € . Then (fog ' of71)(y) € A-y, for almost every y € Y. For h € A, put
Yorn={yeY |(Bogtob ) (y) =h' y}. Then {Y,}nen is a measurable partition of Y. Since
Rt Yy, ={yeY |(@ogob')(y) =h-y}, we also have that {h™! - Y, s }sea is a measurable
partition of Y. Using the last two facts, one checks that the formula m(ug) = >, 14,un defines
a unitary in N such that 7(ug)m(a)m(uy)* = m(ao g™1), for all @ € A. This entails that 7 extends
to a x-homomorphism from the linear span of {auy, | a € A,g € I'} to N. Moreover, 7 is trace
preserving. We leave it as an exercise to show that 7w extends to a *-isomorphism 7 : M — N. N

13. AMENABLE GROUPS AND VON NEUMANN ALGEBRAS

13.1. Amenable groups.

Definition 13.1. A countable group I' is called amenable if there exists a state ¢ : £*°(I") — C
which is invariant under the left translation action: ¢(g - f) = ¢(f), for all g € T" and f € £>°(T).
Here, g - f € £°°(T) is defined as (g- f)(h) = f(g~'h).

Example 13.2. Every finite group I' is amenable, as witnessed by the state ¢(f) = |I'|~* >ger 1(9).

In order to give examples of infinite amenable groups, we need to recall the following:

Definition 13.3. The Stone-Cech compactification of N is defined as the maximal ideal space
of the abelian C*-algebra ¢>°(N) and is denoted by SN. An ultrafilter of N is an element of SN, i.e.,
a non-zero homomorphism w : £*°(N) — C. For every n € N, we denote by e,, € SN the evaluation
at n, i.e., e,(f) = f(n). An ultrafilter w € AN is free if it does not belong to N = {ey, }nen.
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Notation. If w € GN, we denote lim,,_,,, z,, := w((xy)n), for every (z,), € °(N).

Remark 13.4. We have that SN \ N = (). To see this, let K,, C 8N be the weak*-closure of
{ex | K > n}. Then K, is weak*-compact by Alaoglu’s theorem and K, 1 C K, for all n. Thus,
MKy # 0. If w € N, Ky, then w € K, and thus w(d,) = 0, for all n € N. This shows that w ¢ N.

Exercise 13.5. If w € SN\ N and lim,, ,~ 2, = 0, then lim,,_,, ,, = 0.
Examples 13.6. (of amenable groups) Let w be a free ultrafilter on N.

(1) Assume that I' = U, I, where I';, < I" are amenable subgroups and I',, C T';,41, for all n.
Then I' is amenable. To see this, let ¢, : £>°(I';) — C be a left invariant state. Define
@ : £2°(T) — C by ¢(f) = limpw pn(fir,). Then ¢ is a left invariant state. Indeed, if
g €T, then g € I'y, for some N. Thus, if f € £>°(T'), then (g-f)r, = g-(fir,,), foralln > N.
Hence by Exercise we get o(g - f) = limp s @n(g - (fr,)) = limy 0 on(fir,) = @(f)-

In particular, any increasing union of finite groups, such as S, is amenable.

(2) Z is amenable. To see this, let F,, = {—n,—n+1,...,—1,0,1,....,n — 1,n}. Then for any
g € Z we have |(g + Fy) \ Fn| < 2|g| and thus limy, oo (g + Fn) \ Ful/|Fn| = 0. Define
@ 1 €°(Z) — C by letting ¢(f) = limp—u,(1/[Fnl) Yo cp, f(x). For every g € Z, we have

o)~ el = Im (1 /FNY fla—g)— 3 fla))

man iEEFn
< ||l lim |(Fy — g) AF,|/|Fu| = 0.
n—w

Theorem 13.7. Let I' be a countable group. Then the following conditions are equivalent:

(1) T is amenable.

(2) T' satisfies the Reiter condition: there exists a sequence of non-negative functions
fn € LY(T) such that || fu|l1 = 1, for all n, and lim, 5o || fn0g — full1 =0, for all g € T.

(3) T satisfies the Fglner condition: there exists a sequence of finite subsets F,, C T such that
limy, o0 [gFn \ Frl/|Fn| =0, for all g € T.

(4) the left regular representation of I' has almost invariant vectors: there ezists a sequence
&, € (2(T) such that ||€all2 = 1, for all n, and limy, o0 [|N(9)én — &nll2 = 0, for all g € T.

The proof of this result relies on two very useful tricks, due to Day (the proof of (1) = (2)) and
Namioka (the proof of (2) = (3)).

Proof. Enumerate I' = {gy, }n>1.

(1) = (2) Fix n > 1 and consider the convex subset

C:={(fogr—fifog—fiwfoga—f)|f€l(D),f20}
of the Banach space ¢}(T")®» with the norm [|(f1, f2, ..., fa)ll = Doy || fill1-

We claim that 0 = (0,0,...,0) € ol Assuming this claim, we can find f, € ¢}(T') such that
o= 0] fulli =1 and 327 || fnogi — falli < 1/n. This clearly implies (2).

If the claim were false, then since Ol C ¢! (I'® is a closed convex set and (¢£1(I)®n)* = ¢°°(I")®n,
the Hahn-Banach separation theorem implies the existence of Fi, Fy, ..., F,, € ¢>°(I") and « > 0 such
that Y. R(fog; — f, F;) > a, for any f € £(T') with f >0 and ||f||; = 1.

If we put F = > " R(F; o gz._l — F;), then the last inequality rewrites as (f, F') > «, for any
f € T) with f > 0and ||f|l1 = 1. For f = d,, this implies that F(g) > a, for all g € I'. Thus, we
get that p(F) > ¢(a-1) = a > 0. On the other hand, ¢(F) = 31" (p(RF; 0 g; 1) — (RF;)) = 0.
This gives the desired contradiction.
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(2) = (3) If f1, fo € £1(T') and fi1, fo > 0, then Fubini’s theorem implies that
oo

o0
(13.1)  |fi— foli = /0 s — Lipsnlhde and  [fafls = /0 11yt

By (2), for any n > 1 we can find f € ¢}(T) such that f >0, ||f|li =1and >, [|[fogi— fll1 < 1/n.
For t > 0, let K; = {f > t}. Since f € ¢£}(I'), we get that K; is a finite subset of I'. Also, note
that {f og >t} = g7 'K; and thus that [1ffog>ty — Lpsplli = |9 'K AKy, for all g € T'. Thus,
by combining the last inequality with , we derive that

/ D ol Ko = Kildt < 1/n=1/n|f|1 = / (I /n)dt.
(Ut 0

Hence, there is t,, > 0 such that F, := K;, satisfies Y1, |g; ' Fu AF,| < |F,|/n. This proves (3).

(3) = (4) Let &, := 15, /v/|Fn|]- Then [|&,]l2 = 1 and ||\ (9)&n — &nll2 = VI|gFRAF,|/|Fy|, for all

n > 1 and g € I, which clearly implies (4).

(4) = (1) Let w be a free ultrafilter on N. Define ¢ : £°(I") — C by letting ¢(f) = limy s (f -&n, &n)-
Then ¢ is a state and ¢(f 0 g) = lim, o (f(Enog™),Enog™ D) = @(f), for all f € (1(T),gcT. A

Proposition 13.8. Fy is not amenable.

Proof. Assume by contradiction that there exists a left translation invariant state ¢ : £>°(Fy) — C.
Define m : P(F2) — [0,1] my m(A) = ¢(14). Then m is finitely additive (m(AUB) = m(A)+m(B),
for every disjoint A, B C F3) and left invariant (m(gA) = m(A), for every g € Fy and A C Fa).

Let a and b be the free generators of Fo. Let S be the set of elements of o whose reduced form
begins with a non-zero power of a, and put T = F2\ S. Then aT C S, bSUb?S C T and bSNH*S = .
Thus, we get m(S) > m(aT) = m(T) > m(bS U b2S) = m(bS) + m(b2S) = 2m(S). This implies
that m(S) = m(T) = 0. Since m(S) + m(T) = m(F2) = 1, this provides a contradiction. [ ]

Exercise 13.9. Let I'; and I's be any countable groups such that [I'q| > 1 and |T'3| > 2. Prove
that the free product group I' = I'y * I's is not amenable.
13.2. Amenable von Neumann algebras.

Definition 13.10. A tracial von Neumann algebra (M, 7) is called amenable if there exists a state
® : B(L?(M)) — C such that ®)j; = 7 and ®(Tz) = ®(2T), for all z € M and T € B(L*(M)).

Theorem 13.11. Let T be a countable group. Then T is amenable if and only if L(T') is amenable.

Proof. As before, we identify L2(L(T")) = ¢*(T'), in the natural way.

Assume that I' is amenable and let ¢ : £°°(T") be a left translation invariant state. Define a state
® : B(*(T)) — C by letting ®(T) := (g — (T'64,84)). If T € L(T'), then for all g € I' we have

(T'dg,8q) = (Tp(g)de, p(9)de) = (p(9) T p(g)de, 0e) = (Te,0c) = 7(T),
and thus ®(T) = 7(T). If T € B(¢*(T")) and h € T, then
PARTAR)") = @(g = (MR)TA(R)*0y,89)) = (g = (Top-14,0n-14)) = O(T).
Thus, if C := {z € L(T") | ®(Tx) = ®&(«T), for all T € B(£*(T"))}, then A(g) € C, for all g € T. By
Cauchy-Schwarz, we have that |®(Tx)|? < ®(TT*)®(x*z) < ||T||*®(x*x) = ||T||?||=||3 and similarly

|®(2T)|? < ||T|?||x|]3, for all x € L(T') and T' € B(¢2(T")). This implies that C is || - ||2-closed. Since
C contains the linear span of A\(I"), we conclude that C = L(I"). This shows that L(T") is amenable.
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Conversely, assume that L(T) is amenable. Let ® be a state on B(¢2(T)) such that ®(Tx) = ®(27),
for all z € L(T") and T € B(¢3(I")). Consider the natural embedding ¢°*(T") C B(¢3(I")) and notice
that A(g)fA\(g)* = fog l=g-f, forall f € ¢°(T) and g € I'. Thus, for all f € ¢>°(T') and g € T,
we have that ®(g- f) = ®(A(g9)fA(g9)*) = ®(f). This implies that I' is amenable. [

Proposition 13.12. Let (M, T) be a hyperfinite tracial von Neumann algebra. Then M is amenable.

Proof. Let (M) be an increasing sequence of finite dimensional x-subalgebras such that U, M, is
SOT-dense in M. Let w be a free ultrafilter on N and denote by u, the Haar probability measure
of the compact group U(M,,), for every n > 1. Let ® : B(L?(M)) — C be given by

®(T) = lim (Ta, @) dpen (u).

Then it is clear that ®); = 7 and ®(uTu*) = ®(T), for all u € UU(M,) and T € B(L*(M)). By
reasoning as in the proof of Theorem [13.11] it follows that M is amenable. [

13.3. Connes’ theorem. In the early 1980s, Connes discovered that Hilbert bimodules provide
an appropriate representation theory for tracial von Neumann algebras, paralleling the theory of
unitary representations for groups.

Definition 13.13. Let (M, 7) be a tracial von Neumann algebra. A Hilbert M-bimodule is a
Hilbert space H equipped with commuting normal *-homomorphisms 7 : M — B(H), p : M°P —
B(H), where M°P is the opposite von Neumann algebra of M. We write 2y = 7(z)p(y°P)E.

Examples 13.14. (of Hilbert bimodules)

(1) The trivial bimodule L?(M).
(2) The coarse bimodule L*(M)®L*(M) with z(£ ® n)y = € @ ny.

Theorem 13.15 (Connes, 1975). Let (M, 1) be a tracial von Neumann algebra. Assume that M
is separable, i.e., L>(M) is separable. Then the following are equivalent:

(1) M is amenable.

(2) M is injective: there exists a conditional expectation E : B(L*(M)) — M.

(3) the coarse M -bimodule has almost central vectors: there exists a sequence &, € L*(M)RL?*(M)
such that (x&,&n) = T(x) for alln > 1 and lim,_« ||x&, — &nx|| = 0, for all x € M.

(4) M is hyperfinite.

In particular, any separable amenable I} factor M is isomorphic to R. Thus, any II; factor of the
form L(T') or L®(X) x T, with T’ amenable, is isomorphic to R.

In the case of group measure space algebras associated to free pmp actions, Connes’ result was
strengthened as follows:

Theorem 13.16 (Ornstein-Weiss, 1980). Let I'; A be amenable groups. Then any ergodic pmp
actions I' ~ (X, u), A ~ (Y,v) are orbit equivalent.

In the case I' = A this result was first established by Dye (1959). This result was generalized to
amenable countable pmp equivalence relations by Connes-Feldman-Weiss (1981).
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14. NON-ORBIT EQUIVALENT ACTIONS

Theorem 14.1 (Gaboriau, 1998). If 2 < m # n < oo, then any two free ergodic pmp actions
Fp, ~ (X, 1) and F,y, ~ (Y, V) are not orbit equivalent.

We reproduce a proof of this theorem presented in [AP18 Section 18.3] and due to Vaes, itself a
version in the spirit of operator algebras of a previous proof by Gaboriau. This is based on the
following result showing that the cost (an orbit equivalence invariant) of any free ergodic pmp
action of F,, is exactly m.

Theorem 14.2 (Gaboriau, 1998). Let I' ~ (X, ) be a free ergodic pmp action of I' = F,. Denote
by R :={(x,9-x) | x € X,g € I'} the orbit equivalence relation. Let (gi)r C I' be group elements
and (Ag)r C X be measurable sets such that R is the smallest equivalence relation on X containing
Ur{(z, g5 - z) | x € Ag}. Then >, p(Ag) > m.

Proof of Theorem[14.4 Denote M = L>(X)xT and let (ug)ger C U(M) be the canonical unitaries.
Let ay,...,a,m € I' be free generators. We consider the space of 1-cocycles
ZXT,M) = {c:T = M | c(gh) = uge(h) + c(g), for all g,h € T'}.

Notice that Z1(I', M) is a right M-module. Since every cocycle ¢ : I' — M is uniquely determined
the by the values c(ay), ..., ¢(am) we have an isomorphism of right M-modules ® : M®m — Z1(T', M)
given by ®(z1, ..., ) is the unique cocycle ¢ : I' — M such that c(a1) = z1, ..., c(am) = Tpm.

Next, let (gr)r C T be group elements and (Ag)r C X be measurable sets such that R is the
smallest equivalence relation on X containing Up{(z,gx - =) | € Ag}. Put pp = 14,4, € P(M)
and define ¢y : A — gi - Ag by letting pr(z) = gi - .

We define a right M-modular map ¥ : Z1(I', M) — @ppM by letting ¥(c) = Prpre(gr). We claim
that ¥ is injective. To prove the claim, let ¢ : I' — M be a cocycle such that pgc(gi) = 0, for all k.
Then for every ki, .., k, we have that (py, o (gkl'~-9k171)71)ugk1---“gkl_lc(gkz) = 0 and thus

Py (Phy © G )oo- (P © (ke +-Ghn—1) ™ )Gy - Gh)

(14.1) -~ _ B
= Z[pkl (P, © gkll)...(pkn © (Gky---Gkp 1) 1)]ugk1'-'ugk,_lc(9kl) =0
=1

We are now ready to show that if g € I', then ¢(g) = 0. Let A C X be a non-null measurable
set. Then we can find a non-null measurable subset B C A and k1, .., k, such that B is contained
in the domain of ¢y, o ...0 ¢k, and g-x = (pg, © ... 0 vk, )(x), for all z € B. Equivalently
1p < (Lay, © (9ky--9ko))--(La, | ©9k,)1a,, and g = gk,...gk,. Thus, we have

1gB = 1gk1...gknB =1lpo (gkl"'gkn)il
< (Lay, 093, (Lay, © (grygr,) )
= pkl"'(pkn © (gkl"'gkn—l)_l)'

This and (15.3) imply that 1,5c(g9) = 1,5¢(g1---9k) = 1gBDE, - (Pky, © (k1 --Gkyy 1) " H)e(g1.--gx) = 0.
Thus, for every non-null set A we can find a non-null subset B such that 1,p¢(g) = 0. This implies
that ¢(g) = 0. Since g € T is arbitrary, we derive that ¢ = 0 and thus ¥ is injective.

Therefore, ¥ o ® : M®n — @.pi. M is a right M-modular injective map. By Theorem [10.21] we
conclude that m <3, 7(pi) = > u(Ag). [ |

Proof of Theorem [14.1, Assume that for some m > n, we can find free ergodic pmp actions
Fp, ~ (X, p) and F,, ~ (Y, v) which are orbit equivalent. Let § : X — Y be an orbit equivalence.
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If we consider the action F,, ~ (X, u) given by g-x = 0~!(g-0(z)), then F,, - = F,, - z, for almost
every x € X. Put R:={(z,9-x) |z € X,g € F,,}. Let by, ..., b, € F), be free generators. For every
1<i<nandgelF,, let 4;y={zecX|b- -z=g-x}

Then R is the smallest equivalence relation on X containing U?" {(z,a; ) | € X}, and thus the
smallest equivalence on X containing U (Uger,, {(z,9-2) | © € A;4}). Theorem implies that

m < Z Z p(Aig) = Z( Z p(Aig)) = Z L=mn,
1=1 gelF,, i=1 geF,, i=1

which contradicts that m > n. [ ]

15. SOLIDITY OF FREE GROUP FACTORS

Theorem 15.1 (Ozawa, 2003). Let M = L(F,,), for some 2 <n < oco. Then M is solid: for every
diffuse von Neumann subalgebra A C M, the relative commutant A’ 0 M is amenable.

We present here Popa’s proof of this theorem [Po06] based on his powerful deformation/rigidity
theory. Let us first explain the deformation property of M that is used in the proof.

For simplicity, we assume that n = 2. Denote by a1, as,bi, by the generators of Fy, and view
Fy as the subgroup of Fy generated by a1,as. This gives an embedding of M into M = L(Fy).
We denote still by a as, by, ba the corresponding unitaries in M. Consider the argument function
Arg : T — [—m, 7] and use Borel functional calculus to define hy = Arg(b1), ho = Arg(b2). Then
h1 € {b1}’, ha € {ba}" are self-adjoint operators such that by = exp(ih1) and ba = exp(iha).
Moreover, for every t € R, we have that

(15.1) 7(exp(ith)) = T(exp(iths)) = % /_ﬂ expl(itf) df = Sin;:t).

For every t € R, we can define a trace preserving automorphism 6, of M by letting:

(15.2) Ht(al) = exp(z’thl)al, Ht(CZQ) = eXp(ithg)ag, tgt(bl) = bl, et(bg) = bz.

sin(7t)
[

It is easy to see that limy o ||z (z) — z[2 = 0, for all z € M. Denote p(t) = and notice that
0 < p(t) <1, for all t > 0. We leave it as an exercise to show that formula ((15.1) implies that:

Lemma 15.2. Ift € R, g € Fy, then Epr(au(uy)) = p(t)9uy. Here, |g| denotes the word length
of g € Fo with respect to the generating set {ay,as}.

Corollary 15.3. Let (u,) C U(M) be a sequence converging weakly to 0: 7(upx) — 0, for all
x € M. Then limy, o || Enr(ag(un))|l2 =0, for all t > 0.

Proof. Consider the Fourier expansion u, = ) g€Fs 7(unuy)ug. Then by Lemma we get that
En(ar(un)) = Y gem, P07 (upuf)ug and thus || Epy (o (un) )HQ > ger, Alt )2|g\yT(un )2 Thus,

if N > 1is an integer, then using that 3 g, |T(unug )12 = |lunll3 = 1, we get that
[ En (c(un) H2 Z |7 ( unu ’2 +p(t 2N Z |7( unu ’2 Z |7 ( Unu ‘2 + p(t )
lgl<N lg|=N lgl<N

Since the set {|g| < N} is finite and lim, oo T(unuy) = 0, for all g € Fa, we conclude that
limsup,,_, . || Enr(cs(un))||3 < p(t)*Y, for all N > 1. Since 0 < p(t) < 1, the conclusion follows. W
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Lemma 15.4. The Hilbert M -bimodule LQ(M) © L?(M) is isomorphic to an infinite multiple of the
coarse M -bimodule, (LQ(M)~®L2(M))®°°. Moreover, for every von Neumann subalgebra B C M,
the Hilbert B-bimodule L*>(M) & L?(M) is isomorphic to (L?*(B)®L?(B))®=.

Proof. Let S C [y be the set of elements g € Fy whose reduced form begins and ends with a non-
zero power of by or be. Since L2(M)o L*(M) = @D, cs Mugh, in order to prove the main assertion,

it suffices to show that Mu,M = L?(M)®L?(M), as Hilbert M-bimodules, for any g € S.

If g € S, then g~ 'Fag NFoy = {e}. Hence, T(uguptguy) = 6g-1pg k-1 = OpeOk,e = T(up)7(uy), for all
h,k € Fa. This implies 7(uyaugb) = 7(a)7(b), for all a,b € M, and further that

*

(Tugy, zugt) = 7(uy

Frrugyt”) = 7(2"2)T(Yt") = (r @y, 2 @ ) 2 (anyer2(m), for all v,y 2,t € M.
Thus, T ®y — zuyy extends to an isomorphism of Hilbert M-bimodules L?(M)&L*(M) = Mu,M.

If we let # = L2(M)®e, the main assertion implies that L2(M)& L2(M) = H®H, as M-bimodules.
If B C M is a von Neumann subalgebra, then H is an infinite dimensional left (and right) B-module
and thus it is isomorphic to L2(B)®>= as a left (and right) B-module. The moreover assertion is
now immediate. |

Proof of Theorem|15.1. Denote B = A'NM. Since A is diffuse, we can find a sequence (uy)r C U(A)
which converges weakly to 0. Indeed, since A is diffuse, by Exercise [8.:§ and Corollary [8.6]it contans
a copy of L>([0,1]). If ux € U(L*>°([0,1])) is given by ug(z) = exp(2mikz), then uy — 0 weakly.

Put ¢, = 1/2", for every n > 1. By Corollary we can find a subsequence (vy,), of (ug)xr such
that lim, oo [[Ear(a, (vn))|l2 = 0. Define &, := at, (vn) — Epr(o, (vn)). We claim that

(15.3) ILm [z, &n]ll2 = 0, for every x € B,
(15.4) le (x€n, &) = (), for every z € M.

If z € B, then by using that [z, v,] = 0 for all n and that a; ' = a_y, we get that

Il; Enlll2 = [Tz, o, (va)] = Ent ([, e, (vn)])|2
< 2||[z, as, (vn)]]l2
= 2[[fe—t, (), val 2
= 2[[fe—s, (x) = =, vall2
< 2)a, () — 2|2

Since lim;_q ||a(z) — z||2 = 0, equation ([15.3)) follows. Since lim, o ||Enr(cu, (vn))]l2 = 0, we get

that limy, oo (&, &n) = limy, oo (T, (Vn), au, (vn)) = 7(2), for every z € M, which proves (15.4).

We are now ready to prove that B is amenable. Since &, € M and En (&) = 0, we can view &, as
a vector in L2(M) & L?(M). Formulae and assert that &, are B-almost central and
almost tracial. By Lemma we have that L2(M)e L?(M) is isomorphic to L?(B)®K as a Hilbert
B-bimodule, where K = L*(B)%=. Denote by J : K — K the involution given by J(®b;) = ®b;.
Then for every x € B, JxJ € B(K) is the right multiplication operator by z*.

Let w be a free ultrafilter on N, and define a state ® : B(L?(B)) — C by letting
®(T) = lim (T ® Idx)én, &n), for every T € B(L?(B)).
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Then implies that (ID‘B = 7. Moreover, if x € Band T € IBB(LZ(B)), by using we get
O(2T) ~ (2T @ Idx)&n, &n)

(T'® Idk)én, (2" @ Idic)&n)

~ (T ® Idk)én, (Isz(B) ® JxJ)En)

~(T® Id;c)(Isz(B) ® Jr* ), En)

~ ((

= ((

T ® Idg)(x @ Idk)én, &)
Tz @ Idic)&én, &n)
~ ®(Tx),
where we write z, ~ yy, to mean that limy,,,(z, — yn) = 0.

This shows that B is amenable and finishes the proof. |
Exercise 15.5. Let (M, 71) and (M2, 72) be tracial von Neumann algebras.

(1) Prove that M1®M5 is a tracial von Neumann algebra.
(2) Prove that if M; and My are amenable, then M;®M, is amenable.

Exercise 15.6. Let M be a solid II; factor. Prove that if M is not amenable, then M is prime,
i.e., it cannot be written as a tensor product M = M;®Ms, for some II; factors M7 and Ms.
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