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CHAPTER 1

Operators on Hilbert Space

1. Basic Theory

Throughout H will denote a complex Hilbert space with inner product (£,7n). The
inner product is a sequilinear form which we always take to be conjugate linear in the
second argument. We write ||| := (¢, &)Y/2.

PROPOSITION 1.1 (Cauchy—Schwarz Inequality). For all £, € H we have that
(1) LEsm) T < [I€lImll-

DEFINITION 1.2. Let T : H — K be a linear map between Hilbert spaces. We say
that T' is bounded if there is a constant C' so that || T¢|| < C||£]| for all £ € H.

In this case, we define the operator norm ||T'|| to be the infimum over all such C.
Equivalently,

T
@) 170 = sup LZ80 — g ey

e20 €l je=1
Note that by linearity, boundedness is the same as T being Lipschitz.

LEMMA 1.3. Let T : X =Y be a linear map between normed spaces (not necessarily
complete). The following are equivalent.

(1) T is bounded.
(2) T is norm continuous.
(3) énll — O implies that | T¢y| — 0.

DEFINITION 1.4. A linear map T : H — H is said to be a linear operator. We denote
by B(H) the collection of all bounded linear operators.

LEMMA 1.5. For T, S € B(H) we have that ||\XT + S|| < [A||T|| + ||S|| and || TS| <
IS

LEMMA 1.6. For T € B(H) we have that

(3) 1Tl = sup [T, n)|.
lell=lml=1

Proor. Fixing &, | (T€¢,n) | is optimized when n = % over ||n]] = 1 by Cauchy—
Schwarz. O
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PROPOSITION 1.7 (Riesz Representation Theorem). Let ¢ : H — C be a bounded

linear map (that is, a linear functional). There is a unique n € H with ||n|| = ||¢]|| so
that
(4) ¢(§) = (&.m) -

DEFINITION 1.8. We call a sesquilinear form « : H x H — C bounded if there is a
C so that |k(&,n)| < C||£]/[|n]l. The infimum of all such C' is denoted by ||&||.

LEMMA 1.9. k is a bounded sesquilinear form on H if and only if there is a (unique)
bounded operator T € B(H) so that k(§,n) = (T, n). Moreover ||s|| = ||T|.

PrOOF. Clearly (T'¢,n) is a bounded sesquilinear form of norm ||T|| by Lemma 1.6.
In the other direction, fixing £, we have that n — (£, n) is a bounded linear functional,
so k(&,m) = (£',n) uniquely by the Riesz Representation Theorem (Proposition 1.7).
Define T¢ := ¢’ Tt is an exercise to check that T is linear. ||T|| = ||x|| again by Lemma
1.6. O

LEMMA 1.10. Let (T},) be a net in B(H) with sup,, || Tn|| < M. If ((Tn€,n)) converges
for every &,m € H, then (T¢,n) := lim, (T,£,n) defines a bounded linear operator with
1T < M.

PROOF. It is straightforward to see that lim,, (T,,£,n) defines a bounded sequilinear
form with norm at most M. The result then follows by Lemma 1.9. O

DEFINITION 1.11. Let (7},) be a net in B(H) we say that (7},) converges to T € B(H )
in the weak operator topology (WOT) if lim,, (T, ,n) = (T¢,n) for all &, n € H. Note
by the previous lemmas such a 7" is unique, so the WOT is Hausdorff.

REMARK 1.12. The WOT is weaker than the norm topology on B(H) is the sense
that norm convergence implies WOT convergence.

NoTATION 1.13. For a normed vector space X, we denote the closed unit ball about
0 by (X):1.

PROPOSITION 1.14. (B(H))1 is compact in the WOT.

PROOF. Let X = H(H)IX(H)I D, where D is the closed unit disc about 0 in the
complex plane. By Tychonoff’s Theorem, X is compact in the product topology. Define
amap F: (B(H))1 — X by

F(T) ey = (T&,m) -
By Lemma 1.10, we have that F' has closed image. Moreover, it is straightforward

to check the F' is an injection and the pullback of the product topology induces the
(relative) WOT on (B(H));. This established the result. O

LEMMA 1.15. The B(H) is norm complete, hence it is a Banach algebra.

PROOF. A norm Cauchy sequence (7},) has a WOT accumulation point 7" by Propo-
sition 1.14. It is an exercise to check that |7, — T'|| — 0. O
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DEFINITION 1.16. We say that T' € B(H) has an adjoint 7% € B(H) if (T¢,n) =
(€, Tn).

REMARK 1.17. It is clear from the definition that (T%)* = T, (AT + S)* = \T* + S*
and (T'S)* = S*T* if T and S have adjoints.

The proof of the following is an exercise in using the Riesz Representation Theorem
(Proposition 1.7).

LEMMA 1.18. Every T € B(H) has a unique adjoint.
LEMMA 1.19 (The “C*-Identity”). For T € B(H) we have that | T*T|| = ||T||?.

Proor. We have that

IT*T||= sup [(T"T¢,n)|= sup |[(T€,Tn)l
lEl=lnll=1 I€l=IInll=1
By Cauchy—Schwarz, the right hand side is optimized when T¢ = T O

DEFINITION 1.20. For the T € B(H), we say that T is self=adjoint if T* = T and
normal if T*T = TT*.

REMARK 1.21. If T is self-adjoint, then (T¢,&) € R for all £ € H. The converse is
also true, but left as an exercise.

PROPOSITION 1.22. If T € B(H) is self-adjoint, then

17N = sup [{T€,&) .
lgll=1

PROOF. We assume ||£|| = ||n|| = 1. Using that 7" = T" we have that

(T(€£n), £ £n) =(T€,§) £2Re(T¢, n) + (T'n,m)
which yields that

ARe(TE,n) = (T(E+mn),&+m) —(T(E—n).§—n)
By the Parallelogram Identity we have that

4= € +nl” + 1€ = nl*.

Altogether, this implies that one of the following inequalities must hold:
[(T(€+n), &+ n)]

\Re(Tf,n)\ < H§+77H2

(T —n),§—n)|
Re (T .
|Re(T¢,n) | < e

Adjusting n by a phase we may assume without loss of generality that (T'¢,n) is real,
which establishes the result. O
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2. Positive Operators

DEFINITION 2.1. We say that T' € B(H) is positive if T* =T and (T¢,&) > 0 for
all £ € H. We denote the set of all positive operators by B(H)*.
For T, S € B(H), both self-adjoint, we write ' < S if S — T is positive.

LEMMA 2.2. The following are true:

(1) For all S € B(H), S*S € B(H)™.

(2) B(H)" is a cone and closed in the WOT.
(3) —HTHI < T < |T|I for all T self-adjoint.
(4) If0 T < S, then ||T| < |IS|-

(5) If =S <X T =S with 0 < S, then ||T] < || S]]

REMARK 2.3. By a set C'in a vector space V being a cone we mean that C+C C C,
tC C Cforallt >0, and C' N (—C) = {0}.

PRrOOF. For (1), we observe that (S*S¢,&) = (S£,56) >0

For (2), it is clear that a convex combination of positive operators or a positive
scalar multiple of positive operator is again positive. If T and —7 are both positive,
then (T¢,£) = 0 for all & which implies 7' = 0 by Proposition 1.22. This shows
that B(H)" is a cone. If T,, — T in the WOT with each T), positive, we have that

(T,£,8) — (T€,€) so (T€,&) > 0 as well.
For (3), we note that if ||T|| < 1, then — (£,&) < (T¢,¢&) < (€,¢).

For (4), we have that (£,n) := (T¢,n) defines a pre-inner product, so by Cauchy—
Schwarz we have that

(T ) | < (T€,)"* (T ).
This implies that ||T'|| = supj¢|=1 (T€,€) for all T' = 0. The conclusion follows directly.

For (5), we have that — (S¢,&) < (T¢,€) < (S¢,&), so the result follows by the
proof of the previous item and Proposition 1.22. O

PROPOSITION 2.4. For all T € B(H)" there is S € B(H)*t so that T = S2.

PRrooF. Consider the following power series expansion of the square root

1/2 =1 (2k-—23)!
‘/‘%_Z ( / ) RN = li!(k:—Q))!(l_x)k'
k=0

o(mnm) (i) =0 (mn)

where the last equality follows by applying Stirling’s approximation formula to ( k:)
Therefore the series converges absolutely for all |[1—z| < 1, in particular for all 0 < x < 1.

Note that
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Write ay, 1= (—1)]“(1]42) for the coefficients above. Since ag = 1 and a; < 0 for all
k > 1, we may set ¢ := —ag > 0, so that

V=1 —ch(l —z)*.
k=1

Evaluating at = 0 gives 0 =1 — Y 72, ¢, hence > 2 ¢x = 1.
Now suppose 0 < T' < I, sothat 0 X [ =T < I and || — T|| < 1 by Lemma 2.2.
Setting

N
Sn=1-=Y c(I-T)F,
k=1
the bound [|(I — T)*|| < ||[I — T||¥ < 1 together with >, ¢4 < oo shows that (Sy) is
Cauchy, hence converges in norm to some self-adjoint S € B(H).

We claim that S > 0. First note that each (I — T)¥ is positive: for k = 2m
we have (I — T)*™ = ((I — T)m)*(I —T)™ = 0, while for £k = 2m + 1 we have
(I -T2 = (I -T)"(I-T)I —T)™ = 0 since (I —T)"(I —T)(I —-T)"¢,€) =
(I =TI —T)", (I —T)™) >0. As ||[(I-T)*|| < 1, Lemma 2.2 gives 0 < (I —T)* <
I, so that ((I —T)*¢,€) € [0,1] for every unit vector £. Therefore

(56,9 =1-Y a (-1, >1-Y a =0,
k=1

k=1

which proves S € B(H)™".
Finally, since S and T both lie in the commutative Banach algebra generated by
I — T, and the series for S converges absolutely, we may form the Cauchy product. As

(Zk a;,cyk)2 =1 — y as an identity of formal power series, the Cauchy product yields
S2=I-(I-T)=T,
which completes the proof. O

COROLLARY 2.5. For T € B(H), the following are equivalent:
(1) T is positive.
2) T=75,S:5.
(3) T=5*S.
LEMMA 2.6. Let Hy C H be a closed subspace, and let P be the orthogonal projection
onto Hy. Then P = P* = P2. Conversely, any P € B(H) with P = P* = P? is the
orthogonal projection onto its range.

NOTATION 2.7. For T € B(H) we write |T| := (T*T)"/? € B(H)", where the square
root is defined as in Proposition 2.4.

PROPOSITION 2.8. Every self-adjoint operator T € B(H) can be written as a differ-
ence of positive operators T' = S1 — Sy with ||S1]], ||S2] < |||
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PrOOF. Let S = (|T|+7T)/2 and Sy = (|T'|—T)/2, and note that T', |T'|, Si, and S
are mutually commuting since T is self-adjoint which implies that |T'| is a power series in
T. Let P be the orthogonal projection onto the kernel of S, which is a closed subspace
of H. Then S;P = 0, which implies that P.S7 = 0, by taking adjoints. Since 5155 =0
we have that PS5 = S5, so SoP = S5 again by taking adjoints. This gives the following
system of linear equations:

PT = —P[T|
(I-P)T =(I-P)T|.

Thus T'= (I —2P)|T| = |T|(I — 2P). It therefore follows that

Si={-P)T|=|T|(I-P)
Sy = P|T| = |T|P.

Since P is an orthogonal projection P = P* = P? by Lemma 2.6, so Sy = P|T|P* is a
positive with ||Sa|| < [||T||| = | T*T||*/? = ||T| by the C*-identity (Lemma 1.19). The
same holds for S7, which establishes the result. O

COROLLARY 2.9. Every T € (B(H))1 ts a linear combination of four positive con-
tractions.

PRrROOF. We have that T'= (T'+T%)/2+i[(T — T*)/2i] is a decomposition of T" into
a linear combination of two self-adjoint contractions. O

3. States

NoTATION 3.1. For a (complex) normed space X, we write X* for the normed space
of all linear maps ¢ : X — C with [|¢[| := supz=1 |#(z)].

DEFINITION 3.2. A state ¢ € B(H)* is linear functional satisfying ¢(I) = 1 and
¢(T) >0 forall T € B(H)*.

REMARK 3.3. Note that every state is x-linear, that is ¢(T*) = ¢(T), since ¢(T) € R
for all T" self-adjoint by Proposition 2.4.

REMARK 3.4. If ¢ is a state, then T < S implies that ¢(T") < ¢(S).

PROPOSITION 3.5. We have that ¢ € B(H)* is a state if and only if ¢(I) = 1 and
ol = 1.

PROOF. For the forward direction, we have that ¢ being a state implies that (T, S) —
¢(S*T) defines a pre-inner product on B(H), so by Cauchy—Schwarz we have that

(T < ¢(T*T) 2o(1)'? < | TT|'? = ||
by the C*-identity and the fact that T*T < |[|T*T||I (Lemma 2.2).
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The reverse direction is slightly more involved. First, we claim that every functional
with ¢(I) = 1 and ||¢|| = 1 is *-linear. This is equivalent to showing that ¢(T") € R if
T =T*. We see that for a parameter s € R

[O(T) +is| = [o(T" + isI)]
< | T +is||
= |[(T + isI)*(T + isI)||*/?
= |7 + I < (||| + %)/

since T? + s2I < (||T?|| + s*)I by Lemma 2.2. Therefore, choosing s to have the same
sign as Im ¢(7T'), we have that

[ Im(T)| < (|72 + %)/ —|s| = 0

as |s| — oo, which establishes the claim.

We next claim that every #-linear functional with ¢(/) = 1 and ||¢|| = 1 is a state,
which now suffices to establish the result. Taking 7' € B(H)", we may assume without
loss of generality that ||T'|] < 1. We have that 0 < 7' < I; hence, —1 <27 — [ < I and
12T — I]| < 1 by Lemma 2.2. It follows that [2¢(T") — 1] < 1, which shows that ¢(T") > 0
since ¢(T") € R by #-linearity. This establishes the claim, so the result. (|

DEFINITION 3.6. Let X be a normed space. We define the weak*-topology on X* by
a net (¢,) in X* converges to ¢ € X* weak™ if ¢, (z) — ¢(x) for all z € X.

LEMMA 3.7 (Banach-Alaoglu). We have that (X*)1 is compact in the weak*-topology.

Recall, that for a convex subset C' C V of a vector space, a point € C' is extreme
ifx =ty+ (1 —1t)z for y,z € C implies that z =y = z.

LEMMA 3.8 (Krein-Milman). A closed, conver subset of (X*)1 is the weak™ closure
of the hull of its extreme points.

NoOTATION 3.9. We write S(B(H)) for the set of all states on B(H).

REMARK 3.10. By Proposition 3.5, we see that S(B(H)) is a weak*-closed, convex
subset of (B(H)*)1. Thus S(B(H)) is compact by Banach-Alaoglu and the weak*-closure
of the convex hull of its extreme points by Krein—Milman.

LEMMA 3.11. If ¢ € B(H)* is a state and P € B(H) is a projection with ¢(P) =0,
then ¢(PT) =0= ¢(TP) for all T € B(H).

Proor. By Cauchy—Schwarz,
[6(PT)| < $(PP*) (T T)"/? = ¢(P)*¢(T*T)"* = 0.
The other case follows by *-linearity. U

NOTATION 3.12. We write a rank-one operator T = £ ® 77, where T'(¢) = (¢, n)&;
that is, £ spans the range of T" and 7 spans the range of T, where 7™ can be computed
to be n® &.
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This notation is justified as follows. We have that f- : H x H — H given by

is bilinear and fc(A§,7) = fc(€,An) for all A € C, thus f: extends to a canonical
map on the (algebraic) tensor product H ® H — H and so this induces a linear map
F:H®H — B(H) by

F(T)(Q) = f(T) =Y (C.m)&

for T=5,&®m;.

LEMMA 3.13. F is an embedding. In this way H® H is identified with the finite rank
operators on B(H), that is all T € B(H) so that T and T* both have finite-dimensional
range.

ProOF. Writing T' = > & ® 7; we may assume without loss of generality that the
&;’s are linearly independent. Thus F(T")(¢) = 0 for all ( € H implies that (¢, n;) =0
for all ¢ and all ¢, so n; = 0 for all i. g

NOTATION 3.14. For £ € H with ||£]| = 1 we define the vector state ¢p¢(T) := (TE ,§).
LEMMA 3.15. For each £ € H, we have that ¢¢ is an extreme state.

PROOF. Suppose that ¢¢ = t¢1+(1—t)p2. We have that [|€R£|| = 1 (as an operator)
and ¢e(E®E) =1, 50 ¢pi(E®E) =1 for i = 1,2. Let K be the orthogonal complement
of ¢ in H and let P be the orthogonal projection onto K. We have that P + ¢ ® € = I,
so ¢;(P) =0 for i = 1,2. By Lemma 3.11 we may conclude that ¢ = ¢¢ = ¢o. O

NOTATION 3.16. We write F(H) for the algebra of all finite-rank operators on H.

Note that F(H) is an ideal in B(H), that is 2Ty € F(H) for all T € F(H) and
x,y € B(H).

DEFINITION 3.17. We define a pairing between F(H) and B(H) as follows. For
T=5%,®0n € F(H) and z € B(H), we write

(T, z) = Z (&, mi)

We again note that H x H 3 (£,7) + (z€,n) is bilinear and (A, 7) and (£, Ajj) map
to the same scalar, so this pairing is well-defined.

REMARK 3.18. When z = I, we write Tr(T") = (T",I) = >, (& ,m:). It is clear that
Tr is a positive linear functional on F(H) in the sense that Tr(7*7") > 0. Moreover, we
have that for every unitary u € B(H), i.e., u*u = uvu* = 1I,

(5) Tr(uTu*) = (ué,un) = > (& ni) = Tr(T).

(2 3

We refer to Tr as the trace on F(H).
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PROBLEM 3.19. Check that Tr(7'S) = Tr(ST) for all T, S € F(H).
DEFINITION 3.20. We define the nuclear norm on F(H) by

1Tl nue := inf {Z &l - llmall - T = Z&' ® ﬁi}

We write £!(H) for the completion of F(H) in the nuclear norm.
LEMMA 3.21. The following inequality is apparent from the definitions:
(T z) | < [z - [T lnue
forallT € F(H) and x € B(H).
LEMMA 3.22. We have that ||€ @ 7]lnue = |I€]| - In]]-

PROOF. Suppose that £&n =), x;®y;. Let Pr and P, be the orthogonal projections
onto C¢ and Crn, respectively. Then by linearity

§@n="> Pe(z:)® Py(ui),
i
and since orthogonal projections are contractions

Z [Pe ()l - [P (ya)ll < Z ]l - [lyall-

It follows that we may assume that z; ® §; = ¢;§ ® ) with ), ¢; = 1. The result is then
apparent by the triangle inequality. Il

PROPOSITION 3.23. We have that T — (T ,z) isometrically identifies B(H) with
LY(H)*.

PROOF. Let ¢, (T) := (T, z). By Lemma 3.21 we have that ¢, is defined on £!(H)
with [[¢z || = supypj =1 [ (T, 2) | < ||z[|. For vectors £ and 1 of unit norm we have that
by Lemma 3.22 that [|€ ® 7||lpue = 1, s0

[Pe(E@ M| =[(E@7,2) [ = [(z,n)|
verifies that [|¢z|| = ||z]|. O

REMARK 3.24. We observe that the pairing x — (T, ) also identifies £!(H) iso-
metrically with a subspace of B(H)* by the theory of dual Banach spaces. In this way
L1(H) is weak*-dense in B(H)* by Goldstine’s Theorem. We refer to Proposition 3.26
below for the proof of a similar assertion.

LEMMA 3.25. We have that T € F(H), self-adjoint, defines a state on B(H) via
x> (T,z) if and only if T =3, & @ & with >, ||&||> = 1. Moreover, the &’s may be
taken to be an orthogonal family.
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PROOF. In the reverse direction, we have that (T',z) = >, (z&,&) > 0 for all
z € B(H)T and that (T',I) =Y, ||&]/? = 1, thus T defines a state.

In the forward direction, we have that (T',n®n) = (T'n,n) > 0 for all n € H, so
T is positive, so T = . & @ & where the &’s form an (orthogonal) eigenbasis by the
Spectral Theorem for matrices. O

PROPOSITION 3.26. Viewing F(H) C B(H)* wvia the standard pairing, let K =
FH)tNS(B(H)). We have that K is weak*-dense in S(B(H)).

PROOF. Assume that there is a state ¢ which does not belong to the weak*-closure
of K. Since the weak*-closure of K is compact (Remark 3.10) we have that there is
a basic weak™ open neighborhood of the origin V- = {¢ € B(H)* : |[¢(z;)| < €} for
some x1,...,x, € B(H) and € > 0 so that (¢ + V)N (K + V) = (. By the Geometric
Hahn-Banach Theorem, there is ¢ € B(H)** so that

(6) sup  Req(T) <Req(¢).
TeK+V

Since Re g is bounded on V' by the triangle inequality, we have that
kerg 2 Ay ker {B(H)" 5 o - 9(x;)}
It follows that

q(¥) = ¥(z)

for all ¢» where x belongs to the span of x1,...,z,. Setting s = (x + 2*)/2 we have
that by Proposition 2.8 we have that s = s; — s9, with s1, so positive with s; = psp and
s9 = —(1—p)s(1—p) for some orthogonal projection p. By Lemma 3.25 and Proposition
1.22 we therefore have that

sup Req(T) = sup (T',s) = sup (s£,&) = [[s1]-
TeK TeK lell=1

On the other hand, since ¢ is a state we have that
Req(¢) = ¢(s) = d(s1 — s2) < ¢(s1) < [|s1].
Altogether this contradicts inequality (6). O

REMARK 3.27. The content of the previous theorem could be stated as follows. Let
¢ € S(B(H)). Then for any finite set of operators z1,...,z, € B(H) and € > 0 there is
an orthonormal set &1, ...,& € H with Y, [|&]|* = 1 so that

p(xi) — Z (z:€5,85)| < e

J
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4. Normal Operators, Spectra, and Abelian C*-Algebras

Recall that an operator T' € B(H) is normal if T*T = TT*. The following is the
crucial fact about normal operators.

LEMMA 4.1. T € B(H) is normal if and only if ||TE|| = || T*|| for all £ € H.
In what follows we will only make use of the “only if” direction.

DEFINITION 4.2. We say that A € C belongs to the spectrum of T if T — AI is not
invertible in B(H). We write sp(T') C C for the set of all spectral elements of T

REMARK 4.3. We have that sp(T') is contained in the closed ball of radius ||T’|| about
0. This is because for any [A| > ||T|| we have that ||3T'|| < 1, hence

(1-2) s ()

REMARK 4.4. We have that sp(7T') is always nonempty. We have that
(T —N)™' — (T —wI)™!
A—w

which shows that for ¢ € B(H)* that f, : A — ¢ ((I'— A)~') is analytic on any

open region of C \ sp(T"). Thus if sp(T) = (), we have that fy is entire and bounded

since ||(T'— AI)7Y| — 0 as |A| = oo, so by Liouville’s theorem f, is constant 0 for all

¢ € B(H)*. By the Hahn-Banach Theorem, this implies that (T — AI)~! = 0, which is
absurd.

which converges in norm.

= (T - X)) YT —wD)™

LEMMA 4.5. If T € B(H) is not invertible, then one of the following must happen:

(1) there is a sequence &, € H with ||,]| =1 so that ||T&,| = 0;
(2) the closure of the range of T is not equal to H.

PROOF. Suppose both do not occur. Then « := infj¢—; |T¢|| > 0 and T(H) = H.
Since the first condition implies that 7T is injective, we have that 7! : T(H) — H exists
and that |771(| < 1. Since T~ is Lipschitz, this implies that T~! extends to a bounded
linear operator on T'(H) = H. Thus T is invertible in B(H). O

LEMMA 4.6. If T € B(H) is normal, then A € sp(T') if and only if there exists a
(possibly constant) sequence (&) of unit vectors so that || T&, — Ay|| — 0.

PROOF. Since T is normal so is T'— AI. If the result did not hold, then by Lemma
4.5 we would have that there is nonzero 7 in the orthogonal complement of (T'— \I)(H ).
Thus
0=((T=ANE,n) = (&, (T = A)"n)
forall ¢ € H, that is, |[(T'—AI)*n|| = 0. By Lemma 4.1 this means that ||(T"—\I)n| = 0,
so T'n = An. U
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REMARK 4.7. For the case of normal operators the previous result gives a quick
proof that sp(7T') is closed. Indeed if \; — A\ with \; € sp(T'), choose &; a unit vector

DEFINITION 4.8. A C*-algebra A is an (operator) norm closed #-subalgebra of B(H)
for some H.

REMARK 4.9. In these notes we will usually insist that I € A.

PROPOSITION 4.10. The following facts are true about a C*-algebra A C B(H) (with
IcA).
(1) If ¢ = 0 and x € A, then 2'/? € A. In particular for every x € A, |z| =
(z*2)Y/? € A.
(2) Every x € A is a linear combination of four elements of AT.
(3) ¢ € A* is a state if and only if p(I) =1 and ||¢|| = 1.
(4) The set of all states S(A) is weak*-compact in (A*);.
(5) S(A) is the weak*-closed convex hull of the extreme points.

LEMMA 4.11. Let B C A C B(H) be C*-algebras with I € B. Ewvery extreme state
on B has an extreme state extension to A.

PROOF. Let ¢ € S(B). By the Hahn—-Banach theorem, there is a ¢ € A* which
extends ¢ so that ||¢]| = [|¢||. So ¢(I) = 1 = ||@| and ¢ is a state by Proposition
4.10. Let Sy C S(A) be the set of extensions of ¢, which we can see is convex and
weak*-compact, so has an extreme point by the Krein—-Milman theorem. Let ¢’ be such
an extreme point.

We claim that ¢’ is extreme in S(A) as well. If ¢/ =ty + (1 —t)hy for 0 <t < 1,
then

¢ =¢'|s=t1ls + (1 —t)2ls,
s0 ¥;|p = ¢ for i = 1,2 by extremality of ¢. Thus 11,12 € S, as well which establishes
the result. O

DEFINITION 4.12. For T' € B(H) we let C*(T) be the C*-algebra generated by
(I,T,T*).
REMARK 4.13. We see that C*(T') is abelian if and only if 7" is normal.

PROPOSITION 4.14. Let A C B(H) be an abelian C*algebra with I € A. A state
o € S(A) is extreme if and only if it is multiplicative.

PROOF. We begin by assuming that ¢ is multiplicative. For x = z* € A and a
parameter s € R, define €*** using the power series expansion, which is entire real
anayltic, so €% € C*(z) C A. Via the power series expansion we also see that

(eisx)* — efis;r

and that

e—ZSl'e’LSII) — eZSZL‘e—’LSJ) — I
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since C*(x) is a commutative algebra. Thus €%? is unitary and |[e?**||? = ||(e?%)*e!*|| =

1, so €% is a contraction.

Suppose that ¢ = ti1 + (1 — )19 for some t € (0,1) and 11,92 € S(A). Since ¢ is
multiplicative and *-linear since it is a state we have that

L= 9((e7)" ) = 6((€7))o(e*) = HleT)3(e2),
so ¢(e*®) € T, the complex units. Since |¢;(e’**)| < 1 for j = 1,2, this implies that
¢(eisx) — wl (eisx) — w2(eis:z:)

for all x = x*, s € R. Using the power series expansion and the triangle inequality, we
have that

(&

eisx -7
s
as s — 0, which implies that ¢(x) = 11(x) = ¥2(x) for all z € A self-adjoint. Hence
¢ = 11 = 19 by *-linearity.
We next assume that ¢ is extreme. Let 0 < x < I. We will first show that ¢(zy) =
d(z)p(y) for all y € A. We write

—x|| — 0

_:c+eI

1+ 26
so 0 <z, <1Iforalle>0, ||z —z| <e and ¢(x) € (0,1). We then have that

Olaet) = 9(ec) | 50| + (1 600 | S tsollr = 20w)

We claim that ¢;(y) = @qﬁ(mey) and 9(y) = mgb((f — x.)y) are states. It is

clear that ¢;(I) =1 for i = 1,2. If y = (,/7)?, then zy = (\/Te\/Y)(/Ter/y)* since A
is abelian. Thus z.y is positive and so is 11 (y) since ¢ is a state. A similar argument
holds for )s.

By extremality, it therefore must be the case that ¢(y) = @gb(xey) for all € > 0,
so ¢(x)p(y) = ¢(zy) for all 0 < < 1 and all y € A. By linearity, the same holds for
all z € A", Since every element in A is a linear combination of four elements of AT, it

follows that ¢ is multiplicative. O

COROLLARY 4.15. Let A be an abelian C*-algebra with I € A, and let ¢ € S(A) be
an extremal state. For x € A we have that ¢(x) € sp(x).

PROOF. If ¢(z) = A, then ¢p(x — AI) = 0, so x — AI cannot be invertible since ¢ is
multiplicative. O

Te:

COROLLARY 4.16. If x € B(H) is normal, then there is a one-to-one correspondence
between extremal states on C*(x) and sp(z).

PROOF. Suppose A € sp(x). Then there is a sequence &, € H of unit vectors so that
|z&n — An|| — 0. Let ¢y be a weak™-cluster point of the sequence ¢, () = (&, , &) of
vector states which exists by weak*-compactness of S(C*(x)). We have that ¢y(z) = A
and that ¢ restricted to C*(x) is multiplicative, so extremal.
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By Corollary 4.15, every extreme state in S(C*(z)) must be equal to ¢y for some
A € sp(x) and this correspondence is one-to-one since for multiplicative states ¢, €
S(A) we have that ¢ = 4 if and only if ¢(x) = ¢»(z) by continuity. O

DEFINITION 4.17. For T' € B(H) we define the spectral radius of T' to be
|sp |(T) := sup{[A[ : A € sp(T)},
LEMMA 4.18. If T € B(H) is normal, then |sp |(T) = ||T|.

PROOF. Since S := T*T is positive, we have that there is a sequence of unit vectors
& so that (S&,&) — ||S]| =: 0. We compute using Lemma 2.2 that

limsup [|S& — 0&]|* = limsup ((S&;, &) — 20 (S& , &) + 0?)

— (1msup (575660 ) o < 571 - 8] =0

where the last equality holds by the C*-Identity.

Therefore, there is a multiplicative state ¢ on C*(T*T') so that ¢(T*T) = ||T*T|| =
|T||?. By Lemma 4.11 and Proposition 4.14 we then have that there is a multiplicative
state extension ¢’ of ¢ to C*(T'). We have that

(7) |¢'(T)1* = ¢'(T")¢(T) = o(T"T) = | T,
which gives the result by Corollary 4.15. g

PROPOSITION 4.19 (Spectral Mapping Theorem). Let T € B(H) be normal and p(x)
be a x-polynomial. Then sp(p(T)) = p(sp(T)).

PRrROOF. If A € sp(T), then by Corollary 4.16 there is a multiplicative state ¢ on
C*(T) so that ¢(T) = A. Thus, ¢(p(T)) = p(A\) and p(\) € sp(p(T")) by Corollary 4.15.
This shows that p(sp(T")) C sp(p(T)).

In the other direction, suppose that A € sp(p(T)), so there is a multiplicative state
¢ on C*(p(T)) so that ¢(p(T)) = A\. By Lemma 4.11 and Proposition 4.14 we have
that there is a multiplicative state ¢/ on C*(T') which extends ¢. We have again that
¢ (T):=0 € sp(T) and

p(0) = p(¢'(T)) = ¢'(p(T)) = d(p(T)) = A,
which shows that sp(p(T")) C p(sp(T)). O

DEFINITION 4.20. Let X be compact hausdorff space. We let C'(X) be the algebra
of continuous functions f : X — C. We have that C(X) is an algebra under pointwise

product with a involution given by f*(z) = f(z) and a norm || f|| := sup,cx |f(z)|.

PROPOSITION 4.21 (Continuous Functional Calculus). Let T € B(H) be normal.
There is an isometric x-isomorphism C(sp(T)) — C*(T) which is induced by

p = p(T)

for every x-polynomial p.



5. STRONG OPERATOR TOPOLOGY AND BOREL FUNCTIONAL CALCULUS 19

PROOF. We have that sp(7T') is a closed and bounded subset of C. Let P(sp(T"))
be the subalgebra of all continuous functions on X which are the restriction of some
*-polynomial to X. By Lemma 4.18 and Proposition 4.19 we have that

Ipll = sup [p(A)| = sup 0] = [[p(T)]|
Aesp(T) oesp(p(T))
so p — p(T') induces a well-defined isometric *-homomorphim of P(sp(7")) into C*(T).
The Stone-Weierstrass Theorem then implies that P(sp(7")) is dense in C(sp(T’)), which
gives that this map extends to an isometric surjection from C(sp(7")) onto C*(T). It is
straightforward to check that the extension is a *-homomorphism as well. U

5. Strong Operator Topology and Borel Functional Calculus

DEFINITION 5.1. The Strong Operator Topology (SOT) is the topology on B(H)
given by a net T,, — T if and only if |7, — T¢|| — 0 for all £ € H.

The Strong* Operator Topology (S*OT) is the topology on B(H) given by a net
T, — T if and only if ||T,§ — T¢|| + || T;:§ — T*¢|| — 0 for all £ € H.

REMARK 5.2. The operator norm, S*OT, SOT, and WOT are successively weaker
topologies on B(H). Indeed, if T,, — T in the SOT, then T,, — T in the WOT. Indeed,

(T =TV, m) | < [[(Tn = T)EN - Il

by Cauchy—Schwarz. It is clear that operator norm convergence implies S*OT conver-
gence.

REMARK 5.3. We have that T,, — T in the SOT if and only if (7,,—T)*(T,,—T) — 0
in the WOT. Moreover, we have that T;, — T" in the SOT implies that 7,;T,, — 77T in
the WOT. Indeed, by Cauchy—Schwarz we have that

2
1T = DI > ((TiTg 07> = (T°T¢ ,)'?)
Both assertions now follow from that fact that if (S,£,&) — (S¢,&) for all £ € H, then
Sy — S in the WOT since by the Polarization Identity

4
(8¢, m) = > (S(e +itn) £ + ).

k=1

EXAMPLE 5.4. Let £2 be the space of square-summable sequence, and let S : £2 — (2
be the one-sided shift, that is, Se; = e;11, where (e;) is the standard orthonormal basis
for /2. We have that (S™) and (S*") both converge to 0 in the WOT; however, (S**)
stills converges to 0 in the SOT but (S™) has no cluster point in the SOT.

LEMMA 5.5. Let (P,,) be an net of projections in B(H ) which is increasing in the op-
erator order. Let H, = P,(H) be the range of P,,, K =J,, Hn, and P be the orthogonal
projection onto K. Then P, — P in the SOT.
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PROOF. Since (P, &) = ||P.&||?, we have that (P,) is increasing in the operator
order if and only if ||P,¢|| < ||Px&|| whenever n < k, which happens if and only if (H,,)
is an increasing net of subspaces of H which happens if and only if P,P, = P, for all
n < k.

For £ € H, we have that

(P = P)E|| = [[(Pr — P)(PE + (I = P))|| = (P — P)PE||
since P, P = P, and P2 = P. Therefore it suffices to check SOT convergence only when
e P(H) =K.
Since £ € K for every € > 0 there is n and &, € H, so that ||&, — £|| < e. However,
it is a property of an orthogonal projection that

1PE =&l < lln—<|l
for all n € P(H). Therefore ||P,§ —&|| <e.
We finally note that that for £ > n, we have that I — P, < I — P,, and are orthogonal
projections, so
1Peé — &Il < [|1Pa€ =&,
and the result obtains. O

REMARK 5.6. Note that the range of P, maybe be strictly increasing, in which case
P, has no cluster point in the operator norm topology.

DEFINITION 5.7. Let X be a compact Hausdorff space, and let Bor(X) be the o-
algebra of all Borel subsets of X. We say that a map

E :Bor(X) — B(H)

is a spectral measure if the following hold:

(1) For all A € Bor(X), E(A) is an orthogonal projection;

(2) E(0) =0and E(X) =I;

(3) E(A)E(B) = E(AN B); and

(4) E(U; Ai) = >, E(4;) for any sequence of pairwise disjoint Borel sets.
The third condition implies that F is increasing under set inclusion and that all E(A), E(B)
are mutually commuting. The infinite sum is understood in the sense that ZZ]\L L E(4;) —
E(U; Ai) in the strong operator topology, which is the natural topology for convergence,

since Py = ) ;| E(A;) can be seen under the assumptions to be an increasing sequence
of projections.

NoTATION 5.8. We let B(X) be the set of all bounded Borel functions f : X —

C, which is a normed x-algebra under pointwise product, f*(z) = f(z) and | f|| =
sup,ex |f(z)]. Note that C(X) C B(X) (isometrically) is a closed *-subalgebra.

PROPOSITION 5.9 (Borel Functional Calculus). Let 7 : C(X) — B(H) be an iso-
metric x-isomorphism with w(1) = I. There is an extension © : B(X) — B(H) so
that

(1) 7 is a contractive x-homomorphism;
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~ — o WOT

(2) 7(B(X)) Cm(C(X))

(3) E(A) :=m(14) for all A € Bor(X) is a spectral measure.

PROOF. The Riesz—Markov-Kakutani Theorem shows that C(X)* is isometrically
isomorphic with the Banach space M (X) of all complex Borel regular measures on X
with total variational norm. Recall that p : Bor(X) — C is a complex measure if for
every sequence of (A;) of pairwise disjoint Borel sets we have that u((J; Ai) = >, 1(4;).
In particular, since the sum converges under rearrangements, the sum is converging
absolutely. The total variational norm is then defined to be

pll = sup pi(A;
[l uAi_X;\ i(4i)]

Where the sup is taken over all countable Borel partitions of X.
Since [ fdp is defined for all f € B(X) and p € M(X) and

] / fdu‘ < 1l

we have that there is an inclusion B(X) — M (X)* = C(X)**. Since the point masses
0z, where 6;(A) = 1 if and only if z € A and 6;(A) = 0 otherwise, belong to M (X), we
have this inclusion is isometric, hence we may regard B(X) C C(X)**. In particular,
by Goldstine’s Theorem, C(X) C B(X) is weak® dense. That is, for every f € B(X),
there is a net f,, in C(X) with || f,|| <||f|| so that [ fpdp — [ fdp for all p € M(X).

For each ¢,n € H, we have that C(X) > f — (7(f){,n) defines a bounded linear
functional on C'(X) with norm at most ||£||||n]|, hence there is a measure p¢, € M(X)
so that

[ fines = (x(r1€.m)
forall f € C(X). Note that HxH > (§,n) — pe, € M(X) is contractive an sesquilinear,
so for all g € B(X), we have that

Hx H>(&n) H/gdﬂg,n

is a bounded sesquilinear form of norm at most ||g||. Therefore, there is a unique operator
7(g) € B(H) with [|7(g)|| < [lgl| so that

(7(9)$,m) = / 9dpen
for all £,n € H. By uniqueness 7(f) = w(f) for all f € C(X) and 7 is *-linear. Further

woT
we have that 7(g) € C(X) since for any bounded net (g,) in C(X) converging to g
in the weak*-topology, we have that

(m(gn)€,m) = / Indpig, — / gdpe, = (7(9)€,m) -

We have so far that 7 : B(X) — B(H) is a well-defined extension of 7 which is

x-linear and contractive and so that 7(B(X)) C C’(X)WOT. We now show that 7 is
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multiplicative. For f € C(X) and g € B(X), choose a bounded net (g,) in C(X)
converging to g in the weak* topology. We have that fg, — fg weak™® as well. Thus

m(f)m(gn) = 7(fgn) = 7(f9),

while 7(f)7m(gn) — 7(f)7(g) in the WOT as well. Thus 7(fg) = w(f)7(g). Now for
h € B(X), we boundedly approximate through (h,) in C(X) in the weak* topology to
get that

7"-(hn)ﬁ-(g) = ﬁ-(hng) - 7~1-(hg)

while 7w (hy,)7(g) = 7(h)7(g) in the WOT. Thus 7 is multiplicative.
Finally we show that F(A) = 7(14) is a spectral measure. It is clear that E(()) =0
and E(X) = I. By multiplicativity, we have that

E(ANB) = #(Lang) = 7(1a1p) = 7(14)7(15) = E(A)E(B).

Thus by *-linearity each E(A) is a orthogonal projection. To establish countable addi-
tivity, let (A4;) be a pairwise disjoint sequence of Borel sets. Since E is clearly finitely
additive we have that

) Eom-r( )

i=N+1
therefore since the right hand side is an orthogonal projection

N
H (E(U A;) - ZE(A») 3
7 =1

2 2

E( |J A

i=N+1
=<E< U A¢>5,£>
i=N+1

=pee( |J A)—0
i=N+1

with the last line following from countable additivity of ¢ . O

COROLLARY 5.10. Let T € B(H) be a normal operator. Let E : sp(T) — B(H) be
the spectral measure obtained from extending the Continuous Functional Calculus. We
have that

T = /)\dE()\)

in the sense that for any Borel partition Ay, ..., A, of the spectrum of T and \; € A;
satisfying || idgyry — > Aila, || < € we have that

IT =Y NE(A)] <e.
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Indeed for any f € B(X) and we have that 7(f) = f(T) := [ f(A)dE(N) in the sense
that for all Borel partitions Ay, ..., A, of sp(T) and \; € A; so that ||f—=>"; f(Ni)la,] <

€ we have that
17 (f) — Z FOME(A)| < e

We give a couple of applications of the Borel Functional Calculus before continuing.

LEMMA 5.11. Suppose that P, is an increasing sequence of projections converging
strongly to the identity. If (Ty) is a bounded net of operators so that limy, || (T —T') P, || =
0, then Ty, — T in the SOT.

PROPOSITION 5.12. Suppose P,Q € B(H) are orthogonal projections. Let P N\ Q be

the orthogonal projection onto the intersection of their ranges. We have that (PQP)"™ —
P AQ in the SOT.

PRrROOF. We have that PQP is a positive contraction, so the spectrum belongs to
[0,1]. Let A, = sp(PQP)N ([0,1 —1/n) U {1}) and E, = E(A,). We have that
U,, An = sp(PQP), so E, — I = E(|J,, An) in the SOT by countable additivity of the
spectral measure.

Further we have that (z*) converges uniformly on A,, as k — oo to the function &;
for which 01(1) = 1 and 01(z) = 0 otherwise. Therefore by Borel Functional Calculus
we have that

(PQP)* — E({1}))E, = / (A — 5, (\)dE(N)

n

and
I((PQP)* — E({1})) Enl| < Sup N —61(N)] =0

as k — oo.

By Lemma 5.11 we thus have that (PQP)* — E({1}) in the SOT. But E({1}) is
by definition the set of vectors £ € H so that PQP{ = £. Clearly all £ in the range of
P A Q belong to the subspace. On the other hand, since P and @ are strict contraction
off of their respective ranges PQP& = £ implies that P§ = £ and Q& = . In this way
we see that E({1}) = PAQ. O

PROPOSITION 5.13 (Von Neumann’s Mean Ergodic Theorem). Let U € B(H) be a
unitary operator, that is U*U = I = UU*. Let F' be the orthogonal projection onto the
set of vectors fized by U. We have that

1 N
k
NE U® - F
k=1
in the SOT.

PROOF. Since U is a unitary, we have that sp(U) C T, the set of all complex units.
Let A, = {A € sp(U) : A —=1| > 1/n} and B,, = A, U{l}. Let E,, = E(A,) and
F, = E(By).
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We first show that (I — U)E,, = E,(I — U) is bounded from below on the range
of E,. By partitioning A,, into small intervals, by Borel Functional Calculus for every
€ > 0 we have projections Pp,..., P, and Ay,..., A\, € A, so that Y, P = E,, and

I = U)Ey =D (1= X)P < e

7

For ¢ in the range of E,, we compute

1
I =) P)Ell? = Z 1= APIPEN > e

7 7

so (I —U)E, is bounded from below.

We see that
1 1
k _ N+1
(I -U)E, N;U By = (I UM E, =0
in operator norm as N — oo. Since (I — U)E,, is bounded from below this shows that
1 N
k

N 2 U En|[ =0

k=1

as N — oo. It follows that

| N
k
N > U'F,—F| =0
k=1
as N — 0o. As in the proof of Proposition 5.12, we result obtains. O

6. Von Neumann Algebras

DEFINITION 6.1. A von Neumann algebra M C B(H) is a *-subalgebra with I € M
which is closed in the WOT.

LEMMA 6.2. Let C C B(H) be a convex subset. We have that
gWoT _ Gsor

PROOF. The Geometric Hahn—Banach theorem implies that for any convex set C' in
a locally convex topological vector space V, the closure is the set of points of V' which
cannot be separated from C' by a continuous linear functional. We have that ¢ : B(H) —
C is WOT (respectively, SOT) continuous if and only if ¢$~1(ID) contains a WOT (resp.
SOT)-basic open neighborhood of 0. Since any WOT-basic open neighborhood contains
an SOT-basic open neighborhood, we have that any ¢ which is WOT continuous is also
SOT continuous.

In order to prove the result it therefore suffices to check that any SOT-continuous
linear functional on B(H) is WOT continuous. Let ¢ : B(H) — C be SOT continuous.
We have that ¢~1(ID) contains some SOT-basic open neighborhood of 0, say

V ={T € B(H): max |[T&|| < e}
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It follows that

® ()] < O3 ITel)"?

for all T € B(H) for some constant C' depending only on n and e.
Consider the subspace K C H®™ given by

K ={(T¢&,...,T&,) T € B(H)},
and define ¢/ : K — C by
V(T ..., TE) = y(T).
By the inequality (8) we have that 1)’ is well-defined and continuous, so extends con-

tinuously to K. T@s by the Riesz Representation Theorem we have that there exists
n=(m,...,nm) € K so that

W(T) =9/ (Téy,...,Té) =Y (T& ,m)
from which it is clear that ¢ is WOT continuous. g

DEFINITION 6.3. For a subset S C B(H) we define the commutant of S by
S :={T €B(H): TS = ST, VS € S}

LEMMA 6.4. The following statements are true.
(1) I eS8
(2) S’ is a subalgebra and a x-subalgebra if S* = S.
(3) S’ is WOT closed.
(4) 8" > S
( ) S///
PRrROOF. The proofs of these facts are left as exercises. O

In this way S — S” is a closure operation on B(H). Remarkably this algebraically
defined closure operation is an analytic closure. The following cornerstone result of the
subject is due to von Neumann.

PROPOSITION 6.5 (Double Commutant Theorem). The following statements are
equivalent.
(1) M C B(H) is a von Neumann algebra.
(2) M C B(H) is a x-subalgebra so that M" = M.

PRrROOF. For (2) implies (1), we have that I € M” and M = M” is WOT-closed
since M"” = (M') by Lemma 6.4. Thus M is a von Neumann algebra.
For (1) implies (2), we have that M is SOT-closed. Let Hy = H® Y. We define an
embedding 0y : B(H) — B(Hy) by
QN(T)(£1> ce 7§N) = (Tgla s 7T‘£N>'
It is apparent that 6y (M) is SOT-closed in B(Hy) for all N.
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There is a natural action of the symmetric group Sy by unitary operators on Hy by

permuting coordinates. We may also consider the group Xn = {e = (e1,...,en) :
e; € {—1,1}} which acts by unitary transformations on Hy by € - (&1,...,&n) =
(€161, ..., enén). Together G := X xSy forms a unitary action of the group of signed

permutations on Hy. These operators belong to Ox(B(H))'. Moreover, for T € B(Hy)
we wrte T' = [T};] where T;; = P,TP; with P; being the projection onto the ith coordi-

nate. We have that )

m Z 9"Tg = On(T)

9eGN
where T = % >, Tii. We conclude that

HN(M)” = QN(M)” NON(B(H)) = QN(MH).

For &1,...,&n € H, let £ = (&1,...,&n) € Hy. Consider the orthogonal projection
P onto K := On(M)E. Note that £ = I€ € K and that Oy (M)K C K. Therefore, we
have that P belongs to Oy (M), so TP = PT forall T € On(M)" = 05 (M"). Tt follows
that T(K) C K for all T € O5(M") so

On (M")E = On (M)E
since £ € K. Thus given any € > 0 and T' € M” we have S € M so that
168(T)E = O (S)E]* = Y _ (T = S)&ill* < e

This shows that M” C M°C7 = M, hence M"” = M by Lemma 6.4. O
LEMMA 6.6. For T € B(H) we have that ker(T) = ker(T*T) and ker(T)*+ = T*(H).

PRrROOF. Clearly, ker(T') C ker(T*T"). On the other hand, if 7*T¢ = 0, then 0 =
(T*T¢,€) = ||T€||?, so ker(T*T) = ker(T).

Now, let & € ker(T) so that 0 = (T¢,n) = (£,T*n), thus T*(H) C ker(T)*. On
the other hand, if & € T*(H)* then 0 = (¢,Tn) = (T€¢,n) for all n € H which implies
that & € ker(T), so T*(H)* C ker(T). Therefore by taking orthogonal complements
ker(T)* C T*(H). O

DEFINITION 6.7. A partial isometry U € B(H) is a linear operator so that | U¢|| =
€] for all € € ker(U)*.

PROPOSITION 6.8 (Polar Decomposition). For each T € B(H) there is a unique
partial isometry U with ker(U) = ker(T) so that T = U|T|, where |T| = (T*T)Y/2.
Moreover T = |T*|U.

PROOF. If n = |T|¢, define Un = TE. We have that U is well-defined since ker(T') =
ker(T*T) = ker(|T|) by Lemma 6.6. Since it is well-defined, it is clear that U is linear.
Further, we have that

[Un||?* = |T€|* = (T*T¢€ &) = ||TIEN* = ||n])?
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so U is an isometry on |T|(H), thus extends to an isometry on |T'|(H) = ker(T)* again

using Lemma 6.6. By construction, it is clear that U : ker(T)* — H is the unique linear

operator so that U|T| = T. We can extend U to H by setting U¢ = 0 for all ¢ € ker(T).
For the last part, we have that for n = |T|¢ and 1’ = |T|¢’

(UUn,n') =(U|T|E,UIT|E) =(T*T¢, &) = (|T|E,|TIE) = (n,n'),

Thus U*U is the orthogonal projection onto |T|(H) = T*T(H) = ker(T)* by Lemma
6.6, so

UUIT| = |T| = |T|U*U
using self-adjointness. Since TT* = U|T| - |T|U* = UT*TU* it follows that

(TT** = U(T*T)*U*,
hence |T*| = (TT*)Y/? = U(T*T)Y/2U* = U|T|U* by using a power series expansion as
in Proposition 2.4. Therefore |T*|U = U|T|U*U = U|T| = T, and the result obtains. [

LEMMA 6.9. Let A C B(H) be a C*-algebra, and let U(A) be the group of unitaries
in A. We have that A’ = U(A)".

PROOF. Let x € A be self-adjoint with ||z|| < 1. Consider the functions

Fe() =t +iV/1—¢2
which send [—1,1] to T. Since sp(z) C [—1, 1], we have that fi(x) are unitaries by the
Continuous Functional Calculus. Further 2t = f(¢t) + f_(t), so f+(z) + f-(x) = 2z.
Thus every self-adjoint contraction is an average of two unitaries, which implies that
U(A) spans A. The result now follows easily. O

COROLLARY 6.10. If M C B(H) is a von Neumann algebra, then for every T € M
with polar decomposition T =U|T|, U € M.

PROOF. Let V € M’ be a unitary. We have that
T=VTV =V*UV - V*T|V =V*UV|T|
since |T'| € M. Further we have that ker(7") = ker(U) implies that
ker(V*UV) = ker(V*TV) = ker(T) = ker(U),

So V*UV = U for all V.€ M’ a unitary. Therefore by Lemma 6.9, we have that
UeM' =M. O

NOTATION 6.11. For a C*-algebra A, we write A" for the set of all self-adjoint
elements of A.

PropoOSITION 6.12 (Kaplansky’s Density Theorem). Let A C B(H) be a C*-algebra
with I € A. The following are true:
(1) (A)y is SOT-dense in (A");.
(2) (AM); is SOT-dense in ((A")");.
(3) U(A) is SOT-dense in U(A").
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PROOF. We first prove assertion statement (2). Consider the functions

1 2t t

f(t) = T2 g(t) = T h(t) = TT/ioe
and note that g, h map [—1,1] to itself g o h(t) = h o g(t) for all t € [-1,1]. Using the
Continuous Functional Calculus (Proposition 4.21) we have that for any C*-algebra B
that f(B"), g(B") C (B")1. Moreover, we have that g(h(z)) = z for all 2 € (B");. Thus
we conclude that g(A") = (A"); and g((A")") = ((A")");.

Therefore it suffices to show that if z,, — x, self-adjoint, in the SOT, then g(x,) —
g(x) in the SOT. We compute:

(9(x) —g()/2=(1+a*) e —(1+4") "y
=14+ M-y +[1+2) = 1+ y
—(1+2) M-+ A +2) WP -1 +D) "y
=1+ Nz —y)+ 1 +22)Hy —2)1+ )1y
+(1+a2) ey — o)1+l

We thus have that

1(g(x) — g())éll < 2[l(z — )&l + 2| (z — »)&'l| + 2| (z — y)&"||
where € = g(y)y€ and € = g(y)€ since [[(1+22) 74 = |f(@)]] < 1 and [|[(1+22) 2] =
llg(x)|| < 1. It follows that if z,, — y in the SOT, then g(z,) — g(y).
We now prove (1). Consider M2(A) C B(H & H) and see that My(A)" = My(A”).
For 2z € A” we have that

0

and ||Z|| = ||z|]|]. For x € (A”); by the proof of (2), we have that there exists a net
Ty € (M2(A)")1 so that &, — & in the SOT. Let p; and py be the projections onto the
first and second components in H & H. We have that y — piyp2 is a contraction and is
SOT-continuous, p1Z,p2 — « in the SOT.

We now turn to the proof of (3), which is more involved. We first claim that if x is
normal and (x,,) is a net of normal operators so that x,, — = in the SOT, then z} — x*
in the SOT. Since z,, and x are normal, we have that

(2, — 2N = llanéll? + [12*E))* — (zna™e &) — (mapé , €)
= Jznl|® = 2€]* + (w2" — 2aa*)E , &) + ((wa* — wa})E, €)
= [lznll* = [[2€]* + ((wa* — zpz*)E,€) + (€, (22" — 2aa™E)
< Jlwnél® = [2€]1* + 20€ ) | (zn — 2)2*¢] = 0,

which establishes the claim.

We next claim that if (x,) and (y,,) are bounded nets so that x,, — = and y, — y
in the SOT, we have that z,y, — xy in the SOT. We leave the proof of this claim as
an exercise.

= L? ﬂ € My(A”)
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Now we have that {f, g} separate points in R, so by the Stone-Weierstrass Theorem
the x-algebra generated by { f, g} is equal to Cy(R). For any C*-subalgebra of B we have
that f and g map B into (B); it follows that every h € Cy(R) is SOT-continuous since
by the previous claims for every s-polynomial p, we have that p(z,) — p(x) in the SOT
whenever x, — x in the SOT and is uniformly bounded.

Finally, if u € A” is a unitary, by choosing a branch of the logarithm, we have that
2mih = log(u) with h € (A”); by the Borel Functional Calculus (Proposition 5.9). By
(2), we may choose contractions h, in A which converge to h in the SOT. Choosing
any function ¢ € Cp(R) so that ¢(t) = exp(2wit) for all t € [—1,1], we have that
q(hy) € U(A) by the Continuous Functional Calculus and by the previous paragraph
that q(hy,) — q(h) = u in the SOT. O

COROLLARY 6.13. If I € AC B(H) is a C*-algebra so that (A)1 is SOT-closed, then
A is a von Neumann algebra.

PROOF. Let M = ZSOT. Suppose x € M. Without loss of generality we may
assume that x € (M), which by Kaplansky’s Density Theorem implies that = € (A);
as (A)p is SOT-closed by assumption. Thus A is SOT-closed. O

In the last part of this section we return to the Banach space £!(H) defined in
Section 3.

REMARK 6.14. Recall that in Proposition 3.23 we proved L£!(H)* is isometrically
identified with B(H) via the pairing (T',z), T € L}(H) and z € B(H). It follows from
the Hahn-Banach Theorem that £!(H) embeds in B(H)* isometrically via this pairing,
thus

[Tlnue = sup [(T',z)|

[l=]|<1

DEFINITION 6.15. We define the o-Weak Operator Topology (cWOT) on B(H) by

k=1 k=1

whenever 7, (1612, 30 [l < oo
Similarly, we define the o-Strong Operator Topology (cSOT) by

oo o
Do ITuGl® = Do ITeI?
k=1 k=1

whenever Y, [|&|? < oc.

PROPOSITION 6.16. Let M C B(H) be a von Neumann algebra, and let ¢ € M*.
The following statements are equivalent.
(1) ¢(z) = (T ,z) for some T € LY(H).
(2) ¢ is WOT-continuous on (M);.
(3) ¢ is SOT-continuous on (M);.
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(4) ¢ is 0SOT-continuous on (M)j.

(5) o(x) = 2o (@i, ) where 325 [18kM1%, 2ok el < oo
(6) ¢ is 0 WOT-continuous.

PROOF. (1) = (2). We have that the finite-rank operators F(H) are dense in £!(H)
by construction, thus for any € > 0 and T € £!(H) by Remark 6.14 we can find a finite
rank operator 7" = . &;®1; so that | (T — T, z) | < €||z||. Thus if z,, — z in the WOT,
we have that (T, z,) = >, (xn&i ,mi) — >, (@&, m) = (I", ), so if the net belongs to
(M)1, we have that |lim, (T",z,) — (T, x) | < 2e. Since € is chosen independently of n,
this shows that lim,, ¢(x,) = ¢(z).

(2) = (3) = (4). These follow trivially as each topology is successively stronger,
that is, convergence in one implies convergence in any preceding.

(4) = (5). We have that ¢ : (M); — C is ¢SOT-continuous only if ¢~1(ID) contains
a relative basic 0SOT-open neighborhood V' around 0. That is,

V={zreM): (Z l2&:]1%)/? < e}

for some € > 0 and some (&) with C:= 3", [|&||> < co. Thus we have that
jp(a)] < K lla&il|*)'?

for all z € M where K depends only on C and e. Setting & = (&) € (2(H), we
define L := M¢ which is a closed subspace of the Hilbert space £2(H). We have that
O (x) := ¢(x) is well-defined and bounded on M¢, thus extends boundedly to L. By
the Riesz Representation Theorem, we have that there is n = (n;) € L so that

o(x) = (a€,m) =) (a&i ).
Noting that [|€]|> = 3, [|&||* with the same holding for 7, the result obtains.
(5) < (6). This is tautological.
(5) = (1). We have by two applications of the Cauchy—Schwarz inequality that

. . 00 1/2 / « 1/2
1> Gati,m) [ <D leillllnll < ] (Z ||fi”2> (Z HmHQ> :
i=N i=N i=N i=N

Thus setting Ty = Ef\il & ®m; we have that || (T, x) — ¢(z)]| — 0 in M*. By Remark
6.14 it follows that T =20, & @ %; € LY(H) and (T, x) = ¢(z) for all z € M.
g

PROPOSITION 6.17. Let M C B(H) be a von Neumann algebra. We have that a state
¢ € S(M) is SOT-continuous on (M)1 if and only if for every net (p,) of projections
in M so that p,, — 0 in the SOT we have that ¢(p,) — 0.

PROOF. The “only if” direction is clear. Now suppose that for (x,) in (M); we
have that x,, — 0 in the SOT. Since ||z}z&|| < ||z}||[|zné|] < [|zn€]], we have that



7. UNBOUNDED SELF-ADJOINT OPERATORS 31

Yn = Tpx, — 01in the SOT as well. We now fix € > 0. Since y,, is a positive contraction,
we have that sp(y,) C [0,1], so p, = X[c1](yn) defines a projection in M by the Borel
Functional Calculus (Proposition 5.9). Moreover, since

€X[e,1] < 1d < €x[0,6) + X[e,1]
we have

&Pn 2 yn 2 €I —pn) +pn
by Borel Functional Calculus. The left inequality implies that p, — 0 in the SOT. Since
¢ is a state, we have by the second inequality and Cauchy—Schwarz that

6(2n)1* < S(yn)d(I) < ed(I — pp) + ¢(pn) < €+ d(pn)

By assumption we therefore have that limsup,, |¢(z,)| < /€ for € > 0 arbritrary which
implies the result. O

DEFINITION 6.18. For M C B(H) be a von Neumann algebra, we define the predual
of M, denoted by M, as the set of all linear functionals ¢ € M* which are WOT-

continuous on the unit ball (M);.

PROPOSITION 6.19. The following statements are true.

(1) M, is norm-closed in M*.
(2) M, is weak*-dense in M*.
(3) (M,)* = M isometrically via the pairing (¢, x) = ¢(z).

PROOF. For the first part, suppose ¢, € M, and ||¢, — ¢|| — 0. If (zx) is a net in
(M) and xp — x in the WOT, then for any € > 0, choose n so that ||¢, — ¢|| < €, then
choose k so that |¢n(z) — ¢n(x;)| < € for all [ > k. We have that

[¢(z) = d(1)| < |p(x) = Pn(@)| + [dn(21) — Pn(z)] < 2,

thus ¢ € M,.

For the second assertion, note that Proposition 6.16 applied to B(H) shows that
B(H). = L'(H). In fact, Proposition 3.23 and the remark following it show that this
identification is isometric. Every ¢ € M* extends to some ¢ € B(H)* by Hahn-Banach.
We can find thus find a net (1,,) in B(H ) so that v, — 1 in the weak*-topology. If we
denote by ¢, the restriction of v, to M it is clear that ¢, € M, and that ¢, — ¢ in
the weak*-topology.

For the third and last assertion, we note that by Proposition 3.23 we have that
LY(H)* = B(H) isometrically via the pairing (T, x) defined in that section. By Propo-
sition 6.16 we have that ¢ € M, if and only if there is T € L'(H) so that (T, z) = ¢(z)
for all x € M. It now follows easily that x| = sup{|¢(x)|: ¢ € (Mi)1}. O

7. Unbounded Self-Adjoint Operators

DEFINITION 7.1. A linear operator is a partially defined linear function T': H — H
where H is a Hilbert space. We write D(T") for the domain of 7" which is a (not necessarily
closed) linear subspace of H.
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We say that the linear operator S extends T, written T C S, if D(T) C D(S) and
Slpry =T.
For a linear operator T' we define the graph of T' to be

@i(T) = {E&TE £ DT CHe H
We note that H @ H is a Hilbert space with inner product
(Eon.don)=(&.&)+mn).

LEMMA 7.2. A subspace K C H ® H is the graph of a linear operator if and only if
Kn(0® H)={0®0}. Moreover the linear operator is uniquely defined by K.

PROOF. We note that if £ ®n, £ @ n' € K, then so is 0 & (n — ') which shows that
n = n'. Therefore T¢ = n gives a well-defined linear operator so that gr(7") = K. Clearly
T is the only such operator. The reverse reasoning shows that if K = gr(7") for some
linear operator, then K satisfies the required properties. O

COROLLARY 7.3. For linear operators, we have that T C S if and only if gr(T) C
gr(9).

DEFINITION 7.4. We say that T': H — H is a closed linear operator if gr(T) is a
closed subspace of H & H. We say that T is closeable if it extends to a closed linear
operator. We write C(H) for the set of all closed, densely-defined linear operators on H.

REMARK 7.5. If T is closed and D(T') = H, then T is bounded by the Closed Graph
Theorem.

REMARK 7.6. We have that T is closeable if and only if gr(7) is a graph. Indeed,
if K = gr(T) is a graph, then by Lemma 7.2 there is a linear operator S with K as its
graph. S is clearly a closed extension of T'. Conversely, if T' C S is a closed extension,

then gr(7T) C gr(S) = gr(S) and any subspace of a graph is clearly a graph.

We now turn to the subject of adjoints for linear operators. Suppose that T': H — H
is densely defined. We consider the set K of all n € H so that

D(T) 5§ = (T€,n)

extends to a bounded linear functional on H. Note that K is a subspace of H. By the
Riesz Representation Theorem we have that there is ( € H so that

(T€,m) = (£,0)

for all £ € D(T') and that such ( is uniquely defined. Since ( is unique we have that
T*n = ¢ defines a linear operator with D(T*) = K. We refer to T* as the adjoint of T.

NOTATION 7.7. We define an isometry J: H® H — H ® H by

JEsn)=(-naf
and note that J2 = —1.

LEMMA 7.8. Suppose T is densely defined. Then we have that gr(T*) = [J gr(T)]*.
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PROOF. Choosing nn € D(T*), we have that for all £ € D(T))

meTrn, JE®TE)) =meTn, (T8 & &) =— 0, T +(I"n,§) =0
by definition of 7%, thus gr(T*) C [J gr(T)]*.
In the other direction, suppose £ @7 € [J gr(T)]*. We then have that
0=(an, (=T @) =—(.T¢+(n.C)
for all ¢ € D(T), thus n = T*¢ by the definition of 7. O

COROLLARY 7.9. We have that T* is closed if T is densely defined.

PROOF. By the previous result we have that gr(7*) is complemented, hence closed.
O

COROLLARY 7.10. Suppose that T € C(H). We have that
HoH=gr(T)® Jegr(T*) = (Jgr(T)) ® gr(T)

where the “®” symbol is interpreted to mean that the decomposition on the right hand
side is orthogonal.

PROOF. Since J is an isometry Jgr(T') is closed if and only if gr(7) is closed. We
therefore have that

gr(T)* = [T gr(T) - = Tge(T) = J gr(T).
The other equality follows by applying .J, noting that J? = —1I. U

COROLLARY 7.11. If T € C(H) and &,m € H, then there exist x,y € H, unique, with
x € D(T) and y € D(T*) so that
—Tx+y=¢
r+T"y=n
ProoF. This is straightforward translation of Corollary 7.10, so is left as an exercise.
O

PROPOSITION 7.12. IfT € C(H), then T* € C(H) and T** =T.

PROOF. We first show that 7* is densely defined. Choose n € D(T*)*, and note
that

(Oon, (=T @¢) =0
for all ¢ € D(T). Thus by Corollary 7.10 it follows that 0 @ n € gr(T"), which implies
that n = 0 by the graph property (Lemma 7.2). Together with Corollary 7.9 this shows
that 7% € C(H).
Applying Corollary 7.10 to T and T, we have that
Gi(T) & J gr(T") = H & H = ge(T™) & J gu(T")

from which it follows from uniqueness of orthogonal decompositions that gr(T") = gr(7™**).
Again by Lemma 7.2 we have that T** =T. O
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PROPOSITION 7.13. For T € C(H) set R = [ +T*T and D(R) = {¢ € H : € €
D(T), T, € D(T*)}. The following are true:
(1) R:D(R) — H is a bijection.
(2) There exist contractions B,C € (B(H))1 so that B = 0, C = TB, and BR C
RB=1.
(3) D(T*T) is dense in D(T).

PRrROOF. For ¢ € D(R) we have that

117 < Nlgll* + I1TE]* = (€, &) +(T"T¢, €) = (RE, €) < |[Rel¢]]

so ||€]| < [|RE|| and R is injective. To prove that R is onto H, by Corollary 7.11 we have
that for each £ € H there are x € D(T') and y € D(T*) uniquely determined by & so
that

—Tz+y=0

r+ Ty = ¢,
thus

E=x+T'y=ax+T'Tx = Rx.

This concludes the proof of (1).

We set B¢ := x and C¢ := y = Tx = TBEf and note that £ — B¢ is linear
by uniqueness. Now since 0 @ { = [(—TBE) @ B¢ + [C¢ @ T*CE] is an orthogonal
decomposition of 0 @ & by Corollary 7.10, we have that

l€l? = (-T'B¢) ® BE|* + | C¢ @ T*C¢|* = || BE|® + [|C¢))?
which shows that B and C' are contractions. Moreover, by construction we have that
RB¢ = € for all £ € H so it must be the case that B = R™! : H — D(R) bijectively,
from which it follows that BR C RB = 1.

Next, we have that for all £ € H there exists n € D(R) so that £ = Rn. It now

follows that

(BE,€) = (BRn, Rn) = (n, Rn) = |n|* + | Tn||* > 0,
so B > 0 since B is automatically self-adjoint by Remark 1.21. This concludes the proof
of (2).

Finally, suppose that there is £ ® T € gr(7T") which is orthogonal to all n @ T'n with
n € D(T*T) C D(T). We would then have that

(9) 0=(§aTEnaTn) = (& n)+ (. T"Tn) = (£, Rn)

for all n € D(R). But R: D(R) — H is onto, so & = 0. Setting 7" = T|p(p+r) and using
that gr(T) is closed, this shows that gr(7”) is dense in gr(7"), hence D(T*T) = D(T") is
dense in D(T). O

DEFINITION 7.14. A densely defined operator T is said to be self-adjoint if T* =T.
Note this means that D(T™) = D(T'), hence T is closed by Corollary 7.9.

LEMMA 7.15. For T € C(H) we have that T*T is self-adjoint.
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PROOF. We keep all of the notation from the proof of Proposition 7.13, so R =
I+ T*T and B = R™! is a positive, bounded contraction. It clearly suffices to show
that R is self-adjoint since D(R) = D(T*T).

We first claim that gr(R) = Jgr(—B). Indeed we have that £ @ n € gr(R) if and
only if n @ & € gr(B). But this is equivalent to saying that n ® —¢ € gr(—B) which is
again equivalent to £ ®n € J gr(B). This establishes the claim.

As a consequence, we observe that gr(R) is closed, so by Proposition 7.13, we have
that R € C(H). Since B is bounded, hence closed, and self-adjoint from the claim and
Corollary 7.10 we have that

HoH=Jgr(—B) ®gr(—B) =gr(R) ® J gr(R).
Applying Corollary 7.10 to R, we have that
H@® H =gr(R*) @ Jgr(R),

hence comparing the two orthogonal decompositions, we have that gr(R) = gr(R*) from
which it follows directly that R* = R. U

LEMMA 7.16. Suppose that T € C(H) is self-ajoint. Writing B = (I +T*)™! and
C =TB, we have that BT C C and BC = CB.

PRrROOF. We first prove that BT C T'B = C. Suppose that £ € D(BT) = D(T),
since (I +T?) : D(T?) — H is onto by Proposition 7.13, we have that ¢ € (I + T?)n for
some 7 € D(T?). Since £ € D(T), it is actually the case that € D(T?). We thus have
that

TE=Tn+T% = (I+T*)T,
from which it follows by Proposition 7.13 that
BT¢ = B(I +T*)Tn = Ty = TBE = C¢

since B¢ = n. This establishes the claim.

We now show that BC' = CB. We let £ € H be arbitrary and choose n € D(T?)
so that & = (I + T?)n as before by Proposition 7.13, noting again that B¢ = 7. We
compute that

BC¢ = BTB¢ = BTn=1TBn= (TB)B = CB¢,
and the result obtains. O

We are now ready to state and prove the main result in this section on spectral
decomposition of unbounded operators.

PROPOSITION 7.17. Suppose that T € C(H) is self-adjoint. There is an increasing
sequence Hy, of closed subspaces of H with H = ,, Hy, so that letting Py, be the orthogonal
projection onto H,, we have that

(1) Hn € D(T);
(2) P,TCTP,=P,TP,;
B) TPl < n;
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(4) Setting Hy = J,, Hn, we have that

gr(T) ={§aTE: & € Ho}.

PrOOF. Consider B = (I + T?)~! which is a positive contraction by Proposition
7.13. Thus sp(B) C [0,1]. Let Ep be the spectral measure associated to B. By the
Borel Functional Calculus define P, := Ep([1/n?%,1]) = X[1/n2,1](B), noting that by the
same it holds that P,B = BP, and BP, = #Pn. Thus B,, .= BP, : H, — H, is
invertible.

Since B is injective, we have that ker(B) = Ep({0}) = 0, thus Ep((0,1]) =
Eg(U,[1/n?1]) = I. From the Borel Functional Calculus we conclude that P, — I in
the SOT, hence |J,, Hy, is dense in H by Lemma 5.5.

It follows that for every ¢ € H,, there is n € H,, so that & = Bn. Therefore £ belongs
to the range of B which coincides with D(I +T?) = D(T?) C D(T) by Proposition 7.13.
Hence H,, C D(T).

We now would like to show that TP, = P,TP,. Again for £ € H, choose n € H,
so that & — Bn. Since BC' = C'B by Lemma 7.16 and B is self-adjoint, we have that
C € C*(B)'. Thus C commutes with any operator in the WOT-closure of C*(B) as
well, so C'P, = P,,C by the Borel Functional Calculus. We now have that

T¢ =TBn=Cn=CPyn=P,Cn=P,T¢,

which establishes the claim. We have that D(T) 3 £ — (P,T&,n) extends to a bounded
linear functional for all n € H since (P, T¢,n) = (T¢, P,yn) and P,n € H, C D(T) =
D(T*). Thus

<PnT£777> = <£7Tpn77> = <§aPnTPn77> = <PnTPn§a77>

for all ¢ € D(T) and n € H. Thus P, T C P,TP,.
Next, for £ € H,, we have that

ITE|]* = (T?¢,€)
=([I+T% -1),¢)

_ < /1 (' = 1)dEg(t)
1

/n?
where Ep is the spectral measure associated to B. Therefore ||T'P,| < n.
Lastly, for £ & T¢ € gr(T), we have that P, ® P,T¢ — £ & T¢ and

Png@Panzf)ng@TPnf

€£>§W—UWP

O

by the previous.

PROPOSITION 7.18. IfT € C(H), then there is a closeable operator |T'| with D(|T|) =
D(T) so that |T|?> D T*T and T = U|T| for a unique partial isometry so that ker(U) =
ker(7").
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ProoF. By Lemma 7.15 we have that S = T*T is self-adjoint. Let H, be the
subspaces for S as guaranteed by Proposition 7.17, copying all of the notation used
therein. We have that H,, C D(S) C D(T), so setting S,, := SP, = P,SP, we have that

<Sn§a€> = (PnT*TPn§7§> = <TPn€aTPn£> >0

which means that S, € B(H,) is positive for all n. Therefore using a power series
expansion as in Proposition 2.4 (Sn)1/2 exists. Since P S, = S, P, = S);, for all k& < n,
50 (Sp)1P, = Py(Sp)? = (Sk)? for all ¢ € N, using the power series expansion formula,
we have that (S,)/2P, = (Sk)'/? as well. It follows that S'/2 is a well-defined linear
operator on D(S'/?) := Hy = {J,, H, and that T*T = (S'/2)2 on Hj,.

By the proof of Proposition 7.13 we have that {{®TE¢: € € D(T*T)} = gr(T),
so D(T) is the completion of D(T*T) under the norm & — ||&|| + ||T¢]]. Similarly,
from Proposition 7.17, part (4), we have that D(T*T) is the completion of Hp under
the norm & v [[¢]| + |T*T¢|. Since ||SV2¢|* = (S¢,€) = (T*T€,€) = ||T¢|* and
|TE||? = (T*T€,€) < ||[T*T€|||€]| for € € Hy, we have that the closure of S'/2 has
domain D(T). We define |T'| to be the closure of S'/2. Since |T|?¢ = S¢ for £ € Hy,
another application of Proposition 7.17, part (4), shows that |T|2¢ = S¢ = T*T¢ for
¢ € D(T*T).

Note that by the proof of Proposition 7.17 we have that ker(T") = ker(T*T) C Hjy, so
ker(T*T') C ker(|T|) as |T'| is derived from T*T on H; via a power series. On the other
hand T*T = |T|? so ker(|T|) C ker(T*T). Therefore ker(|T|) = ker(T*T). It follows
that the map

U(|T|§) =T¢
is well-defined, hence linear, for £ € D(|T|) = D(T'). Note that
IU(ITIE)N? = (T€,T€) = (T*T¢€ &) = (|TI¢, |TIE) = |IITIE)?

for all € € D(T*T) since & € H,, for some n, so U is isometric. Since ker(T") C H; we

have that S%/Q(Hn) = ker(S}l/Q)J— = H, Nker(T)*, so U extends to an isometry from
ker(T)* to H and that U*U|T| = |T). O

PROPOSITION 7.19. If A € C(H) is self-adjoint, then for all t,s € R, exp(itA) is a
unitary, exp(itA) exp(isA) = exp(i(t + s)A), and t — exp(itA) is SOT-continuous.

PRrROOF. Using the same notation as in Proposition 7.17 we have that A,, ;== AP, is
self-adjoint, so exp(itA4,) € B(H,) is a unitary with exp(it4,)exp(is4,) = exp(i(t +
s)Ay). For each k > n we have that exp(itAg)P, = exp(it4,), so exp(itA) as an
operator defined from | J,, Hy, to itself is a bijective isometry. Thus this operator extends
to a unitary on B(H) which we will also denote by exp(itA). Since exp(itA)exp(isA) =
exp(i(t + s)A) on J,, Hp, the same holds everywhere on H.

By the multiplicative property and the fact that the image is uniformly bounded it
suffice to check that ¢ — exp(itA) is SOT-continuous at 0. For e > 0 and £ € H there is
n so that ||P,§ — &|| < e. Since A, is bounded exp(itA,) — I in the operator norm as
t — 0. Thus there is 0 > 0 so that || P& — exp(itA)P&|| = || Pné — exp(itA,) P < €



38 1. OPERATORS ON HILBERT SPACE

for all |t| < 0. By the triangle inequality and the fact that exp(itA) is an isometry, we
have that [|€ — exp(itA)E|| < 3e for all [t| < 6. O



CHAPTER 2

Tomita—Takesaki Theory

1. o-Finite von Neumann Algebras

DEFINITION 1.1. Let A C B(H) be a *-subalgebra with I € A. We say that £ € H
is:
(1) cyclic if A€ = H and
(2) separating if for every x € A, € = 0 implies that x = 0.

LEMMA 1.2. Let A C B(H) be a C*-subalgebra with I € A. We have that £ € H is
A-cyclic if and only if £ is A'-separating.

PROOF. Suppose that £ is cyclic for A. Suppose that 2 € A’ is such that 2§ = 0. It
follows that xA¢ = Ax¢ = {0}, thus A¢ C ker(z) and so H = A¢ C ker(z). Therefore
xz=0.

Now suppose that ¢ is separating for A’. Let K = (A£)*. Since A is a *-subalgebra
and A is clearly A-invariant, we claim that K is also A invariant. Indeed let u € A be
a unitary, so u* A& = AE. For ( € K we have that

sup (1, u¢) = sup (u'n,¢) = sup (1',¢) =0,

neAg neAg 7' €A
thus uK C K for all u € A. Since A is spanned by its unitaries by the proof of Lemma
6.9 in Chapter 1 it follows that AK C K as well.

Let p be the orthogonal projection onto K. Since K is A-invariant, we have that
pe A. As T € A, we have that { € A which implies that p{ = 0. As ¢ was assumed
to be A’-separating, this shows that p = 0 which shows that A = H. O

COROLLARY 1.3. If M C B(H) is a von Neumann algebra, we have that £ € H is
cyclic and separating for M if and only if it is cyclic and separating for M'.

DEFINITION 1.4. For x € B(H) we define the support of =, denoted supp(z), to be

the orthogonal projection onto ker(z)* = ker(z*z)t = x*xz(H). Note that these are
equivalent by Lemma 6.6 of Chapter 1.

REMARK 1.5. By the Borel Functional Calculus, we have that x{oy(z*x) is the
projection onto the kernel of x, so supp(x) = X(o,|zxz|](z*7). Thus if x € M, a von
Neumann algebra, we have that supp(z) € M as well. We also note that if £ = 0, then
¢ € ker(x), from which it follows by definition that supp(z)§ = 0.

39
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LEMMA 1.6. Let M C B(H) be a von Neumann algebra. For & € H, £ # 0, there
is a non-zero projection p € M so that Mp > x — € is injective. In particular, £ is
pM p-separating.

PRrROOF. Let A be the collection of all projections p € M so that p§ = 0. We have
that 0 € A and [ is not, so A is non-empty and proper in the set of all projections in
M.

Suppose that p,q € A. We can see that ker(p + q¢) = p A ¢, the projection onto
the intersection of the ranges of p and ¢, hence supp(p + ¢) = (p A ¢)* = pV q. Since
(p+ q) = 0, we have that (pV q)§ = 0 as well. It follows that for any finite collection
P1,---,pk € A that \/, p; € A as well. Let F(A) be the directed set of all finite subsets
of A and consider the net 7(A) 3 F +— \/,cppi =: pr. This is an increasing net of
projections, so by Lemma 5.5 of Chapter 1 we have that

pm pr i\é{\pz :p
for convergence in the SOT. Since prp& = 0, we have that p§ = 0 as well. In this way we
have shown that A contains a maximal element. Note by the previous that p # I.

Now let ¢ = I — p and suppose that there is x € Mg, zq # 0, so that & = 0.
It follows that supp(z)(H) = qz*zq(H) C q(H), so that supp(z) # 0 is orthogonal to
p with the property that supp(x)§ = 0. It would then follow that p + supp(z) € A,
contradicting the maximality of p. Therefore € # 0 for all x € Mg, x # 0. O

REMARK 1.7 (GNS Construction). Let I € A C B(H) be a C*-algebra, and let ¢ be
a state on A. Let

I={zecA:¢(z"z) =0}

and let A = A/Z. We define an inner product on A by (Z, g))¢ := ¢(y*x). This is well-
defined since (x,y) — ¢(y*z) is a positive semidefinite sesquilinear form, so satisfies
Cauchy-Schwarz, that is |¢(y*z)|> < ¢(z*x)¢(y*y). We define the completion of A
under the norm ||Z||4 = \/¢(x*z) to be the Hilbert space Hy.

For a,z € A, we define m4(a)# := az. Since a*a = ||a||?I we have that z*a*ax <
||la||?z*x, which implies that

Ims(@)2]3 = d(z*a*ax) < |la|*¢(a*z) = ||al*||2]]3

as ¢ is a state. Thus we can see that A > a — 74(a) is a well-defined *-linear contractive
homomorphism from A in B(Hy). Moreover, setting &4 := I, we have that mg(A)p = A,

s0 &4 is a mg(A)-cyclic vector. We refer to the triple (Hy, &y, mg) as the GNS-construction
associated to (A, ¢).

DEFINITION 1.8. We say that a state ¢ on a C*-algebra A is faithful if ¢(z*x) =0
implies that x = 0.

REMARK 1.9. Let I € A C B(H) be a C*-algebra. The state ¢ is faithful if and only
if the vector {4 in the GNS-representation of (A, ¢) is separating. Indeed, we have that
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£, is separating if and only if for all z € A, [|z€s||* = 0 implies z = 0. By construction
|2€4|* = ¢(x*x) which shows the equivalence.

LEMMA 1.10. Let I € A C B(H) be a C*-algebra. If m : A — B(K) is a *-
homomorphism with w(I) = I which is injective, then it is isometric.

PROOF. Suppose that z € A" is self-adjoint. We have that  — AI is invertible in
B(H) if and only if A ¢ sp(x) if and only if t ~ (t — A\)~! is continuous on sp(x) if
and only if (z — AI)~! € A by the Continuous Functional Calculus (Proposition 4.21
in Chapter 1). Since 7(I) = I and 7 is a homomorphism this implies that x — AI is
invertible if and only if 7(z) — Al is invertible in B(K), hence sp(m(z)) C sp(z). It
follows that ||w(z)|| < ||z|| for all z € A", which taking y € A arbitrary shows that
7 W)I1* = lIm(y)* 7 (W) = [I7(y*v)ll = ly*yll = [y]|* that is, 7 is contractive.

If this inclusion is proper, pick ¢y € sp(z) \ sp(7(z)) and choose continuous function
f on sp(z) so that f(tp) = 1 and f = 0 on sp(n(x)), since 7 is contractive, by the
proof of the Continuous Functional Calculus we have that 7(f(z)) = f(7(z)) = 0 while
f(z) # 0, contradicting injectivity. Therefore sp(m(x)) = sp(z), which implies that
||m(x)|| = ||z| by the Continuous Functional Calculus. Finally if y € A is arbitrary as
similar argument as in the previous paragraph shows that 7 is isometric. O

COROLLARY 1.11. Let I € A C B(H) be a C*-algebra. If ¢ is a faithful state, then
g : A — B(Hy) is isometric. Hence m4(A) is closed, thus a C*-subalgebra of B(Hg).

DEFINITION 1.12. A von Neumann algebra M C B(H) is said to be o-finite if
whenever (p;)ier is a family of mutually orthogonal projections in M at most countably
many are non-zero.

REMARK 1.13. If M C B(H) admits a separating vector, then M is o-finite. In
order to see this, suppose (p;)icr is a mutually orthogonal family of projections in M.
By Bessel’s Inequality we have that for any F C I finite that Y, p [p:&]]* < [I€]*
Therefore, letting F(I) be the directed set of all finite subsets of I, we have that the net
F(I)> F Y |Ipi€l|? is convergent. It follows that for every n € N there are at most
finitely many ¢ € I so that ||p;£]|? > 1/n. Therefore, ||p;&||> = 0 for all but countably
many indices. Since £ is separating we have that ||p;¢|| = 0 implies that p; = 0.

REMARK 1.14. If M C B(H) is a o-finite von Neumann algebra, then there is a
vector £ € H which is separating for M.

The rest of this section will be devoted to proving the following result.

PROPOSITION 1.15. Let M C B(H) is a von Neumann algebra. The following are
equivalent:
(1) M is o-finite;
(2) M admits a faithful o WOT-continuous state;
(3) M is isometrically x-isomorphic to a von Neumann algebra on some Hilbert
space admitting a cyclic and separating vector.
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LEMMA 1.16. Let M C B(H) be a von Neumann algebra, and let p € M be a
projection. Then pMp C B(pH) is a von Neumann algebra.

PROOF. We clearly have that (pMp); = p(M)1p and that x — pzp is a WOT-
continuous contraction. Thus (pMp); is WOT-closed as (M); is WOT-compact by the
proof of Proposition 1.14 of Chapter 1. It follows that (pMp); is SOT-closed, hence pMp
is SOT-closed by Kaplansky’s Density Theorem (see Corollary 6.13 in Chapter 1). O

LEMMA 1.17. Let M C B(H) be a von Neumann algebra and let T C M be an
SOT-closed two-sided ideal. Then T = Mp for p a projection in the center of M.

PROOF. Suppose x € [ is a contraction. There is a sequence of polynomials (p,(t))
so that p,(0) = 0 and converges uniformly to the constant function 1 on (e, 1] for every
e > 0. Since p,(0) = 0, we have that p,(z*x) € Z and the convergence property implies
that pn(z) — x(0,11(#"7) = supp(z) in the SOT by the Borel Functional Calculus. Thus,
if p and ¢ are projections in Z, then p V ¢ = supp(p + q) € Z as well.

Since Z is SOT-closed, we have similarly to the proof of Lemma 1.2 that Z contains
a maximal projection p. For each u € U(M) a unitary we have that u*pu € 7 is a
projection, thus u*pu = p by maximality. Since upu® < p, by conjugating both sides we
have that p < u*pu, so up = pu for all u € U(M). Since the unitaries span M, we have
that xp = pz for all x € M. Thus p is in the center of M.

Finally, if x € Z but x does not belong to Mp, then y = (I —p) # 0, so supp(y) € Z
and is non-zero and orthogonal to p, contradicting the maximality of p. Therefore
7= Mp. O

PROPOSITION 1.18. Let M C B(H) be a von Neumann algebra, and let ¢ be a normal

state on M. For the GNS-construction associated to (M, $) we have that my(M) C
B(Hy) is a von Neumann algebra.

PrOOF. We first check that my is WOT-continous on (M);. To see this, note that
if x,, = « in the WOT is a uniformly bounded net, then

(ms(n)], 2) = (2" Tny) = d(2"ay) = (mg(2)7, 2)
for all y,z € M. As M is dense in Hy and (z,,) is uniformly bounded, this implies that
Tg(xn) = my(x) in the WOT.
Let T = ker(mg). Since 7y is WOT-continuous on the unit ball of M, we have that
(Z)1 is WOT-closed, hence SOT-closed. Letting A = CI + Z, the unital C*-algebra

generated by Z, we have that (A); is SOT-closed as well, which shows by Kaplansky’s
Density Theorem via Corollary 6.13 of Chapter 1 that

(CIJFI:AZXSOT:(CIJFT%T,

thus Z is SOT-closed.

From Lemmas 1.17 and 1.10 we have that there is a (non-zero) central projection
q € M so that my(x) = mg(xq) for all x € M and 74 : Mq — B(H,) is isometric. This
allows us to conclude that

(mg(M))1 = (mp(Mg))1 = me((Mq)1) = 76 ((M)1)
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is WOT-closed as (M), is WOT-compact by Proposition 1.14 of Chapter 1. Thus
(mg(M))1 is SOT-closed as well, and the same appeal to Kaplansky’s Density Theorem
as in the previous paragraph shows that mg(M) is SOT-closed. O

PROOF OF PROPOSITION 1.15. We have that “(3) implies (1)” follows from Remark
1.13, while “(2) implies (3)” follows from Proposition 1.18. Thus it remains to show that
every o-finite von Neumann algebra admits a faithful, normal state.

To this end, suppose that (p;) are a family of pairwise orthogonal, central projections
in M so that ¢; is a faithful, normal state on Mp;. By the assumption that M is o-
finite, we have that (p;) is countable, so letting p = . p; under SOT-convergence, we
see that p is central and we my also check that ¢(x) := Y_7°, - ¢(xp;) is faithful on
Mp and WOT-continuous on (Mp); as well.

We may assume that the (countable) family (p;) is maximal by Zorn’s Lemma, and
we claim that p =) . p; = I. If not, let ¢ = I—p and x € Mgq, x # 0. We have that there
is £ € qH, ||£]| = 1 so that ||z{]| # 0, therefore Mq > y — (y€,&) =: ¢¢(y) is a normal
state so that ¢¢(z*x) # 0. Let pg € Mg be the central projection corresponding to the
kernel of the GNS-representation associated to (Mg, ¢¢) which exists by Lemma 1.17
and the proof of Proposition 1.18, noting that Mq C B(¢gH) is a von Neumann algebra
by Lemma 1.16. We have that ¢¢ is faithful and normal on Mpg, which contradicts the
maximality of p. Thus p = I and ¢(z) := Y .2, %gbz(:ppl) is faithful and normal on M.

[

2. The Tomita Operator in the Tracial Case

We now understand the class of objects to which Tomita—Takesaki Theory applies,
namely triples (M, H, &) where M C B(H) is a von Neumann algebra and £ € H is a
cyclic and separating vector for M.

REMARK 2.1. Note that since £ is cyclic and separating for M it is also cyclic and
separating for M’ by Corollary 1.3. Therefore if M is represented in this way the
commutant must be “sizable.”

DEFINITION 2.2. Given such a triple (M, H, &) we define two (unbounded) operators
S,F:H — H by
S(x€) =="¢, F(2'€) = ()¢
for all z € M and 2’ € M'. We have D(S) = M¢ and D(F) = M'¢. Both operators
are well-defined as £ is separating for both M and M’. They are densely defined by
cyclicity.

REMARK 2.3. Upon inspection we see that S and F' are not linear, anti-linear in the
sense that S(\n) = AS(n) for all A € C and n € D(S), with the corresponding statement
holding for F' as well. In this way we may construe S and F' as linear operators from H
to H or from H to H. Thus

0o S - =
(S O).H@H%H@H
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is a linear operator, so all basic theory of linear operators will apply to anti-linear
operators as well under this interpretation.

REMARK 2.4. We have that S? and F? are both linear and that S?(z¢) = x£ and
F2(2'¢) = 2'¢ for all z € M and 2’ € M’. Thus we have that S%, F? C I.

Even though the operators S and F' may appear to have little to do with each other,
the remarkable fact is that they work in tandem to “intertwine” the actions of M and
M. In this section we will focus on the simplest case, which occurs under the additional
assumption of traciality.

DEFINITION 2.5. We will say that the triple (M, H,€) is tracial if

(€, y€) = (y™¢,27) = (@, y*¢)
for all z,y € M.

REMARK 2.6. The term “tracial” is apt as the condition is equivalent to the state
o(x) = (z€,€) having the trace property: ¢(xy) = ¢(yzx) for all z,y € M.

REMARK 2.7. If (M, H,§) is tracial, then ||z¢| = ||[z*¢|| = ||S(z€)|| for all z € M.
Therefore S is an anti-linear isometry and so has a continuous anti-linear extension to
H. We refer the extension by J and call it the Tomita operator. Since S? C I with
dense domain, we have that J? = I. Since J is the extension of an anti-linear isometry,
it is an anti-linear isometry as well.

LEMMA 2.8. If (M, H,¢§) is tracial, then F C J.

PROOF. Using the Polarization Identity and J? = I we have that

4

4.y = i 1T() + it ))?
k=1

4
="+ (i) I |1? = 4y, Top)
k=1

for all n,n’ € H.
For x € M and 3y’ € M’ we now calculate that

(Ja€,y'€) = (2, y'€) = ()€, &) = («* ()€, &) = ()€, x8)
from which it follows that
(@€, Jy'&) = (x€, (y')*E) = (x€, FY'§).
Since J is bounded this suffice to show that F C J. O

PROPOSITION 2.9. If (M, H,§) is tracial, then JMJ = M'.
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ProOF. For z,y,z € M and n € H we have that
(JyJuez€,n) = (Jyz"z"€,n)

= (2y"¢, ")

= (JyJz&,a"n) = (xJyJ=E,n) .
Since this holds for all z € M and M = H this shows that

zJyJ = JyJx, Yo,y € M.

Therefore, JMJ C M’. Since F' C J, the same logic applies to M’ and we have that
IJM'JC M'"=M. Thus M’ C JMJ as J?> = 1. d

COROLLARY 2.10. We have that (M, H,§) is tracial if and only if (M',H,§) is
tracial.

REMARK 2.11. Having a faithful trace 7 implies that M is finite in the sense that
every injective partial isometry v € M is bijective. Indeed, by the trace property we
have that 1 = 7(I) = 7(v*v) = 7(vv*). Since vv* is also a projection, so is I — vv*. We
then have that 7(/ — vv*) = 0 implies that vv* = I since 7 is faithful.

EXAMPLE 2.12. Let M,, = M,,(C) be the n x n complex matrices. We have that M,
has a unique tracial state tr(z) = %ZZ z4. To see this, let X, be the group of signed
permutation matrices, and let 7 be a tracial state. We have that

1 *
— cxo =tr(x)l,
AP )
oEX,
which by the trace condition implies that

]‘ *
T(z) = =] > T(owe™) = tr(x).

O’ezn

—

Let H = M,(C) with (2,9) = tr(y*z) = >, ; #;;%;;. We have the GNS-representation
T+ My, — B(H), that is, 7 (2)§ = zy. We also have a *-homomorphism =, : M,, —
B(H) given by 7. (z)§ = yzt where a! is the transpose of z. Note that m, and 7f,
having commuting images.
Let’s show that 7], is a bounded representation of M,. Using that x!(x?)* < ||zt|?I,
so yxt(zt)*y* < ||2t||?yy*, we have that
Ity ()31 = tr((2') "y ya')
= tr(yz' (at)"y")
< [l er(yy™)?
= [l2l* tr(y*y) = ][9]
Note that the trace condition was used crucially twice. Finally we have that J& = ?,
from which it follows that Jm,(z)J = 7w (Z) where (7)! = x*.
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EXAMPLE 2.13. 7, : Mor — Myk+1) be given by

mh(A) = (‘51 3)

where we view Myki1) = Ma(Myr) = Ma®Myr. This is clearly an isometric x-embedding
preserving the normalized traces. We write 7, ; : Mor — Mok as the composition of
these homomorphisms. We define an equivalence relation on | J,, My by [z, k] = [y, k+1]
if £ € Myr and y = 7, (z) and denote the quotient by Ro.

We may check that Ry is a x-algebra under the operations

[.%', k] + A[ya l] = [Wk,l<x) + /\ﬂ—l,k(y)v k+ ”7
[z, Klly, 1] = [mrp(2)me(y), b+,

and

[z, k]* = [¢*, k], [z,k]" = [2%, K].
Moreover, the class of [I, k] is the unit in Rg. Ro is normed by ||[x, k]| = ||z|| and this is
a norm satisfies |z*z| = ||z[|?>. We have that R admits a positive cone Rd consisting of

all [z, k] with = € MQ'; so [z, k] =< [y,1] if and only if 7 (z) < 7 x(y). Finally Ry admits
a faithful, positive trace 7 given by 79([z, k]) = tr(z). Note that R is not proven to be
a C*-algebra, and in fact it is not complete in the given norm.

By copying the GNS construction for (Rg,7y), we can complete 7/€\0 to a Hilbert
space H and produce a *-homomorphic embedding 7 : Ry — B(H) with a vector £ = I
so that 7o(x) = (m(x)¢,€) for all x € Rg and so that Ro = H. Moreover 7 is isometric
by Lemma 1.10 as it is an injective *-homomorphism on each M,. C Rp. We define
R = ©(Ro)" to be the hyperfinite I, factor. As 7y restricts to the normalized trace
on each My, we have that this construction produces an *-homomorphic embedding
7' Ro — B(H) with 7'(2)§ = yat for all z,y € Ro.

Note that as in the case of matrices we have the Jm(Rg)J = 7'(Rp). Also note
that since 7 and 7’ have commuting ranges, it follows that 7'(Rg) € R'. If £ was not
separating for R, then & would not be cyclic for R’ by Lemma 1.2. However, we have
that Ro = 7'(Ro)¢ € R'E so R'€ is dense. Therefore (R, H, ) is tracial, and it follows
that JRJ =R/

3. Subspaces in General Position

REMARK 3.1. Throughout this section H will be a real Hilbert space. If H is
a complex Hilbert space, we replace the inner product on H with its real part. In
particular all complements are assumed to be taken with respect to the real part of the
inner product.

DEFINITION 3.2. For a (real) Hilbert space H, we say two closed subspaces K, L C H
are in general position if KN L = {0} and K + L = H.

If (K, L) is a pair of subspaces in general position, we define (K, L) := (L, K1),
and note that by closedness (K, L)"” = (K, L).
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LEMMA 3.3. If (K, L) is in general position, then so is (K, L)’.

PROOF. We have that L+ N K+ C (K + L)' = {0} since K + L in dense in H. We
also see that (L + K*)+ C K N L, since any vector orthogonal to L lies in L++ = L
and similarly for K. Since K N L = {0} this shows that L* + K+ is dense in H. [

DEFINITION 3.4. Suppose (K, L) is in general position in H. We define the operators,
S,F:H s Hforallé e K,neL, & €L+ andn/ € Kt by

SE+m=E-n FE+n)=¢ 7.
Note that D(S) = K + L and D(F) = L+ + K+
LEMMA 3.5. The operators S and F are closed.

PrOOF. We will only prove the result for S as F' corresponds to the S operator for
(K,L)". We need to show that gr(S) C H & H is closed. Suppose that for sequences
(&k) in K and (ng) in L, we have that

[(& + k) & S(&k + k)] = (& + 1) © (& — )] = 2By
We thus have that & + nr — « and &, — nr — y which implies that
&= (+y)/2, m— (x—y)/2
This shows that (x 4+ y)/2 € K and (x — y)/2 € L. This means that z = (z + y)/2 +
(x —y)/2 € D(S) and
S(@) =5z +y)/2+ (@ —-y)/2)=(@+y)/2—(x—-y)/2=y.
We conclude that z @y = = & S(x) € gr(9). O
LEMMA 3.6. If (K, L) is in general position in H, then S* = F.
REMARK 3.7. Note that this implies that F* = S as F* = §** = S since S is closed.
PrOOF. For ¢ € K, ne L, ¢ € L+, and nf € K+ we have that
(SE+n), & +u')=(E=n,&+n)
= <§7§/> - <777771>
=(+n.& —n)=(E+n,F(E +n))
which shows that S C F* and F C S*.
Suppose that (£ +n,y) = (£ —n,z) for all £ € K, n € L, that is, y = S*(z). By

basic algebra, we would then have that ({,y —x) = —(n,x+y) forall { € K, n € K.
Setting & or 1 to 0 gives that

<£,y-.’lﬂ'> =0= <77ax+y>a
thus y —x € K+ and o +y € L. We then have that
r+y y—x r+y y—«x
Y= T ( 2 2 ) (=)
We thus have that S* C F', which by the first part gives that S* = F. U
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We now turn to the case that H has a complex structure.

DEFINITION 3.8. Let H be a complex Hilbert space and let K C H be a real
subspace. We say that K is in general position if the pair (K,iK) is in general position.

REMARK 3.9. Note that if K is in general position, then (K,iK) = (iK*, K1)
where
Kt ={yeH:Relz,y)=0, Yz € K}
is still the real orthogonal complement.
EXAMPLE 3.10. We now explore the connection between representations (M, H, &)

of a von Neumann algebra on a Hilbert space with a cyclic and separating vector and
real subspaces in general position. Specifically, given such a triple we define

K =M, K =(M)"E

We would like to establish that both K is in general position and that (K,iK) =
(K',iK'").

LEMMA 3.11. Keeping the same notation as in Fxample 3.10 we have that K and
1K' are orthogonal to each other.

PROOF. For x € M" and y' € (M) we have that
Im (z€,y'¢) = —Tm (y'¢,2¢) = —Im (2y'¢, &) = —Im (y'2€, &) = —Im (2€, yE)
hence Re (z¢,iy/§) = —Im (x£,y'{) = 0. The result follows by passing to the closures.

O
COROLLARY 3.12. Keeping the same notation as in Example 3.10 we have that
KniK ={0}.
PrROOF. By Lemma 3.11 we have that
KnNiK C (K'+iK")* = {0},
where the last equality follows from M’ C K/ + iK', O

PRroPOSITION 3.13. Keeping the same notation as in Example 3.10 we have that
K+ =iK'

PROOF. By Lemma 3.11 we have that K and K’ are orthogonal to each other. As
both are closed subspaces, it suffices to show that K + ¢K’ is dense in H, that is, that
(K +iK")* =0.

Define the representation 7 : M — B(H@® H) by m(x)(n®() := xn@®x(. We see that
7(M) is a von Neumann algebra and that 7(M)’ = My(M’). Choose n € (K +iK')*.
Consider the subspace

L=n(M)(E@®n) CHaH,
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and let p be the orthogonal projection onto L. Since 7(M)L C L we have that p € m(M)’

so that
_(9q9 S

where ¢,7,s € M'. Since p(§ & n) = £ & n we have that
(10) g€ +sn =&
As n € K+, we have that Re (z£,n) = 0, hence
<xf;77> - <"77335> = <£U77,§>

for all z € M". This expression is complex linear in & or n, so it still holds for z € M
arbitrary. We conclude that n @ & is orthogonal to L, that is, p(n @ &) = 0. This gives
that

(11) qn +s§ = 0.
Since i € (iK')*, we have that Im (3¢, 7) = 0, hence
(12) We.m =y =(n.¢)

for all 3y € (M’)". This is expression is linear in 3/, so we conclude that the same holds
for y' € M’ arbitrary.
Using the inequalities (11), (12), and (10) respectively we see that

0<(qn,n) =—(s&,n) =—(sn,§) =—((I—-¢§,§) <0

since ¢ is a positive contraction as p is. This shows that ¢gn = 0 = (I — q)&, by Cauchy—
Schwarz. Since £ is separating for M’ and I —q € M’, we have that ¢ = I, which implies
that n = 0. g

COROLLARY 3.14. If (M, H,§) is a von Neumann algebra M in B(H) with cyclic

and separating vector &, setting K = MM, we have that the pair (K,iK) is in general
position.

4. The Tomita Operator

For the rest of this section the following notation will be fixed. Let (K, L) be a pair
of closed subspaces in general position in a real Hilbert space H with (K, L)’ = (L*, K+)
the dual pair. We let P and @ be the orthogonal projections onto K and L, respectively,
and write P’ = I —Q and ' = I = P for the corresponding projections for (K, L)’. We
define the self-adjoint operators

Y:=I-P-Q, ©:=P-Q,
Y=I-P -Q, =P -Q.
We note that
¥ =-3,0=06
—-I=<¥X 60T
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and that
¥+ =(I-P-QP+(P-Q)
={[-P-Q+PR+QP)+(P+Q—-PQ—-QP)=1.

REMARK 4.1. If L = K that is all angles between pairs of vectors in K and L are
/2, then ¥ =0 and © = I — 2P, so that ¥ acts as the “cosine” operator and © as the
“sine” operator with respect to the relative positions of the subspaces K and L. If K
and L are one-dimensional subspaces of R?, then ¥ and © can be seen to depend only
on sin(#) and cos(f), where 6 is the angle between K and L.

LEMMA 4.2. We have that © is injective. Considering the polar decomposition © =
JT, the following are true.
(1) T is injective.
(2) J is a self-adjoint orthogonal operator.
(3) JT =TJ
(4) T = (I -)V2(I+x)/2,

PRrROOF. To see that © is injective, suppose O = P& — Q& = 0. Thus P¢ = Q€ so
¢ € KN L ={0}. This implies that T is injective as well.

Since O is self-adjoint, we have that the T = |©| = |0*|, hence JT = TJ, and
JT = (JT)* =TJ*. Since TJ = TJ* and T is injective, it follows that J = J*. Now
T? = ©2 = (TJ)? = T?J?. Since T is self-adjoint ker(7?) = ker(T), so J* = I by
injectivity of T2.

Finally, a standard computation verifies that T? = 02 = (I — X)(I + X). O

LEMMA 4.3. The following are true.

(1) T commutes with P and Q, hence with 3.
(2) JP=I-Q)J, JQ=(I—-P)J, and JX = -%J.
PROOF. For the first assertion, we have that
PI?=P(P-Q)*=P(P-PQ—-QP+Q)=P— PQP,
T?°P = (P - Q)*P=(P—-PQ—-QP+ Q)P =P — PQP.
Thus P and T2 commute. It follows that P and T commute by the power series expansion
of (T?)Y/2. A similar calculation shows that T and Q commute.

For the second assertion, we have that

TJP=JTP=(P-QP=(I-QP=I-Q)(P-Q)=I-Q)JT=TI-Q)J,

where we have used that 7' commutes with @ and J. It follows that JP = (I — Q)J
since T is injective. A similar argument shows that JQ = (I — P)J. O

The following shows that J is completely characterized by the properties we have
established.

PROPOSITION 4.4. J is the unique self-adjoint orthogonal operator satisfying:
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(1) JKE=L*, JL=K"*;
(2) J=0on K and J <0 on L.

PrOOF. That JK = Lt and JL = K= follow directly from Lemma 4.3 and that J
is self-adjoint orthogonal. Using Lemma 4.2 we now calculate

PJP=P(I—-Q)J=PP—-Q)J=PJTJ=PT,
which is positive since P and T" are commuting and positive. Similarly,
QRQIQ=Q( - P)J=Q(Q—-P)J=-QJTJ =-QT,

which is negative in the operator order.

If J' is a self-adjoint orthogonal operator which satisfies these properties, then J.J’
commutes with P and @, hence ¥, ©, and T" = |O| as well. From uniqueness of the
polar decomposition, we then have that JJ’ commutes with J.

From Lemma 4.2 we have that [ + > = P + @ is injective, so

(P+Q)TJJ] =(P+Q)(P-Q)J =[PI-Q)—QU-P)]J =PJ'P-QJQx=0.

Since (P+Q)T = T(P+Q) is positive and injective, we have that JJ' = I by uniqueness
of the polar decomposition. O

Recall the operators S and F' introduced in Definition 3.4.

ProposiTION 4.5. We have that JSJ = F and that JS and JF are self-adjoint.

PRrROOF. Since D(S) = K + L and D(F) = L+ + K+ we have that
JD(S)=D(F), JD(F)=D(S)

by Proposition 4.4. Thus D(JSJ) = D(F). For ¢ € L+ and ¥ € K+ we have that
J& € K and Jn' € L, hence

JSJ(E +n') =JS(JE + Jn) = J(JE = Jn) =& —n' = F( +7).
This shows that JS.J = F. Reasoning similarly about the domains, we see that
JS = (JSJ)J = FJ.
Now for ¢ € H, we have that
D(S) 3 & = (JSE, () = (SE, JQ)
extends to a bounded linear functional on H if and only J¢ € D(S*). But S* = F by
Lemma 3.6, which shows that (JS)* = F.J = JS. O
5. The Modular Operator

In this section H will be a complex Hilbert space and K will be a real subspace so
that (K,iK) is in general position. As complex operators, we observe that ¥ and © as
introduced in the last section are linear and anti-linear respectively. It follows that ©2
is linear, hence T is linear and J therefore anti-linear.
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DEFINITION 5.1. We define the modular operator associated to K C H as
A=T-2)"YI+%).
The following lemmas will be key to understanding the properties of A.

LEMMA 5.2. Let B € B(H) be positive and injective with (dense) range Hy C H.
We have that B™! is self-adjoint, D(B~') = Hy, and B~ : Hy — H is a bijection.

PROOF. Note that (Hg)™ = ker(B*) = ker(B) = {0}, so Hp is in fact dense. By
definition, B~ = ¢ if and only if n = B¢, so the latter two properties are clear. The
remaining part is a straightforward adaptation of Lemma 7.15 from Chapter 1. O

LEMMA 5.3. Suppose that for B € B(H) we have that both B and I — B are positive
and injective, then (I — B)™'B = B(I — B)™! is self-adjoint with domain D((I — B)™1).

PROOF. We first check that (I — B)™!B and B(I — B)~! have the same domain,
namely D((I — B)™!). If ¢ € D(B(I — B)™1), then ¢ = (I — B)n. Thus

B¢ = B(I - Byn— (I - B)By € D(I - B)™),
which shows that ¢ € D((I — B)~!B). On the other hand if ¢’ € D((I — B)~!'B), then
B¢ = (I — B)n/, which implies that B(¢' 4+ ') = /. It follows that
(I=B)E +n)=E+n)—n=¢,

thus ¢ € D(B(I — B)~!). We leave it as an exercise to use these identities to check that
(I - B)™'B and B(I — B)~! agree on D((I — B)™!).

Now for ¢ € H we have that D((I-B)™' 3 ¢ — (B(I — B)™'¢,() = ((I - B)"'¢,B¢)
extends to a bounded linear functional on H if and only if B{ € D((I — B)™!), which
by the previous paragraph occurs if and only if ¢ € D((I — B)™'). Since (I — B)™! is
self-adjoint, we now see that

(B(I-B)™'¢,¢)=(&,(I-B)'B¢) = (¢, B(I - B)'(),
which establishes the result. g

COROLLARY 5.4. We have that A is self-adjoint (thus densely defined).

PROOF. Wesee that I — X =P+ Q <2l and I+X=([—-Q)+ (I — P) <2 are
both positive and injective since (K,iK) are in general position, similarly to the proof
of Lemma 4.2. Since I — 3 = 2] — (I + X), the result follows from Lemma 5.3. O

COROLLARY 5.5. We have that AY? := (I — £)~V2(I + £)'/2 is self-adjoint and
densely defined and that (A'Y/?)? = A.

PROOF. The same reasoning as for A shows that A'/2 is self-adjoint and densely-
defined. By Lemma 5.3 we have that

(AV2)2 = [(1 =)L+ )Y - %) 72+ 2)1
= ([ -1 - I+ )21+ 2=A
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on the range of (I — %), that is D(A), which is contained in the range of (I —¥)/2, the
domain of A2, Thus (AY/?)2 D A. Since (AY/?)? = (AY/2)*Al/2 is again self-adjoint,
it follows that (AY/2)2 = ((AY/2)2)* C A* = A, thus (AY/?)2 = A. O

COROLLARY 5.6. We have that A= = (I+%)" 1 (I-%) and A™V/? = (I+%)~Y2(I—
»)1/2,

PROOF. Indeed, we have that D(A) = (I — X)(H) which is the range of A™1 as
(I -X)"1: (I —-%)(H)— H is onto and D(A~!) = (I + X)(H) which is the range of
A. From the previous two lemmas we have that AA™!, A=TA C I.

A similar argument works for A/2. a

We now explore the relation between A and the operators S and F'.
PROPOSITION 5.7. We have that S = JAY? = A=V2] and F = JATV/2 = A1/2].

PROOF. We begin by showing that S = JAY2 and F = JA~Y/2. To do so we first
note that

(13) (I+%)SCJT, (I-%)FCJT.
Indeed, for &, € K
(L +X)S(€ +1in) = ( (& —in)
=[I=P)+ I —-Q)E&—1n)
= -Q)¢—(—P)in
(P—Q)¢—(Q—P)in
= (P = Q)(§+in) = JT({ +1in),

where we have used that P§ = & and Qin = in. A similar computation works for F'.
Applying J on the left to the identities (13) and using Lemma 4.3, we see that

(I-2)JSCT=1-)"2I+%)?, (I+%)JFCT=(I+x)V>(1-x)"2
Since I + > and I — 3 are injective, we have that
(I-2)Y2J8 C(I+)2, (I+%)2JFC I -x%)Y2
hence,
JSC AV JFC ATV
Since JS and JF are self-adjoint by Proposition 4.5 and that A2 and A~1/2 are self-
adjoint by Lemma 5.3 and its corollaries, we have that

JS = (JS)* ) (AI/Q)* _ AI/Z, JF = (JF)* ) (A_1/2)* _ A_1/2

which completes the demonstration of equality in this case.
Since JT = TJ by Lemma 4.2, we can repeat the argument by multiplying by J on
the right of the identities (13) to derive the other set of equations. g
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While the following is not strictly necessary for our approach, it is good to point out
the connection between the last result and polar decompositions as they were defined
for unbounded operators in Proposition 6.8 of Chapter 1.

COROLLARY 5.8. We have that FS = S*S = A and SF = F*F = A™!, hence
S = JAY2 = J|S| and F = JA™Y? = J|F| are the polar decompositions of S and F
respectively.

Before continuing, we pause to collect some of the algebraic relations we have im-
plicitly proven.

COROLLARY 5.9. The following identities hold among the operators S, F, J, A, and
T.
(1) FS=A and SF = A~}
(2) JAJ = AT
3) S+F=JT)1'=20""1

6. The KMS Condition

As in the previous section, H will be a complex Hilbert space and K will be a real
subspace so that (K,iK) is in general position.

DEFINITION 6.1. An SOT-continuous one-parameter group of unitaries (U;) on H
is said to satisfy the KMS condition with respect to K if Uy(K) = K for all t € R and
if for all £, € K there is a function f: {—1 <Im(z) <0} — C so that f is continuous
and analytic on the interior and so that

f(t):<Ut£a77>v f(t—l):<77»Ut§>:m
for all t € R.

The goal of this section is to create a SOT-continuous one-parameter group of uni-
taries R 3 t — A from the modular operator A constructed in the previous section
and show that it uniquely satisfies the KMS condition for the inclusion K C H to which
it is associated. Before continuing further, it will serve to recall a few basic results from
complex analysis.

PROPOSITION 6.2 (Morera’s Theorem). Let 2 be a region in the complex plane. A
function [ : Q — C is analytic if 3% f(2)dz =0 for all closed, rectifiable paths in ~y in Q.

Proor. We will provide a sketch only. Fixing zy € 2 for all z € Q the function
F(z) = f; f(w)dw is independent of the path from zy to z. It follows that F'(z) = f(2)
is complex differentiable, thus holomorphic. O

PROPOSITION 6.3 (Schwarz Reflection Principle). Suppose that 2 is a simply con-
nected region in {Im(z) > 0} so that QN R is connected. If f : Q — C is continuous,
analytic in the interior, and real-valued on QX NR, then f my be extended to an analytic
function g : QUQ — C so that g(z) = f(z) for all z € Q.
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Proor. We will provide sketch only. The hypotheses show that any integral fv g(z)dz

for v a path in QU can be split over QNR. The two resulting integrals can be seen to
be zero by the assumptions of simple connectedness, continuity, and analyticity on the
interior, in which case Morera’s Theorem applies. O

LEMMA 6.4. Let f,g : {—1 < Im(z) < 0} — C be continuous functions which are
analytic on the interior. If f(t) = g(t) for allt € R, then f =g.

PRrROOF. Applying the Schwarz Reflection Principle, we may extend f — g to an
analytic function h : {—1 < Im(z) < 1} — C. Since h(t) = 0 for all ¢ € R, we must have
that A is identically zero. O

COROLLARY 6.5. For&,n € K fized, there is at most one function f : {—1 <Im(z) <
0} — C which is continuous and analytic on the interior so that f(t) = (U ,n) for all
t e R.

The following result gives a reformulation of the KMS condition which is more con-
venient to use in practice.

LEMMA 6.6. An SOT-continuous one-parameter group of unitaries (Uy) on H satis-
fies the KMS condition with respect to K C H if and only if for all £, € K there is a
function f: {—1/2 <Im(z) < 0} — C which is continuous and analytic in the interior
so that f(t) = (U, n) and so that f(t —i/2) € R for all t € R.

Proor. If f : {-1/2 < Im(z) < 0} — C is such a function, we may apply the
Schwarz Reflection Principle over the line R — /2 to obtain a function g : {-1 <
Im(z) < 0} — C which extends f continuously, is analytic on the interior, and satisfies
g(t —i) = f(t). The existence of such g verifies the KMS condition.

In the other direction, if f : {—1 < Im(z) < 0} — C satisfies the KMS condition
for (Uy) for some &,n € K, we have that g(z) := f(Z — i) can also be seen to satisfy the
KMS condition for the same. Thus by Lemma 6.4 we have that f(z) = g(z), so

ft—i/2) =gt —i/2) = f(t—1i/2)
for all t € R. Il

LEMMA 6.7. Suppose that R € B(H) is positive and injective. There is a SOT-
continuous map z — R which is defined on {Im(z) < 0} with the following properties:

(1) R is bounded on horizontal strips of finite width;
(2) z+— (R*¢,n) analytic on {Im(z) < 0} for all &, € H; and
(3) R >t R" defines a one-parameter group of unitaries.

PRrROOF. The SOT-continuity in the parameter z is somewhat tricky to prove via
direct application of the Borel Functional Calculus as stated above, so while we can
define R” by the Borel Functional Caluculus applied to the function (0,00) > A
exp(izlog(\)), we will work instead directly with the spectral measure. Let E be the
spectral measure associated to R. For each n € N let E,, = E([1/n,0)), H,, = E,(H),
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and R, = RE,. Since R is injective, E({0}) = 0, so |J,, H,, is dense in H and E,, — I
in the SOT. We have that log(R,,) € B(H,,) is bounded and hermitian and that |\?*| <
| R||~™™) for all 0 < A < || R, so

2+ exp(izlog(Ry)) =: RZ

is operator norm-continuous on {Im(z) < 0}, analytic on {Im(z) < 0}, and uniformly
bounded on horizontal strips with the bound being independent of n. Since Ej,RY =
RZE), = RiZ for all k < n, we have that for fixed 2 the sequence (R?) defines a bounded
operator on |J H,. Thus by density we may extend this to a bounded operator on H
of norm at most ||R||~ ™). which we denote by R**. We note that for z real, R is a
unitary, thus so is R as being a unitary is the same as being a bijective isometry. Since
RIRYS = i{t+s) by the Continuous Functional Calculus, it follows that R*R* = Ri(t+s)
as well for all ¢, s € R.

Now, fix z with Im(z) < 0 and € > 0. For £ € H, we may choose , € H, with
I€n]] < ||€]] for n sufficiently large so that ||€ — &, || < e. For this value of n we can find
§ > so that ||R% — R%| < € when |z — w| < § and Im(w) < 0. We then have that

IR = R™)E|l < |R*(€ = &)ll + (R™ — R™)&ull + [|IR™ (€ — &)
= IR*(€ = &)l + (R — Rp)enll + | R™(€ = &)l
< IRIT™PE — &all + 1R — Rl lllgnll + 1R~ ")l — &all
< (IR~ + Jlgl| + | RII~™)e.

This suffices to show that z — R%* is SOT-continuous. '

Let v be a closed, rectifiable path in {Im(2) < 0}. Since R;? is analytic in this
simply connected region, it is clear that fv <R§f§,n> dz = 0 for all £&,7 € H. Since all
R¥% and R are uniformly bounded on compact sets, and Ri*¢ — Ri*¢ we have by the
Dominated Convergence Theorem that

j{(R;‘fg,m dz — 75 (R™*¢,n)dz.

Thus fv (R*¢,n)dz =0, so (R*¢,n) is analytic on {Im(z) < 0} by Morera’s Theorem.
O

LEMMA 6.8. Suppose that R,S € B(H) are commuting positive operators which are
both injective. For a fized o > 0 we have that for all é,m € H that z — <R’ZS_”Z+O‘§ , 77>
is continuous on {—a <Im(z) <0} and analytic on the interior.

PROOF. By Lemma 6.7 we have that z — R?” and z — S™%*%% are uniformly
bounded and SOT-continuous on the specified domain. This, along with the fact that
the ranges are commuting by the Borel Functional Calculus allows us to use the standard
proof of the product rule for differentiation to obtain the result. The details are left as
an exercise. U
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We are now ready to introduce the one-parameter unitary group associated to A for
a real subspace K C H in general position.

LEMMA 6.9. We have that (A™) is an SOT-continuous one-parameter group of uni-
taries on H and that A" = (I + X)*(I — X)~% for all t € R. Moreover, we have
that

JAT =A"J  A'K =K
for allt € R.

PROOF. We have that A is self-adjoint by Corollary 5.4, injective by Corollary 5.6,
and is equal to (A'/2)? with A/2 self-adjoint by Corollary 5.5. Therefore by the proof
of Proposition 7.17 of Chapter 1, we have that there is an increasing sequence of closed
subspaces (H,,) of H so that J,, Hy is dense in H, each Hy, lies in D(A), A(H,,) C Hy,,
and the restriction of A,, of A to H, is bounded, positive, and injective. By Lemma
6.7, we have that A% is an SOT-continuous one-parameter group of unitaries for H,, and
that A}’ff and A%¢ agree for all ¢ € Hpnin(k,n)- Arguing similarly to the proof of that
lemma allows us to extend (A#),cy for ¢ fixed to a unitary A® on H and show that
these unitaries are SOT-continuous in t.

By Lemma 5.3 we have that

I-S)ACAI-%)=T+3.

Since A,, : H, — H,, is bounded, positive, and injective, A, (H,) = H,, (see Lemma 6.6
in chapter 1), thus each H,, is an invariant subspace for I — X, hence I + ¥ as well. It
follows from the Continuous Functional Calculus that

AI(I - B)ite = (I - YAl = (T + )%

for all £ € H,. Consequently, (I —X)*A" = (I + %)%,

Since (I £ X)K C K, we have that AYK C K by the previous result and the
Borel Functional Calculus. Since A~ K C K by the same, we have equality. Since
(I +X)K+ = (I FY)K+ C K*, we have that AYK+ = K+ as well. This shows that
J' = A" JA" satisfies the hypotheses of Proposition 4.4, thus A JA~® = J. O

This final Corollary will be key to our analysis of the KMS condition for A%,

COROLLARY 6.10. For all £,m € H, we have that z — <AiZ(I — 2)1/2§,n> is con-
tinuous on the strip {—1/2 <Im(z) < 0} and analytic in the interior.

PRrROOF. This is a straightforward application of Lemma 6.8 and Lemma 6.9 noting
that both I — X and I + X are positive and injective. U

We are now ready to prove the main results of this section.

PROPOSITION 6.11. We have that (A™) satisfies the KMS condition with respect to
KcH



58 2. TOMITA-TAKESAKI THEORY
Proor. For £ € K note by Lemmas 4.2 and 4.3 that

§=Pe= (I~ %) + JT)e = o (1 - D)1+ 1)(1 - )%
Therefore setting
(14) ¢i= %(IJrJ)(I— )12

we have that ¢ = (I —X)Y/2¢. For £, € K we therefore define the function f : {—1/2 <
Im(z) <0} — C by

J(2) = (A== )Y ) = (T +D)(1 = 3) 7512 )

which by Corollary 6.10 is continuous and analytic on the interior. We also note that
for t € R we have that

F(8) = (A" = £)"%¢ ) = (A''€ ).

By Lemma 6.6 it will suffice to show that f(t —i/2) is real for all ¢t € R.
To this end, we see that

F(t=i/2) = (I + D)1 = )75 ) = (AT +2)Y2C ).
We have that

(T +5)12C = (1 + 91+ J)(T - 5)%
(15) = %[(1+2)1/2(1—2)1/2+J(1—2)]g
- %J[JTwL (I —%)¢
= JP¢ = JE,
thus

ft—i/2) = (JE,A7"n).
This quantity is real since JK = iK' by Proposition 4.4 and A~%n € K by Lemma,
6.9. O

PROPOSITION 6.12. We have that A¥ is the unique SOT-continuous one-parameter
group of unitaries which satisfies the KMS condition with respect to K C H.

PRrROOF. Let (U;) be SOT-continuous one-parameter group of unitaries on H. We
say that & € H is entire if h(t) = Ui extends to an entire function h : C — H. We have
that the entire vectors are dense since for each n and & € H we can define

_ [T 2
&n = \/;/_OO exp(—nt*)U&dt,



6. THE KMS CONDITION 59

noting that &, — & by SOT-continuity of U, and that

hn(2) == \/Z/OO exp(—n(t — 2)})Usgdt
is entire.

Suppose that £ € H is entire with function h(z). We have that h(t + z) = Uy(h(2))
for z € R and both sides are analytic in z, so h(t + z) = Ui(h(z)) for all z € C. In
particular, h(t +is) = U(h(is)) for all s € R.

Now suppose (Uy) satisfies the KMS condition with respect to K. Since Ux(K) = K,
we have that the set of entire vectors for (U;) is dense in K by the argument in the first
paragraph. Let K be the entire vectors. Given &,n € K, we would like to show that

(Ui, A" ) = (€, In)

as the complex spans of Ky and JKj are dense in H, this would show that U, = A%,
To this end, let h(z) be entire for £ and define

9(2) = (W), J=(1 = 2)12¢) = (R(:) (1 + D)3(1 = £) 7112

where n = (I — £)Y/2¢ as derived in line (14) above. Note that g(z) is bounded,
continuous on {—1/2 < Im(z) < 0}, and analytic on the interior. We have that
g(t) = <Ut§,A“J77> € R since Upé € K and A%Jn = JA¥"y € iK*. If we can show
that g(t —i/2) is real for all t € R, then since g would assume only real values on its
boundary, we could repeatedly apply the Schwarz Reflection Principle to extend g to a
bounded entire function, implying that g is constant. Consequently we would see that
g(z) = g(0) = (£, Jn), and the proof would be concluded.

We will now show that g(¢ —i/2) is real. Similarly to the proof of Proposition 6.11,
we have that

g(t —i/2) = <h(t —i)2), JAH(I + 2)1/2g>
= (h(t—i/2), JA"Jn)
= (h(t—i/2), A")
where we have used line (15) above. Let s € R be fixed, and let f(z) be the KMS
function for (Uy) associated to &, A"rn. We have that
F(8) = (Uig, M) = (h(t), A™n)

for all ¢ € R, which implies that f(z) = (h(z),A%n) whenever both are defined by
Lemma 6.4. By Lemma 6.6, this shows that (h(t —i/2),A%n) = f(t —i/2) € R.
Setting s = t shows that g(t —¢/2) is real. This completes the proof of the claim, hence
the result obtains. O

We now give an application of these results to the study of von Neumann algebras.
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DEFINITION 6.13. For a von Neumann algebra M we will say that a homomorphism
a: R — Aut(M) is a strongly continuous one-parameter group of automorphisms if
at(x) — x in the SOT as t — 0 for all z € M.

DEFINITION 6.14. For a von Neumann algebra M and a faithful, normal state ¢
we say that a strongly continuous one-parameter group of automorphisms satisfies the
KMS-condition with respect to ¢ if ¢(ay(x)) = ¢(x) for all t € R and x € A and if for
all ,y € M there is a function f : {—1 < Im(z) < 0} — C which is continuous and
analytic in the interior so that

@) = dlau(@)y), f(t—1i) = dlyau(z))
for all t € R.

LEMMA 6.15. Suppose that o is a strongly continuous one-parameter group of au-
tomorphisms of a von Neumann algebra M, and let ¢ be a faithful normal state on M
so that g ooy = ¢ for all t € R. Let (M, Hgy, &) be the representation of M on the
Hilbert space Hy with cyclic, separating vector & obtained from the GNS-construction

associated to (M, @) as described in section 1. (Note that we are implicitly identifying
M with my(M).) We have that

Up(x€y) = as(x)Es

for all x € M defines a SOT-continuous one-parameter unitary group on Hy. Moreover,
forallt e R, x € M, and n € Hy, we have that

a(xz)n = UxUfn.
PROOF. As &4 is separating, U; is well-defined, thus linear, on M¢,;. We have that
U () [1? = (eu(2) au(@)és , &) = Plan(z)an(@)) = Plar(x™2)) = p(a™z) = ||z,

so Uy is isometric. Hence U; extends to a unitary on Hy for all £ € R. Further, we have
by similar computations that

(U = Dt = (au(x) au(w)és , ) — (@) 28y, &) — (2" au(@)éy , Eg) + (¥ 26y, Ep)
=2¢(z"z) — dp(ou(z%)z) — (o ()
=2¢(z"x) — 2Re p(ay(x™)x).
Since ¢ is normal, (ay(2*)) is uniformly bounded, and ay(z*) — x* in the SOT, we have
that that ¢(ay(x*)x) — 0, hence ||(Uy — I)x&y|| — 0 as t — 0. Since M&y is dense in Hy

and (Uy) is uniformly bounded, this suffices to show that U; — I in the SOT as ¢t — 0.
For the second assertion, we note that

UreUfy€y = UprU_syég = Upza_(y)&p = as(ra_i(y))Es = au(x)yés

for all x,y € M. The assertion now follows as it holds on the dense subspace Mgy of
Hy. O
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PROPOSITION 6.16. Let M be a von Neumann algebra, and let ¢ be a faithful, normal
state on M. If « is a strong continuous one-parameter group of automorphisms of M
which satisfies the KMS-condition with respect to ¢, then the one-parameter unitary
group (Up) defined in Lemma 6.15 satisfies the KMS-condition with respect to K =

Mhgy.
PRroOOF. We begin by noting that by definition Uiy = 4. Let x,y € M". We have
that

Plag(z)y) = (UeU_1yy , &p) = (UsrU_1y€y , Urlo) = (tU_1yés , o) = (Yo , Urréy)

and

P(yar(z)) = dlar(a—i(y)z)) = ¢la—i(y)r) = (U—_wylizss , &) = (Urs . y€y) ;
hence if f: {—1 <Im(z) <0} — C witnesses the KMS-condition for o with respect to
x and y, we have that

f(t) = Uy, ySp) = f(t — 1)
which verifies the KMS-condition with respect to (Uy) for all x{, and y&s. Now if
n,¢ € K, we can find sequences () and (yy,) in M" so that ||z,&,—n|, [|ynés—C|| — 0.
Let f, be the function witnessing the KMS condition with respect to x,{s and 4.
Using Cauchy—Scwarz and the fact that U; is a unitary, we have that

[(Utzn&s , ynks) — (Ui, Q)|

= |(Utrns , yns) — (Urrnls , C) + (Urrny , ¢) — (Usn, ()|
< [{Utzn&e , ynéo) — (Urznéy , O + [(Urznéy , ) — (Uin, Q)
< NUzn&slllynéep — ¢l + 1Ue(znés — mIIC]I

= [|znéollllynés — Cll + lznés — nlllI<]l;

thus (f,(t)) and (f,(t — 7)) are uniformly Cauchy sequences of functions with ¢ € R.
By the Maximal Principle for analytic functions, we therefore have that (f,,) converges

uniformly on {—1 < Im(z) < 0} to a continuous function f satisfying f(t) = (Un,() =
f(t —1). That f is analytic in the interior is a consequence of Morera’s theorem and is

similar to the argment given in the proof of Lemma 6.7. U

COROLLARY 6.17. Let M be a von Neumann algebra with a normal, faithful state
¢ if (an) is a strongly continuous one-parameter group of automorphisms which satisfied
the KMS condition with respect to ¢, then (ay) is the unique such strongly continuous
one-parameter automorphism group.

PROOF. By the previous result, this follows directly from Proposition 6.12. O

7. The Main Theorem of Tomita—Takesaki Theory

We are now ready to prove the main theorem of Tomita—Takeski Theory. In this
section we will fix (M, H,&) to be a von Neumann algebra M (faithfully) represented
on a Hilbert space H with cyclic and separating vector & with ||£]| = 1. We will let
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K = M"¢, and note that K C H is in general position by Corollary 3.14. The operators
J and A are defined with respect to K.

PROPOSITION 7.1. We have that AP MA~® = M and JMJ = M.

The proof will occupy the rest of this section, and we will need several lemmas. The
first is a variant of Sakai’s Radon—-Nikodym Theorem.

LEMMA 7.2. Suppose that ' € (M')*. For any A\ € C with X\ # 0 there is a unique
r € M" so that

(e a'€) = 3 (e, 26) + 5 (a6 ,4°€)
for ally € M.

PROOF. Since both expressions are real linear in 2/, z, and \, we may assume without
loss of generality that ' is a positive contraction and that Re A = 1. We define

Ply) = (Y&, 2'8), ha(y) := g (Y€, x€) + % (x€,y*¢E) .

Note that ¢ and v, are linear and ¢(y*) = ¢(y) and ¥, (y*) = ¥(y). We recall the
predual M, of M as introduced in Definition 6.18 of Chapter 1. It is easy to see that
@, € M, for all x € M.

Consider the set C := {t, : @ € (M")1} C M, which is convex as the map x > 9,
is real linear. If () is a net in (M”"); so that x, — 2 in the WOT, we clearly have
that 1., (y) — ¥z(y) for any y € M. Since M = (M,)* and (M"); is compact in the
WOT, we have that C is compact in the weak topology on M. The result would follow
from establishing ¢ € C.

If it was the case that ¢ ¢ C, then by the Geometric Hahn—Banch Theorem, we
would have that there is z € M so that Rev,(2) < Re¢(z) for all z € (M");. Since
2Re 1, (2) = (2 + 2*) and 2Re ¢(z) = #(z + 2*), we may have that there is w € M"
so that 1, (w) < ¢(w) for all x € (M")1. Since w is hermitian, we have that the polar
decomposition w = jlw| is such that j = j* and jw = |w|. Notice that if y € M
is positive, then since y,2’ are positive and commuting and ||2’|| < 1, we have that
0 < z'y = y2a'yt/? < ||2'|jy < y. It follows that ¢ is a positive linear functional and
that

$(lwl) = (|wl§, 2"¢) = (2" lwl¢, &) < (Jwl, &) = (w¢, j§) -
However, since Re A = 1 and w < |w| this shows that
i (w) < d(w) < g(Jw]) < (wE, j§) = Re(A (wE, j§)) = ¥j(w),
a contradiction. g
Recall the anti-linear operator © = P — @ = J|©| = JT defined in section 3. The

next lemma is crucial to our approach as it shows that the function ® maps M’¢ into
ME without taking closures.
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LEMMA 7.3. For each ' € M’ there is x € M so that
Oxr'¢ =2, O(2)¢ =a*¢

PROOF. We first assume that 2/ € (M')". Setting A = 1, by Lemma 7.2 we have
that there is © € M" so that for all y € M"

Re (y¢,2'€) = (y&,2'¢) = Re (y& , z€)

where we have used that 2’ and y commute to show the first equality. This shows that
Px'¢ = Pxé = z€. On the other hand, 2/¢ € iK+ by Proposition 3.13, so Qz’¢ = 0.
Therefore

Or'¢ = (P - Q)2'¢ = x¢.

The general result follows from anti-linearity of ©. U

REMARK 7.4. We note that by considering the triple (M’, H, £) instead of (M, H,§),
we have that the © function for this “dual” triple is equal to ©' = © for (M, H, ¢), hence
the result holds verbatim exchanging the roles of M’ and M.

REMARK 7.5. Note that as ©~! = S+ F = J(AY24A~1/2), the above lemma shows
that for every 2/ € M/, there is & € M so that 2’§ = (S+ F)a§ and (2/)*¢ = (S+ F)z*¢.

LEMMA 7.6. For x € M and 2’ € M’, we have that
Ot = (I + D)a*e, O's = (I - D)(a)'e.

PROOF. We begin by assuming that z € M" and 2’ € (M’)". We have that
Pxé = x€ and Q2'¢ = 0, thus

Oz = (P — Q)z€ = (2] = P — Q)zf = (I + D)zt
Or'c = (P — Q)a'e = (P + Q' = (I — D).
The result follows since © is anti-linear and I £ ¥ are (complex) linear. O
LEMMA 7.7. For each ' € M’ and X\ € C with X\ # 0 there is x € M so that
02’0 = A1+ X)z(I — X))+ A\ — X)x(I + X).

PROOF. Since the expressions are linear on both sides of the equation, we may
assume that 2/ € (M’)". By Lemma 7.2 there is z € M" with

(16) (y€,a'€) = A (Y&, &) + A (2, y*¢) ,
where the z in that lemma has been rescaled by a factor of 1/2. For y, z € M, we may
substitute y by z*y in (16) to obtain

(Y€, 2'26) = A (Y€, 2x€) + X (ya€, 2€) .

Given ¢/, 2z’ € M’, we can find y,2 € M so that ©y'¢ = y& and ©2'¢ = 2, hence we
obtain

(Oy,2'02/) = A (Oy' , zz€) + A (yzt ,©2¢) .
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Since © is anti-linear and ©* = (JT)* =TJ = JT = O by Lemma 4.2, we derive from
this that

(17) (02'02'¢,y/¢) = N (Oza ,y'&) + A (Z'¢, Oyaf) .
From Lemmas 7.3 and 7.6, we have that
Ozzé = (I +X)z* 2" = (I + X)) ¢ =T +X)z*(I - )¢
and similarly
Oyzé = (I +X)x*(I — X)y€.
Substituting these expressions into (17) we obtain
(02'02/¢ ,y/&) =X (I +X)z* (I - X)2¢,y'&) + M7, (I + )" (I — D)y¢).
Using the assumption that 2’ and z are hermitian, this shows that
<@:L"@z'£,y'£> =\ <(I + X)z(l — E)z'f,y'§> + A <(I +¥)z(I - %)7¢, y'£> ,
hence the result holds by density of M’ in H. O

REMARK 7.8. One may consider Lemma 7.7 as a “quantized” version of Lemma 7.3.
In the unbounded operator picture it asserts that for every 2’ € M’ and A € C with
Re(A) > 0 we have that there is x € M so that

Jz'J = AMAY2g A~Y2 L NATY2 A2,

We would like to solve this equation for =, which is somewhat akin to inverting cosh(x) =
e */2 + e” /2. The following technical lemma may be viewed in this context.

LEMMA 7.9. Let 6 € (—m,7) and set A = /2. Suppose that f : {|Re(z)| < 1/2} —
C is bounded, continuous, and analytic on the interior. Then

f(0) == /Oo e O cosh(mt) ™t (A f(it + 1/2) + Mf(it — 1/2)) dt

PROOF. Set g(z) := me?? sin(r2)~! f(2), which is defined and meromorphic on the
interior of the strip {| Re(z)| < 1/2} with a simple pole at z = 0 (7 sin(7z)~! ~ 2) with
residue f(0). We have that g(z) — 0 as |z| — 0, thus by Cauchy’s Integral Formula,

(0) = Rest)0) = 5. [ " lgit +1/2) — glit — 1/2)]idr.

21 J_
The result follows by noting that sin(mit + 1/2) = cosh(nt). O
LEMMA 7.10. For 2’ € M and 6 € (—7, ), set A = €%/2 and let x € M so that
(18) 02’0 = ANI + X)x(I = %) + \I — D)z(I +%).
as guaranteed by Lemma 7.7. We have that

1 oo . .
r = 2/ e % cosh(mt) TTAR T TATHdt
—00
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Proovr. For ¢,n € H, we define
J(2) = (T + )21 = o) 720 (1 = )21 4 2)712¢ ).

From Lemma 6.9 we have that A% = (I + X)¥#(I — X)~% hence by Lemma 6.8 we have
that f(z) is continuous and bounded on and analytic in the interior of {| Re(z)| < 1/2}
with
Af(it +1/2) = MAY T + 2)x(I — £)A¢ )
Af(it —1/2) = MAY(I - S)z(I + £)A"¢ )
f(0) =(T2T¢,m),

where © = JT = J(I + £)'/2(I — £)Y/2. Since J, T = T*, and A" mutually commute
by Lemma 4.3 and Lemma 6.9, we have by (18), Lemma 7.9, and the identities above
that

1 [ . .
(xT¢,Tn) = 2/ e % cosh(xt)~? (A" Ja! JAT*TC, Ty dt.
—0Q
Since T is positive and injective by Lemma 4.2, we have that the range of T is dense in
H (see Lemma 6.6 in chapter 1), hence the result holds. O

LEMMA 7.11. For all 2’ € M’ and t € R, we have that A*Jz' JA™" € M.

Proor. We fix (,n € H, 2/, € M’, and define
g(t) == ([, A" ' TAT"¢ )

where [A, B] = AB — BA is the commutator. Note that ¢(¢) is uniformly bounded.
Setting
1 oo
h(z) = / e *! cosh(mt)g(t)dt,
2 )

we see that h is analytic on {| Re(z)| < m}. By Lemma 7.10, it follows that

h(9) = [y’,/ e % cosh(mt) "t (A" T2/ JATHC ) dt| =0
for all 6 € (—m, ) which implies that h(z) = 0 identically. However, for s € R we have
that h(is) is the Fourier transform of cosh(mt)~1g(t). Since the Fourier transform is
injective, it follows that g(¢) = 0 identically, establishing the result. O

We are now ready to prove the main result of the section.

PROOF OF PROPOSITION 7.1. Lemma 7.11 shows that for every 2’ € M’, we have
that A=%J2/JA~®" € M. Setting ¢t = 0, this shows that JM'J C M. Considering
the triple (M', H, &), we have that by the beginning of section 4 that the Tomita and
modular operators, respectively J’' and A’, for this triple satisfy J' = J and A’ = A~
It now follows by the same reasoning that JMJ C M’ thus JMJ = M’. Having
established this, it is now straightforward to see from Lemma 7.11 that AY MA~% = M
and AYM'A~% = M’ for all t € R. O
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8. The Modular Automorphism Group: First Properties
As a ready consequence of Proposition 7.1 we have the following result.

PropoSITION 8.1. Let M be a von Neumann algebra, and let ¢ be a faithful, normal
state. We have there is a (unique) strongly-continuous one-parameter group of automor-

phisms (Jt) of M which satisfies the KMS condition with respect to ¢.
REMARK 8.2. We refer to 0 as the modular automorphism group associated to ¢.
Before giving the proof, we pause to present a key lemma.

LEMMA 8.3. Let M C B(H) be a von Neumann algebra. Given a faithful, normal
state on M, we define ||z 4 := ¢p(x*x)/2. We have that ||z — y||, metrizes the SOT on
(M).

PRrROOF. Let my : M — B(Hg) be the GNS representation associated to (M, ¢)
as described in 1 with cyclic vector &4 € Hy so that ¢(z) = (my(2)s,&4). Since ¢
is faithful, by the results in that section 7y is an isometric *—isomorphism and & is
separating. Further, by Proposition 1.18 and its proof we have that m4(M) C B(Hy)
is a von Neumann algebra and 7y is continuous from (M); equipped with the WOT
to my((M)1) = (mp(M))1 with the WOT. Since (M) and (74(M))1 are both WOT-
compact, 7y is a continuous bijection between them, and the WOT is Hausdorff, we
have that 7, is a homeomorphism, that is W;l D (mp(M))1 = (M)1 is WOT-WOT
continuous as well. Since x,, — « in the SOT if and only if (x,, —x)*(x,, —2) — 0 in the
WOT topology, we conclude that a net (z,) in (M;j) converges in the SOT if and only
if (mg(2n)) converges in the SOT.

Now suppose that (z,) is a net in (M); so that ||z, — z||4 — 0 for some x € (M);.
Since &, is separating for 74 (M), it is cyclic for m45(M)’ by Lemma 1.2, thus m4(M)'&
is dense in Hy. By abuse of notation we will identify x, and mg(x,). We note that

lzn = 213 = ¢((zn — 2)" (20 — 2)) = (20 — 2)&s , (20 — )4) -
For a € m4(M)" we have that
(20 — 2)a&o|l® = (20 — 2)agy , (zn — x)aly)
= (a"(zn — 2)"(¥n — x)aly , §p)
= ((zn — x)*a"a(x, — 37)§¢> 7§¢>
< lall* {(zn — )" (20 — )&, €o)

= llal?[lan — 2|lg — 0.

For € > 0 and n € Hy, there is some a € m4(M)’ so that || — ay|| < e. We then have
that

l(@n = 2)als|l = [[(zn — 2)ll] < [lzn — z[|[lagy —nl| < 2e.
It follows that ||(z, — x)n|| — 0 for all n € Hy, that is, m4(x,) — me(z) in the SOT.
Hence z,, — x in the SOT. The converse is easily seen by the considerations above. [J
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PROOF OF PROPOSITION 8.1. Let (M, Hy,&y) be the GNS construction associated
to (M, @), and let A be the modular operator associated to this triple. By Proposition

7.1 we have that 0¥ (z) := Az A~ is a *-automorphism of M. Clearly R 5 t — o €
Aut(M) is a homomorphism, so in order to show that Uf is a strongly continuous one-

parameter group, we need to check that Uf’(ﬂs) — x as t — 0 in the SOT for all z € M.

We compute
lo? (@) =l = {(of (@) = 2)" (o7 () = )5 o)
= (o (@*2) — 20} (@) = o (a")2 — 2" 2)6 & )
= (A"2*z AT, €4) — 2Re (2 ATTATIE,  Ey) + (2 ay , €p)
=2(xy,x€y) — 2Re <A“az§¢ , x§¢>
as A&, = £4. Since (A™) is SOT-continuous, the claim holds by Lemma 8.3. O

REMARK 8.4. Considering the GNS representation (M, Hy, {s) associated to (M, ¢),
we notice that ||:L'”i = ¢(z*z) = ||z&s)* while

Jo¥113 = @(ea*) = (2" ,"€g) = (Saty, Saty) = (JA gy, JAY2ag, ) = || AV 20ty

This shows that A can be viewed as the “Radon-Nikodym derivative” for ¢(zz*) with
respect to ¢(xz*z). The following result uses the modular automorphism group to make
this precise.

DEFINITION 8.5. Let ¢ be a faithful, normal state on M. We define the centralizer
of ¢ to be
M? ={a e M: ¢lax) = p(za), Yz € M}.

We notice that M? is a von Neumann subalgebra of M and that ¢ is a trace on
M?.
LEMMA 8.6. We have that a € M if and only if af’(a) =a for allt € R.

PROOF. For a € M? we have that

QS(CLJI) = <l’£¢ ) a*£¢> = <$£¢ ) Sa£¢> )
so 24 — ¢(ar) = P(xa) extends to a bounded linear function on Hy. On the other
hand, ¢(za) = (a&y , Sx€y), so altogether ay, lies in the domain of S* = F'. Thus,

(19) (zg , Sagy) = ¢lax) = ¢p(xa) = (aly , Sx&y) = (x&y , Faly) ,
where in the last equality we have accounted for the fact that F' is anti-linear. It follows
that Saly = Fafs. As F as range of F' is the same as its domain and F? C I, we thus
have that
Aa§¢ = SFa§¢ = F2a§¢ = a§¢.
Therefore
of(a)€y = A"aAT"E, = A'agy = agy,
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and we can conclude that Jf (a) = a as & is separating.

In the other direction, we have that Uf (a) = a for all t € R implies, as above, that

A“a£¢ = ay for all £ € R. By Lemma 6.9 it follows that
(I —%)"ay = (I +X)"aky

for all t € R.
By Lemma 6.7 we have that for all n € H that

fz) = ((I =%)%agy,m), g(z) = (I + %)% aky,n)
are defined and continuous on {Im(z) < 0} and analytic on the interior. Since f(t) =
g(t), by the Schwarz Reflection Principle it must be the case that f(z) = g(z) identically,
from which we conclude using z = —i that

(I —%)aly = a&y = (I + X)aky,

which implies (for instance, by the powers series expansion of the square root)
(1= %)"2agy = aéy = (I + %) ?agy.

Since S = J(I +£)V/2(I = £)~Y/2 and F = J(I — X)/?(I + %)~/2 by Proposition 5.7,
we have that Saly = Fa&s. Thus by the same reasoning as used in line (19), it follows
that ¢(ax) = ¢(za) for all x € M. O

REMARK 8.7. This lemma, though rather simple looking, has profound consequences.
Indeed, let N' = Ma(M). If ¢1 and ¢ are faithful normal traces on M, then

o([o 1) = o+ enta

is a faithful, normal state on N. Let {e;;} be the matrix units for My viewed as elements
of N. It is straightforward to check that e; € N'® for i = 1,2, thus

of (eiumej;) = ot (z)e;
for all x € N and 4,5 € 1,2. In other words,

of (zi7) = [of ()]

where z;; denotes the operator ejxze;; € N for z € M. As ¢;(z) = ¢(zi;), we see
that of(z) = af (x4) is a strongly continuous one-parameter group of automorphisms
for M satisfying the KMS condition with respect to ¢;. By Corollary 6.17 it follows
that Uf(ﬂcii) = in (z) for all z € M.

Setting us := af’(elg) = [0?(612)]12 as an element of M we have that

ujur = of (earers) = of (en1) = of (In1)
and

utuf = Uf(euegl) = Uf(em) = Jf)(IQQ).
Thus u; € M is a unitary. Moreover,

wol? (z)uy = of (e12a2e21) = 0f (211) = 0} ()
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which shows that ;" and o;” are related by an inner automorphism of M.

Further, we see that

[tesshiz = 0f ([ushiz) = o7 (e12[us]a2) = [uso® (us)]12,
so we have that (u;) satisfies the cocycle relation usy s = u;0??(us) for all ¢, s € R,

We denote by Inn(M) the normal subgroup of Aut(M) consisting of all inner auto-
morphisms, that is, all automorphisms of the form x — uzu* for some u € M a unitary.
Thus we have shown the following.

LEMMA 8.8. The homomorphism R > t [af] € Aut(M)/Inn(M) is independent
of the choice of faithful, normal state ¢.

COROLLARY 8.9. The set T(M) := {t € R : af) € Inn(M)} is independent of the
choice of faithful, normal state. Thus T(M) is a x-isomorphism invariant of M.

ExAMPLE 8.10. It follows that if M admits a faithful, normal tracial state 7, then
T(M) =R as M™ = M.

EXAMPLE 8.11. We have that T'(B(H)) = R for H separable. Indeed, by Propo-
sition 6.16 of chapter 1 a normal linear functional ¢ on B(H) is of the form ¢(z) =
S (T&,mi) with S22 (1G], Y002, [Imil|* < oo. These inequalities show that p =
Y21 & @ 17; is a bounded operator on H, and by Remark 3.24 of chapter 1 we may
compute that ¢(x) = Tr(zp) = Tr(pz) for all x € B(H). Indeed, if z,y € B(H)", we
have that

(20) Tr(zpy) = > (x&i,ym) = Y (yaks,am) = Tr(yzp),

7 K3

and the result holds since the relation is clearly linear in x and y. Since (p{,() =
Tr(p(C ® () = ¢(C® ) > 01if ¢ is a faithful state, we have that p is positive and
injective. (It also follows that H must necessarily be separable.)'

By Lemma 6.7 we have that p* is a unitary in B(H) and p%* is analytic in z when
Im(z) < 0. Using line (20) we may verify directly that a; : @ — pap~® satisfies the
KMS condition with respect to ¢. Indeed, for z,y € B(H) and z € C with —1 < Im(z) <
0, we let

f(z) = Tr(p"*Hap™y)
which is continuous on {—1 < Im(z) < 0} and analytic on the interior. We see that for
teR,

f(t) =Tr(pp"zp~"y) = Tr(ay(x)yp) = (o (x)y)
while
flt—i) =Tr(p"xp™ " ly) = Tr(p"2p™" py) = Tr(yau(x)p) = d(you(x)).

In the next section we will calculate some non-trivial examples of the T'(M).



70 2. TOMITA-TAKESAKI THEORY

9. Powers Factors

DEFINITION 9.1. By a pointed Hilbert space (H, &) we will mean a complex Hilbert
space H with a distinguished unit vector &.

For a sequence (H,,&,) of pointed Hilbert spaces, we can define the tensor product

X en(Hn, &n) as follows. Notice that (®f:1 H,,& ® -+ ®&k) is a pointed Hilbert
space. For each K there is an isometric embedding

K+1

K
(21) LK2®Hn‘—>®Hn
n=1 n=1

given by
LK M@ Qg =M Q- @ Nk @ EK+1-
These connecting maps define an inductive limit of pointed Hilbert spaces, which can

be see to have the structure of a pointed inner product space, the completion of which
is a pointed Hilbert space. We denote this pointed Hilbert space by @),,cxn(Hn,&n)-

REMARK 9.2. Given a sequence of pairs (M, ¢;) of von Neumann algebras equipped
with faithful, normal states, we have that M := ®nK:1 M; is a von Neumann algebra
and ¢ := ¢ ® --- ® ¢ is a faithful, normal state on M. To see this, let (M;, H;,&;)
be the GNS construction associated to (M;, ¢;), and set M. be the commutant of M;
in B(H;). Since each ¢; is faithful, we have that &; is cyclic for both M; and M}, thus
£: =6 ®--- £k is cyclic for both M and M’ D ®fi1 M/ acting on ®§:1 H;. Tt follows
by Lemma 1.2 that £ is separating for M and (x£,&) = ¢(x) for all x € M.

Now, let (H,§) = @),,en(H;, &) be the tensor product of pointed Hilbert spaces and
suppose that M; C B(H;) is von Neumann algebra with &; a cyclic and separating vector
for M;. Forz =21 ® -+ Q@ x, € Q. B(H,;), we have that 2 acts as bounded operator

on ®fi1 H; for each n < K by
w(m @ - @) = (21m) @ -+ @ (L) © o1 @ -+ @ 1.

It is clear that these actions of x commute with the connecting maps, so induce an
isometric action of x on B(H). We note that (z&,&) = [, ¢i(x:).

We denote by M the von Neumann algebra in B(H) generated by the operators
Upen M1 ®--- @ M,,. There is a normal state on M given by ¢(x) = (z€,£). We write

(M, 9) = ®1€N(Mi,¢z’)'

We note that £ is a separating vector for M as £ is a cyclic vector vector for M’ as
Qi M, € M and J,,ey(M] ® -+ @ M7)E is dense in H. It is clear by the same
reasoning that £ is a cyclic vector for M.

DEFINITION 9.3. We denote by Aut(M, ¢) the set of all x-automorphisms « so that
poa=g.
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LEMMA 9.4. For any sequence o; € Aut(M,, ¢;), we have a unique induced -
automorphism o € Aut (®,; (M, ¢i)) so that a(z1 @ @zy) = a1 (21) @+ - ® ()
for all x; € M;.

PROOF. Let (M;, H;,&;) be the GNS construction associated to (M,, ¢;). For each

a; € Aut(M,, ¢;), we construct a unitary operator U; € B(H;) so that UjzU; = a;(x)
for all x € M;. The operator is defined on M;&; by
Uizé; = a;(x)&;.

Since «; is an automorphism, it is clear that U; is linear and well-defined. Further, we
have that

[Ui&l|* = (@) ai(2)&i , &) = (ou(a* )&, &) = diai(z*n)) = pla*z) = [|2&]]?,

so that Uj; is an isometry. As M;§; is dense in H;, we have that U; extends uniquely to
a bijective isometry on H;. We now verify for all x,y € M;

UseUj yé&s = Uiroy, ()& = ai(wa; ' (y))& = au(2)yé,

which shows again by density that U;zU; = a;(x) for all z € M;. We note that U;&; = &;.

We now see that each U} ® - -+ ® U, is a unitary operator on H; ® --- ® H, which
fixes £ ® -+ - ® &, so these unitaries commute with the connecting maps as in line (21).
Thus the sequence induces a unitary U on (H,§) = @Q;cn(Hi, &) so that UE = &. It is
clear that

U1 ® - @a,)U" =oq(21) ® - @ an(xn)

for all z; € M;. Since z — UxU™* is SOT continuous and

we have that UMU* = M. O

LEMMA 9.5. For (M, ¢) = @,cn(Mi, ¢i), we have that the modular automorphism
group Uf of (M, ¢) is given by
Jf) = ® ot

1€EN

PROOF. By the previous lemma, we have that a; := @),cy af’i belongs to Aut(M, ¢).
It is clear that oy o g = ayys, SO we must show that (ay) is a strongly-continuous one-
parameter group and that is satisfies the KMS condition with respect to (M, ¢).

Let A be the C*-algebra generated by J, ey M1®---®M,,. By Kaplansky’s density
theorem, we have that (A); is SOT-dense in (M);. Since o4(A) = A and

lat(2) — ar(y)lls = 1z = yllo

as ¢ o oy = ¢, we have that it suffices to show that |as(z) — x|y — 0 for all z € A.
(Recall that by Lemma 8.3, || — y||, metrizes the SOT on (M);.) In fact, since

213 = ¢(z"2) < [l2[P¢(1) = ||z
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it suffices to check this on the *-subalgebra (J,, .y M1®- - -®@M,,. Forz € M1 ®---@ My,
we have, using the same notations as in the proof of Lemma 9.4 that

() = zll3 = ((au(@) — 2)*(au(2) — 2)€,€)
= (u(2" )€, §) — 2Re (o (2")z€ , §) + (272, €)
=2¢(z*x) — 2Re (U™ Uz | §)
=2¢(z"x) — 2Re (U x , x§)
=2¢(z"z) —2Re((U11® - @Unt)z(§1® - ®&),2(51 - ® &)

where we have used U;§ = £. The last expression clearly converges to 0 as Uy ;®- - -®@Up ¢
is SOT continuous on Q);" ; Hi;.

Now, if (a;¢) is a strongly-continuous, one-parameter group satisfying the KMS con-
dition for (M, ¢;) with o (z) = U; +xU;, for (Ui ) the corresponding SOT-continuous,
one-parameter group of unitaries for the GNS space (H;,&;) a

REMARK 9.6. Although naively the tensor product (M, ¢) = &),y (Mi, ¢;) seems
like it ought to behave similalry to the direct product [[,.y M; acting on € H;, this
is very far from the truth. Indeed a bounded sequence x; € M; defines an element
1 ® r9a ® --- in M if and only if the sequence y, := 1 ® --- ® x,, is Cauchy in the
|| - ||p-norm, that is, if and only if

n+k n+k
quzxxz 1—-2Re H ¢z 337, + H QZ)ZZ'*TZ
i=n+1 i=n+1

as n, k — oo. For thls reason an infinite tensor product of inner automorphism need not
be inner. In fact, the next result gives a necessary and sufficient condition for this to
occur.

PROPOSITION 9.7. Let (M, ¢;) be a sequence of von Neumann algebras which are
factors equipped with faithful, normal states. Suppose u; € M?Z are unitaries so that
a;(z) = wizu! € Aut(M,;, ¢;) for each i € N. We have that « = Q «; is an inner
automorphism of @ieN(Mh ®i) if and only if

Zl |¢1U2|<OO

ProOOF. By multiplying by a phase we may assume without loss of generality that
¢i(ui) > 0. Let

Vp i =U Q- QupR1®1®-- ® Z)¢Z —(M,d))

We will first show under the convergence assumption that (vy) converges in the S*OT.
By Lemma 8.3 it suffices to check that ||vi, — vi]|¢ and |lv; — v]||¢ both tend to 0 as
k,l — oo. Since the unitary group of a von Neumann algebra is closed in the S*OT
(exercise), we have that vy — v for some unitary v € M. Computations similar to those
in Lemma 9.5 then show that a(z) = vav*.
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We now compute. Assuming [ > k we have that

lor = vill3 = (v — v)*(vr — w1))

=2 — ¢(vgur) — (v vg)
l
=2 —2Re¢(viy) =2 <1 — H ¢z(uz)>

1=k+1

Now we have 0 < aq,...,ay <1, then using a telescoping sum we have that
N N
1—Hai = (1 —al) +a1(1—a2)+a1a2(1 —a3) +--- < Z(l—ai).
i=1 i=1

Hence |jvy, — fulH(QZ5 <2 (Zé:kJrl 1-— gbz(u,)) — 0 as k,l — co. A similar estimate works
for [|vy; —vf]lo-
Next, suppose that « is inner, so there is v € M so that a(x) = vev*. For N € N,
N

let My == Q),;_1(M;i, ¢;) and MV =1® ---®1® ®ZN+1(M% ¢i). Since each M; is
a factor, we have that My " M = MY Using the same notation as before, we have
that a(z) = vyzvy, for all v € My. Setting wy = v*vy, it follows that wyzwy, =z
for all x € My, thus wy € M.

However, since v € M there exists L € N and = € M, so that ¢(z*v) > 0. Without
loss of generality we can take © = 1 ® --- ® x, so that for all N > L

L N
k= ¢(x*v) = [H d)i(a:fv)] I #iw)| - dlwn) > 0.
i=1 j=L+1
Since |p(wy )| < 1, we have that
N

1> bilu;) > —— = 0>0
j=];[+1 ‘Hfﬂ éf’i(ﬁv)‘

for all N > L. Thus we have that
N

Z —log ¢i(u;) < —log C < o0
i=L+1

for all N > L. Since —logar > 1 — a for all 0 < a < 1, it follows that Y 7, 1 — ¢;(u;)
converges. O

DEFINITION 9.8. For A € (1/2,1), let py := (8\ 1 E )\> and ¢y (z) := tr(zpy) for

all x € M»(C), noting that ¢, is faithful. We define the Powers Factor (R, 7)) as

(R, 1) = &), (Ma(C), 6).
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PROPOSITION 9.9. We have that T(Ry) = + g(Q’TA 2.
RIS DY

Proor. By Lemma 9.5 we have that
(a1 @2 @) = (0PN 1) ® 0PN 2) © ) = (pfa1py " @ plaapyt @ ).
Thus by Proposition 9.7 we have that ¢;* is inner if and only if
e .
D 1= ltr(pipa)] < oo,

k=1
that is, if and only if

]tr(p}\ﬂt)\ _ ‘)\1+it + (1 - )\)1+it‘ -1,

Since [A1F® 4+ (1 — A1) < X\ + (1 — )1, this occurs if and only if A and (1 — \)%

have the same phase, that is, if and only if (ﬁ)’t = 1. This is true exactly when

tlog(;25) € 2nZ. O
As a consequence of Corollary 8.9 we have the following

COROLLARY 9.10. Ry is not *-isomorphic to R, for X # p. Hence, there is a
continuum of non-isomorphic factors.

10. Dynamical Systems and Krieger’s Asymptotic Ratio Set (to do)
IN PROGRESS

11. Connes’ Classification of Type III Factors (to do)
IN PROGRESS
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Algebraic Quantum Field Theory (to do)
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