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Foreword

What soon became the Kadison—Singer conjecture was formulated by Kadison and
Singer in 1959 and was proved (against the negative advice on its validity by the
originators!) by Marcus, Spielman, and Srivastava in 2014, after important earlier
contributions by Anderson [1], Weaver [2], and others. Despite its seemingly
technical setting within operator (algebra) theory, the conjecture and its resolution
have generated considerable interest from the mathematical community, as exem-
plified by, e.g., specialized conferences, a Seminar Bourbaki by Valette, a widely
read blog by Tao, coverage by the Quanta magazine, and even by the press. This
interest may be explained by the unexpectedly large scope of the conjecture
(see [3]) as well as by the closely related depth of its proof, which used techniques
from diverse fields of mathematics (it may also have helped that Singer shared the
2004 Abel Prize with Atiyah, though for unrelated work).

Despite this interest, a relatively elementary account of the conjecture and its
proof was lacking so far. This monograph, which is a revised version of the author’s
M.Sc Thesis at Radboud University Nijmegen, fills this gap. In fact, it does far
more than that; for example, it includes a clean proof that in the so-called con-
tinuous case, the conjecture (which indeed was never posited for that case) would
be false, which is perhaps as surprising as its truth in the ‘discrete case’ (see below
for this terminology). This was already established by Kadison and Singer them-
selves, but in a very contrived way. Furthermore, this book contains a detailed proof
of the classification of maximal abelian subalgebras of the algebra B(H) of all
bounded operators on a separable Hilbert space H that are closed under hermitian
conjugation (i.e., MASA’s), which lies at the basis of the Kadison—Singer conjec-
ture. There are many other results like those, which make this treatise as complete
and self-contained as can be expected given its modest length.

All that remains to be added is a brief account of the historical context of the
Kadison—Singer conjecture, which, as the originators acknowledge, was at least in
part inspired by quantum mechanics. At the time, the Hilbert space approach to
quantum mechanics proposed by von Neumann in 1932 was about 25 years of age.
In the meantime, von Neumann, Gelfand, and Naimark had created the new
mathematical discipline of operator algebras, to which Kadison (who had been a
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student of another Hilbert space pioneer, Stone) and Singer’s Ph.D. advisor Segal
had made important contributions. Moreover, the formalism of quantum mechanics
in Hilbert space per se continued to be developed by mathematicians, as exem-
plified by the famous papers by Gleason [4] and Mackey [5].

Kadison and Singer [6] combined these trends, in analyzing a potential ambi-
guity in the Hilbert space formalism in terms of operator algebras. To begin
with, assume that H is a finite-dimensional Hilbert space, and consider some set
a = (ay, ..., a,) of commuting self-adjoint operators on H that is maximal in the
sense that the (commutative) algebra A generated by the operators a; cannot be
extended to some larger commutative subalgebra of B(H). Note that A is closed
under hermitian conjugation a — a*; as such, it is called a*-algebra. Then, H has an
orthonormal basis of joint eigenvectors v; of a, labeled by the joint eigenvalues
A= (A1,..., ), 1., aiv, = Zv;. Physicists call unit vectors in Hilbert space
‘states,” but in the operator algebra literature, a state on some operator algebra
ACB(H) (which for simplicity we assume to contain the unit operator 1 on H) is
defined as a linear map w : A — C such that: (i) w(a*a) >0 for each a € A, and
(i) (1) = 1. Clearly, each unit vector |4) defines a state w; on B(H) by means of

w,(a) = (v;,av,),

where (,) is the inner product in H (note that physicists would write this as
something like (a); = (4|a|4)). This state is pure, in being an extreme element
of the (compact) convex set of all states on B(H) (i.e., a pure state has no nontrivial
decomposition as a convex sum of other states). In fact, as long as dim(H) < oo,
any pure state w on B(H) takes the form w(a) = (Y, ay) (a € B(H)), where y € H
is some unit vector. By restriction, w; also defines a state on A (which need not be
pure). Does its restriction to A conversely determine the original state on B(H)?

This question is mathematically non-trivial even for finite-dimensional
H (though easy to answer in that case) and is physically interesting for two rela-
ted reasons. First, the labeling A only refers to A, which would make the (Dirac)
notation |4) (which is meant to define a state on B(H)) ambiguous in case the
answer to the above question is no. Second, in Bohr’s ‘Copenhagen Interpretation’
of quantum mechanics, both the measurement apparatus and the outcome of any
measurement must be recorded in the language of classical physics, which roughly
speaking means that the apparatus is mathematically represented by some com-
mutative subalgebra ACB(H), whereas the outcome (assumed sharp, i.e.,
dispersion-free) defines a pure state on A. The question, then, is whether such a
measurement outcome also fixes the state of the quantum system as a whole.

In the finite-dimensional case, it is easy to show that any maximal commutative
subalgebra A of B(H) = M, (C) is (unitarily) conjugate to the algebra of diagonal
matrices D, (C), from which in turn it is straightforward to show that any pure state
on A indeed has a unique extension to a pure state on M, (C). So everything is fine
in that case.
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The infinite-dimensionality of H leads to a number of new phenomena:

e There exist pure states w on B(H) that are not represented by any unit vector /;
such pure states are called singular (as opposed to normal).

e There exist maximal abelian *-algebras in B(H) that are notr (unitarily)
conjugate.

To proceed, Kadison and Singer assumed that H is separable, in having a
countable orthonormal basis. In that case, von Neumann himself had already
classified the possible maximal abelian *-algebra ACB(H) up to unitary equiva-
lence, with the result (proved in detail in this book) that A must be equivalent to
exactly one of the following:

1. A, = L>(0,1) C B(L*(0,1)), called the continuous case;
2. Ay = (*(N) C B(/2(N)), called the discrete case; and
3. Ae = L=(0,1) @ £°(x)CB(L*(0, 1) ® £2(k)), called the mixed case,

where either x = {1,...,n}, in which case one has (?(x)=C" with
(k) = D,(C), or k = N (the inclusions are given by realizing each commutative
algebra by multiplication operators).

In all cases, normal pure states on A uniquely extend to (necessarily normal)
pure states on B(H). As already mentioned, Kadison and Singer already showed that
A, has singular pure states whose extension to B(H) is far from unique (in fact,
every singular pure state on A, has this property), which also settles the mixed case
(i.e., in the negative).

This leaves the discrete case, about which the Kadison—Singer conjecture claims
that every pure state on />°(N) has a unique extension to a pure state on ¢>(N). So
this conjecture is now a theorem, and the best way to find out about it is to continue
reading.

Nijmegen Klaas Landsman
August 2016
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Chapter 1
Introduction

In 1959, Richard Kadison and Isadore Singer published the article ‘Extensions of
pure states’ [1] where they formulated the following question: given a Hilbert space
H and a maximal abelian subalgebra A of the operator algebra B(H), does every
pure state on A extend to a unique pure state on B(H)? In their article, they showed
that this question was only open for one algebra: £°°(N), considered as a subalgebra
of B(£?(N)), realized via the multiplication operator. They were not able to answer
the question for this algebra, but believed the answer was negative.

This question became known as the Kadison-Singer conjecture. It took 54 years
before Adam Marcus, Daniel Spielman and Nikhil Srivastava proved [2] that in fact
the question had a positive answer for the algebra ¢>°(N). For this, they used another
conjecture that was formulated in 2004 by Weaver [3], which was already known to
imply the Kadison-Singer conjecture. In order to prove Weaver’s conjecture, Marcus,
Spielman and Srivastava proved two major results involving random variables with
matrix values.

In this text, we embed the Kadison-Singer conjecture in the classification of
abelian subalgebras with the Kadison-Singer property. In Chap. 2, we introduce the
concept of pure state extensions by means of a concrete example, namely within the
context of a matrix algebra with the algebra of diagonal matrices as a subalgebra.
For this finite dimensional case, we can describe states and pure states explicitly and
show that any pure state on the diagonal matrices can be uniquely extended to a pure
state on the whole matrix algebra.

In Chap. 3, we generalize the concept of states on matrix algebras to states on
C*-algebras. Compared to Chap. 2, the role of the matrix algebra is played by the
operator algebra B(H), where H is some Hilbert space, and the subalgebra of diag-
onal matrices is replaced by some abelian C*-subalgebra A € B(H). Then again,
we pose the question: does every pure state on the subalgebra extend uniquely to a
pure state on the whole operator algebra? If it does, we say the subalgebra has the
Kadison-Singer property.

In the rest of the text, we try to classify all abelian subalgebras with
the Kadison-Singer property. In Chap. 4, we show that an abelian subalgebra with
the Kadison-Singer property is necessarily maximal abelian. At this point, we can

© The Author(s) 2016 1
M. Stevens, The Kadison-Singer Property,
SpringerBriefs in Mathematical Physics 14, DOI 10.1007/978-3-319-47702-2_1


http://dx.doi.org/10.1007/978-3-319-47702-2_2
http://dx.doi.org/10.1007/978-3-319-47702-2_3
http://dx.doi.org/10.1007/978-3-319-47702-2_2
http://dx.doi.org/10.1007/978-3-319-47702-2_4

2 1 Introduction

appreciate the question of Kadison and Singer in its natural context. In the same
chapter, we also give three main examples of maximal abelian subalgebras: the dis-
crete, continuous and mixed subalgebra. Here, the discrete subalgebra can be seen
as the proper generalization of the algebra of diagonal matrices.

These three examples are all subalgebras of an operator algebra B(H), where H
is separable. In Chap. 5 we show that we only have to consider these examples when
considering separable Hilbert spaces, since for these Hilbert spaces, every maximal
abelian subalgebra A € B(H) is unitarily equivalent to one of these three examples.
We prove this using the arguments used by Kadison and Ringrose [4], which are
based on the concept of minimal projections.

In Chaps. 6, 7 and 8, we complete the classification of abelian subalgebras with the
Kadison-Singer property in the separable case. First of all, in Chap. 6 we introduce
the concept of ultrafilters and show that we can construct the Stone-Cech compact-
ification of Tychonoff spaces using ultrafilters on zero-sets. We use this in Chap. 7,
to show that the continuous subalgebra does not have the Kadison-Singer property,
based on the work of Anderson [5]. As a consequence of this, the mixed subalgebra
does not have the Kadison-Singer property either.

By then, it is clear that Kadison-Singer conjecture is the only question left in order
to complete the classification. In Chap.8, we first discuss the results of Marcus,
Spielman and Srivastava. After that, we prove Weaver’s theorem and use this to
prove the Kadison-Singer conjecture. For this, we use the adaptation of these results
as formulated by Tao [6].

In the appendices, we give some extra material. Appendices A and B provide
background knowledge, where appendix A contains a broad range of preliminaries
and appendix B is focussed on functional analysis and operator algebras. Appendix
C contains some further results that rely on concepts introduced in the main text,
but that are at the same time also needed to prove some results there. They are not
included in the main text themselves, since they would only distract from the main
results there. Finally, in appendix D, we have included some notes and remarks on
the main text. Especially, we give a survey of the use of existing literature and we
discuss in what way we have improved upon these sources.
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Chapter 2
Pure State Extensions in Linear Algebra

In this chapter we introduce the concept of a pure state extension by means of a
concrete example: we consider the matrix algebra

M = M,(C),

for some fixed n € N. We often denote an element a € M by
a= Zaij |€i>(€j| )
iJ

where {e;} is the standard basis of C" and we use the shorthand notation |x) (y| for the
operator which satisfies |x) (y| (z) = (y, z)x. This means that g;; is the element in
the i-th row and j-th column of the matrix a. Furthermore, we consider the diagonal
matrices

D :={a € M|a;; =0ifi # j},

which form a unital subalgebra of M.
The algebra M also has a *-operation that is an involution, defined by:

a* = Za_j,-|e,-)<ej| .
ij

We call a* the adjoint of a. Note that D is also closed under this operation.
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M. Stevens, The Kadison-Singer Property,
SpringerBriefs in Mathematical Physics 14, DOI 10.1007/978-3-319-47702-2_2



4 2 Pure State Extensions in Linear Algebra

2.1 Density Operators and Pure States

M is not merely an algebraic object; it also has its defining action on C", which is a
vector space with a natural inner product (x, y) = > . X;y; (i.e. we take the standard
inner product that is linear in the second argument). Using this, we can define a
special class of matrices.

Definition 2.1 a € M is called positive if for each x € C" we have (x, ax) > 0.
We write this condition as a > 0.

Now we can define our main object of study: states.

Definition 2.2 A state on M is a linear map f : M — C that is positive, meaning
that f(a) > 0 for all @ > 0, and unital, i.e. /(1) = 1. The set of all states on M is
denoted by S(M), which we call the state space of M.

In turns out that all states on M are of a specific form. To make this more precise,
we need two more definitions.

Definition 2.3 The trace of a matrix a € M is defined as Tr(a) = >, a;;.

Lemma 2.4 [. Tr(ab) = Tr(ba) foralla,b e M
2. For any basis {v;} of C", we have Tr(a) = >, (vi, av;)

Proof 1. Tr(ab) =3 ;(ab)i; = > Dk @ikbii = 2k i briaik = 2 (ba)ik = Tr(ba).

2. Note that by definition, Tr(a) = >, {e;, ae;). For another basis {v;} there is a
unitary u € M, i.e. uu™ = u*u = 1, such that ue; = v; for all i. Then:

Z(vl', avj) = Z(ue,-, aue;) = Z(ei, w*aue;) = Tr(u*au) = Tr(auu™) = Tr(a),

i i i
where we used part 1 of this lemma. (I
There is a connection between states on M and so-called density operators.

Definition 2.5 A density operator p € M is a positive operator that satisfies
Tr(p) = 1. We write Z(M) for the set of all density operators in M.

Theorem 2.6 There is a bijective correspondence between states f on M and den-
sity operators p € M, given by f(a) = Tr(pa) foralla € M.

Proof We prove that S(M) = Z(M) as sets. We construct @ : S(M) — Z(M) via

)

Q(f) = Zpij le:) (e;
ij

where p;; = f(|e;) (eil).
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To see that @ is well defined, note that

Tr@ () = D fle) (e = O ler) teih) = £(1) = 1

and for x € C", say x = >, ¢;e;,

(X, @(f)x) = D Giciler. D(fle;) = D ccjf(|es)leih) = f(Ix) (x]) = 0,
i,j

iJj

which means that @ (f) is indeed a density operator.
Next, define ¥ : (M) — S(M) by

¥ (p)(a) = Tr(pa)
foralla e M.

To see that ¥ is well defined, first note that ¥ (p)(1) = Tr(p) = 1. Next, let
p € P(M) and a € M positive. Then p has a spectral decomposition

p =D pilvi)wl,
i
for some orthonormal basis (v;), where all p; > 0. Since a is positive,

a= Z)\ij [vi) (Vj| ,
ij

with all A;; > 0. Then pa = Zi,j Pi)\ij [vi) (Vj , SO

Y (p)a) =Tr(pa) = 3 pikii = 0.

so ¥ (p) is positive, and hence a state. Now, note that

V(D (f))(a) =Tr(®(f)a) =Tr(D pij lei) (e N aucler) (ex)))

ij 1k

= > pijaji =Y a;if(le)lei) = FO ajile;)teil)
i

iJ iJ

= f(@),

meaning that ¥ o @ = Id.
Next,

DWW (p)ij =¥ (p)(|ej) (i) = Tr(o |e;) (ei]) = (er, pe;) = pij,
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meaning that @ o ¥ = Id. Hence, Z(M) = S(M) as sets, and writing ¥ (p) = f
the given formula f(a) = Tr(pa) holds. [l

Note that S(M) and Z (M) have more structure than that of a set, since they are
also convex. A function f : A — B between two convex sets is called affine if it
preserves the convex structure, i.e. if f(tx+ (1 —¢#)y) =1f(x)+ (1 —1¢) f(y) for all
t € [0, 1Tand x, y € A. Note that the bijection in Theorem 2.6 is an affine function.

For a convex set C, a point ¢ € C is called extreme if for any c¢;,c; € C and
t € (0,1) such that ¢ = tc; + (1 — t)c, we have ¢y = ¢, = c. The set of extreme
points of a convex set C is called the extreme boundary of C, often denoted as 9, C.

Since S(M) is a convex set, we can consider its boundary, which plays a crucial
role in our discussion. For the elements in this boundary, i.e. the extreme points of
S(M), we have a special name.

Definition 2.7 A state f € S(M) is called a pure state if it is an extreme point of
S(M).

To determine the pure states on M, we use the following lemma.

Lemma 2.8 Suppose that C and D are convex sets and that there is an affine iso-
morphism between them. Then 9,C is isomorphic to 9, D.

Proof Suppose that the map ¢ : C — D is an affine isomorphism. First of all, we
claim that ¢ (9,C) € 9, D.

To see this, first note that ¢! is an affine isomorphism as well. Now suppose
x €9,Candt €[0,1],a,b € D suchthat ¢p(x) =ta + (1 —t)b. Then

x=¢ '(ta+ (1 —1)b) =t " (a) + (1 — )¢~ ' (b).

Then, since x € 3,C, x = ¢~ '(a) = ¢~ (b), but then also ¢(x) = a = b, so we
have that ¢ (x) € 9, D.

Hence ¢(3,C) C 9, D, so by the same token ¢~'(3,D) < 9,C, whence ¢ maps
0, C bijectively to 9, D. Therefore 9,C and 9, D are isomorphic. O

We can now give an explicit description of the pure states on M.

Corollary 2.9 There is a bijective correspondence between pure states f on M and
one-dimensional projections V) (Y|, such that f(a) = (¥, a¥) foralla € M.

Proof By Theorem 2.6 we know that S(M) corresponds bijectively to Z(M) via the
formula f(a) = Tr(pa). Since this formula is affine and the pure states on M are
exactly 9,S(M), we only need to determine 9,2 (M), by Lemma 2.8.

Suppose that p € 3,2(M) and let p = >, p; |v;) (v;| be its spectral decomposi-
tion. Then since p is positive and has unit trace, we know that the {v; } are orthonormal,
all p; > 0and > ; p; = 1. Clearly, all p; € [0, 1].

Now suppose that thereisa j € {1, ..., n} such that p; € (0, 1). Then there must
be a k # j such that p; € (0, 1) as well. Then there is a ¢ > 0 such that we have
[pj —& p;+el C[0,1]and [p; — &, pr + €] € [0, 1]. Now define
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pi—eii=]
ri = pi+81i=k
Di i ¢{j,k}
and
pitei=]j
gi=\ypi—eti=k
Pi ci g, k)

By construction, py := > r; [v;) (v;| and p 1= D> g; |v;) (v;| are density opera-
tors too, and p = % p1+ % 2. However, p1 # p # p2, SO p is not an extreme point of
2(M). Contradiction, since p € 3,2(M) by assumption. Therefore, all p; € {0, 1}.
Combined with D, p; = 1, this gives a unique j such that p; = 1 and p; = 0 for
all k # j. But then, p = |v;){v;], so we see that every extreme point of Z(M) is
indeed a one-dimensional projection.

It is clear that every one-dimensional projection is positive and has unit trace,
so every one-dimensional projection is clearly a density operator. Now take a one-
dimensional projection p = |¥) (Y|, i.e. a unit vector . Suppose that there are
01,02 € (M) andat € (0, 1) such that p = 1o + (1 — 1) py.

Clearly, we have (y, py) = 1. Using the spectral decomposition > . p; [v;) (v
of pi, where the {v;} are orthonormal, all p; > 0 and >_, p; = 1, we see that:

W, o) =D pilW v P < D pi =1,

by the Cauchy-Schwarz inequality.
By the same token, (¥, p,1) < 1. Therefore,

L= p¥) =t o)+ A =)W, ) =t + (A —1)=1.

Therefore, we must have (y, p1y) = 1, so for all j such that p; # 0, we have
[{(, vj)|2 = 1. Since v is a unit vector and {v;} is an orthonormal set, this means
that there is a unique j such that p; # 0 and = zv; with z € C such that |z| = 1.

But then necessarily p; = Land p; = |v;){v;| = [¥) (¥| = p. Likewise, p = p,
so indeed, p is an extreme point.

So 9.2 (M) consists exactly of the one-dimensional projections. Now, under the
correspondence of Theorem 2.6,

fla) =Te([¥) (dla) = (. [¥) (Y lay) = (. ay),

where we used an orthonormal basis with i as one of the basis vectors for evaluating
the trace. O
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In the same fashion we can also define (pure) states on D and derive their specific
forms. Note that fora € D the notion of positivity when considering it as an element
of M, ie. (x,ax) > 0forall x € C", is equivalent to saying that all a;; > 0.

Definition 2.10 A state on D is a linear function f : D — C that is positive and
unital, meaning that f(a) > Oforalla > 0 and f(1) = 1. The set of all states on D
is denoted by S(D) and is called the state space of D.

In our discussion about the the specific form of states on D, we need (to repeat)
the notion of a probability distribution on finite sets.

Definition 2.11 Let X be a finite set. Then a probability distribution on X
is a function p : X — [0, c0) such that > p(x) = 1. The set of all probabil-
ity distributions on X is denoted by Pr(X).

Note that a probability distribution p on a finite set X is equivalently defined as
amap p : X — [0, I]suchthat D p(x) = 1.

Theorem 2.12 There is a bijective correspondence between states f on D and
probability distributions p on {1, ..., n} such that f(a) = >, p(i)a;; foralla € D.

Proof We want to show that S(D) = Pr({l1, ..., n}) as sets.
Define @ : S(D) — Pr({1,...,n}) by

D (f)(k) = f(lex) (exl)

for all k. Then since f is a state, each @ (f)(k) is positive. Furthermore,
D () =D flle) leil) = FOQlei) (eih) = f(1) =1,

so @(f) is indeed a probability distribution. Next, define the function
v Pr{{l,...,n}) -> S(D) by

v(p)@) =D piai.

Since all p(i) are positive, it is clear that ¥ (p) is positive too. Furthermore,

w(p)(1) =D pli) =1,

so ¥ (p) is indeed a state. Now note that

(D (@) =D P(NHDai = D aif(le) {eil) = FO_aiilei) (eil) = f (@),

showing that ¥ o @ = 1d.
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Furthermore,
QW (p)k) =¥ (p)(lex) (ex|) = Z p(D)(lex) (ex)ii = p(k),

whence @ o ¥ =1d.
So, indeed, S(D) = Pr({l,...,n}) as sets and writing p = @ (f), the given
formula f(a) = >, p(i)a; holds for every a € D. U

Next, we note that just like in the case of M, the state space S(D) is in fact a
convex set, just like Pr({1, ..., n}). Hence we can again determine the boundary
of S(D) and call it the pure state space of D. Once again, these pure states have a
specific form.

Corollary 2.13 For every pure state f on D there is ani € {1, ..., n} such that
f(a) = a;; foralla € D.

Proof By Theorem 2.12 we know that the states on D correspond to Pr({1, ..., n}),
and by Lemma 2.8 we then know that we only have to determine the boundary of
Pr({1, ..., n}).If we show that these are exactly those probability distributions that
have a unique j such that p(j) = 1 and p(k) = 0 for all k # j, we are done.

So, suppose that p € 9, Pr({1, ..., n}). By definition of a probability distribution,
we have p(j) € [0, 1] for all j. Suppose that p(j) € (0, 1) for some j. Then there
must be a k # j such that p(k) € (0, 1) as well. Then there is a ¢ > 0 such that

[p(j) —e&, p(j) +e] €0, 1]

and
[pk) — &, p(k) +€] € [0, 1].

By the same reasoning as in the proof of Corollary 2.9, p is not an extreme point.
Contradiction. Hence there is no j such that p(j) € (0, 1), so all p(j) € {0, 1}.
Therefore, there is a unique j such that p(j) = 1 and p(k) = 0 forall k # j.

Now suppose p is a probability distribution such that there is a unique j such that
p(j) = 1l and p(k) = O for all k£ # j. Then suppose that we have a ¢ € (0, 1) and
r,q € Pr({l,...,n}) such that p = tr + (1 — t)q. Suppose that r(j) # 1. Then
r(j) < 1, since all #(k) > 0 and >, r(k) = 1. Then ¢(j) > 1, which is a con-
tradiction. Hence r(j) = 1. Likewise, ¢(j) = 1. Then, since r, g € Pr({1, ..., n},
r(k) =0 = g(k) for all k # j. Therefore p = ¢ = r and p is an extreme point. []

2.2 Extensions of Pure States

We have now established the ingredients to get to the main point of this chapter. By
definition of the state spaces, it is clear that when restricting a state on M one obtains
a state on D. The question we can now ask ourselves is whether this restriction
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determines the original state completely, i.e. whether we can uniquely extend a state
on D to a state on M. It turns out that it does when we consider pure states, as
formulated in the following theorem.

Theorem 2.14 For every pure state f on D there is a unique pure state g on M that
extends f.

Proof Let f be a pure state on D. By Corollary 2.13, thereisani € {1, ..., n} such
that f(a) = a;; foralla € D.
Now simply define the linear function g : M — C by

g(a) = aii
foralla € M. Then clearly, g(a) = a;; = (e;, ae;) > Oforalla > 0, so g is positive.
Furthermore, g is obviously unital, so g is a state that extends f.
Suppose that ¢’ is another pure state that extends f. Then by Corollary 2.9, there

isa v € C" such that g’'(a) = (Y, ay) foralla € M.
Let us write = >, cxex. Then, since |e;) (ex| € D for all k:

ek > = &' (lex) (ex]) = f(lex) (ex]) = Six
Therefore, Y = c;e;, with |c;| = 1. Then for any a € M,
g'(a) = (¥, ay) = Cicile;, ae;) = |cil*ai; = aii = g(a),

so g’ = g, and g is the unique pure state extension of f. (I



Chapter 3
State Spaces and the Kadison-Singer
Property

In Chap.2 we discussed the extension of pure states from the algebra of diagonal
matrices D to the algebra of matrices M. In this chapter, we formulate the question
whether this is possible in a much broader setting. Instead of M we consider B(H)
for some Hilbert space H, and instead of D we consider abelian C*-subalgebras A of
B(H). Having again defined (pure) states, we will likewise ask the question whether
a unique extension property holds. This property is the so-called Kadison-Singer

property.

3.1 States on C*-Algebras

Using the notion of positivity as introduced in Definition B.18, we can define states.

Definition 3.1 Let A be a unital C*-algebra. A state on A is alinearmapf : A — C
that is positive (i.e. f(a) > 0 for all @ > 0) and unital (i.e. f(1) = 1). The set of all
states on A is denoted by S(A) and is called the state space of A.

The condition of being positive has a very important consequence for states.

Proposition 3.2 Suppose A is a unital C*-algebra and f € S(A). Then
sup{[f(@)| :a € A, |lall = 1}
is finite, i.e. S(A) C A*.

Proof First suppose that sup{|f(a)| : |lal| = 1,a > 0} is infinite. Then there is a
sequence {a,},en such that |f(a,)| > 2", a, > 0 and ||a,|| = 1 for all n € N. Then
a= Z;’;l 27"a, exists and is positive too. Then, by linearity, 1 < f(27"a,) for all
n € N. Hence we have
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N N
N <D fC"a) = 27"a,) < fla),

n=1 n=1

i.e. N <f(a) for all N € N. This is a contradiction, so
M :=sup{[f(a)| : llall = 1,a = 0}

is finite. Now let a € A be an arbitrary element such that ||a|| = 1. Then a can be
written as a = Zzzo i*a; where all @, > 0 and |la;|| < 1 by Proposition B.20.
Therefore,

3 3 3
@)l = Lf(kz(; ihap)| = (kz(;i"ﬂak)\ = Dhaull (52 = 4.

L.e. supy = lf (@] is finite too. O
When considering states, the following result is often useful.

Lemma 3.3 Suppose A is a C*-algebra and f € S(A). Then the map
A? = C, (a,b) — f(a*b)
is a pre-inner product and hence for every a, b € A we have
f(@*b)l < f(aa)f (b*b)'/>.

Proof Since f is positive, this is immediate from Corollary A.2 and the Cauchy-
Schwarz inequality for pre-inner products. (]

This has the following corollary:

Corollary 3.4 Suppose A is a unital C*-algebra and f € S(A). Furthermore, let
a € A. Then f(a*) = f(a).

Proof We use Lemma 3.3 to see that f(a*) = f(a*1) = f(1*a) = f(a). (I

Since every state is bounded by Proposition 3.2, we can consider its norm. Using
this, we can give a different characterization of states.

Proposition 3.5 Suppose that H is a Hilbert space and A is a unital C*-subalgebra
of B(H). Furthermore, let f : A — C be a bounded functional such that f (1) = 1.
Then f is positive (and hence a state) iff ||f] = 1.

Proof First suppose that f is positive. Since || 1|| = 1, ||f]| = |f(1)| = 1.
Now let a € A such that ||a|| = 1. Then, using Lemma 3.3,

f@P = f(a)]* < f(*Df(@a) < fDIflla*al = IIf]]
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Therefore,
IF1I> = sup [f(@* < IIfII.

llall=1

whence |f]| < 1. So |f]| = 1.
For the converse, suppose that ||f|| = 1. Let a € A be self-adjoint and let n € Z.
Since f(a) € C, we can write f(a) = o + i, with «, 8 € R. Furthermore, denote

c = ||d?|l.
Then:
If(a+inD)|* < IfI*lla +inl|* = l|(a + inl)*(a + in)]|
= |l(a —inl)(a + inD)|| = ||la* + n*1]

< & +n|1]| = ¢ + n?

Moreover,

If(a+inD)|* = |f(a) + inf (D> = |« + iB + in|?
=a’+ B+n?=a?+p>+2Bn+n’

Collecting this, we obtain the inequality:

o> + B +2Bn+n* <c+n.

Rewriting this, we obtain:

2Bn < c¢—a®— B2

If B # 0, then we obtain for every n € Z:
2 g2
pn< ¥ P
= 28
which is a contradiction since the right hand side is independent of n. Hence 8 = 0,
. Since a is self-adjoint, b is self-adjoint

sof(a) = «a,i.e. f(a) is real.
Now leta > 0, a # 0 and write b = I%
and ||b]| = 1. We claim that 1 — b is positive. To see this, let x € H and compute:

(xr, (1= b)x) = (x, x) = (x, bx) > |lxl® = [lxll1bxl| = [x]1* = [1601x]% = 0

So, indeed 1 — b is positive and hence also self-adjoint. Since 0 < 1 —b < 1 we also

have |1 — b|| < 1. Then:
L—f)=f) —f)=fA=b) <|f(A=D)| < fII1—bll <1,
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whence f(b) > 0. Then also f(a) = |la||f (b) > 0. Since we obviously also have that
f(0) > 0, f is positive. O

Since all states on a unital C*-algebra A are bounded by Proposition 3.2, S(A)
inherits the weak*-topology from A* (see Sect. B.1). With respect to this topology,
S(A) has an important property.

Proposition 3.6 Let A be a unital C*-algebra. Then S(A) € A* is a compact Haus-
dorff space.

Proof We first claim that S(A) € A* is closed with respect to the weak*-topology.
To see this, suppose that {f;} is a net of states converging to a certain f € A*. By the
definition of the weak*-topology, this means that f (@) = limf;(a) for all a € A.

So, certainly, when taking a = 1, it follows that f(1) = limf;(1) = lim1 = 1,
since every f; is a state. Furthermore, if a > 0, then f;(a) > 0 for every i, so then
f(a) = limf;(a) > 0 as well. So, indeed, f € S(A), i.e. S(A) is closed with respect
to the weak™-topology on A*.

Now, by the Banach-Alaoglu theorem (see Theorem B.1), the closed unit ball
A7 of A* is compact with respect to the weak*-topology and by Proposition 3.5
S(A) € A}. Hence S(A) is closed with respect to the relative topology on A}, which
is a compact space. Hence S(A) is compact with respect to the relative topology and
therefore with respect to the weak*-topology.

Next, to see that S(A) is Hausdorff, suppose f, g € S(A) such that f # g. Then
there is an a € A such that f(a) # g(a). Therefore, § := |f(a) — g(a)| > 0. Now
consider U = B(f, a, $)NS(A) and V = B(g.a, $)NS(A). Thenboth U, V < S(A)
are open and f € U, g € V. Furthermore, h € U N V implies

)
If (@) — g(@)| < |f(@) — h(a@)| + |h(a) — g(a)| < 3t5= 8,

which is a contradiction. Hence U NV = @. Therefore, S(A) is Hausdorff. [

3.2 Pure States and Characters

Just like in Chap.2, we note that S(A) is convex for every unital C*-algebra A.
Therefore, we can again consider its boundary 9,5(A) and call this the pure state
space of A. It turns out that in the case that A is abelian, the pure states are exactly the
characters (see Definition B.23). To prove this, we first need an equivalent definition
of pure states in terms of positive functionals.

Lemma 3.7 Suppose H is a Hilbert space and A C B(H). Furthermore, suppose
f € SA). Thenf € 3,S(A) ifand only if forall g : A — C such that 0 < g < f we
have g = tf for some t € [0, 1].
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Proof Suppose f € 9,5(A) and g : A — Csuch that 0 < g < f. Since 1 > 0, then
0<g) <f()=1.

Now, there are a few cases. First of all, suppose g(1) = 0. Then let @ € A be
positive. Then by Lemma B.22, 0 < ”Z—” < 1, whence 0 < a < ||a||1. Therefore,

0 <g(a) = g(lalll) = llallg(1) = 0.

Since every b € A can be written as b = Zi:o i*by for some by > 0, g(b) = 0 for
everyb e A ie. g =0.

As a second case, suppose g(1) = 1. Thenf — g > 0 and (f — g)(1) = 0, so by
the same reasoning as in the first case, f — g = 0,1.e. g = f.

Lastly, there is the case 0 < g(1) < 1. In this case, define two functionals g; and
g by g = m(f —g)and g, = ﬁ g. Then clearly, g; and g, are both positive
and g;(1) = g2(1) = 1, s0 g1, g2 € S(A). Furthermore,

(1I1-gMg1+gMgo=f—-—g+g=f

andf € 9,5(A), so g1 = g2 = f. Therefore, g = g(1)g> = g(1)f.

In all cases, we see that g = g(1)f, and g(1) € [0, 1].

For the converse, suppose that for all g : A — C such that 0 < g < f there is a
t € [0, 1] such that g = #f. Then suppose that &, i, € S(A) and s € (0, 1) such that
f=shi+ (1 —s)hy. Then f — sh; = (1 — s)hy > 0,500 < sh; <f. Hence, there
isat € [0, 1] such that sh; = tf. However, s = sh (1) = #f (1) = t,so h; = f. Then
also hy =f,s0f € 3,5(A). O

Now we can come to our main point; the pure states are exactly the characters,
which are defined as in Definition B.23. In Chap. 2, we already saw that every pure
state on D was of the form f(a) = a;;, which is clearly multiplicative on the diagonal
matrices, i.e. 3,S(D) € §2(D). Therefore, the following theorem can be seen as a
generalization.

Theorem 3.8 Suppose H is a Hilbert space and let A C B(H) be an abelian unital
C*-algebra. Then 9,S(A) = 2(A).

Proof Firstlet f € 9,5(A). Let a, ¢ € A and first suppose that 0 < ¢ < 1. Now let
b € Asuchthat b > 0.
Then ¢ = d*d, 1 — ¢ = u*u and b = v*v for some ¢, u, v € A. Therefore,

bc =vvd*d = d*v*vd = (vd)*vd > 0

and
b—bc=>b(l—c)=vvw'u=u"vivu=uvu>0,

so0 < bc <b.
Now define g : A — C by g(z) = f(zc¢) for all z € A. Combining the fact that
f = 0 and the above observation that bc > 0 for all » > 0, we see that g > 0.
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Furthermore, for b > 0, b > bc and hence
(f —8) () =f () —f(be) =f(b—bc) =0,
so g < f.Now using Lemma 3.7, we know that g = #f for some ¢ € [0, 1]. Now
flac) = g(a) = 1f (a) = tf (Df (a) = g(D)f (@) = f(c)f (@) = f(a)f (c).

If we now drop the requirement that 0 < ¢ < 1, we observe that we still have
c= Zk o icx for some ¢, > 0, by Proposition B.20.
Then ¢ = Zk o i llexll 7 < % < 1 by Lemma B.22, whence

- HC =

HC&II

(ac) (azl ”Ck” ||CA||) = Zl ”Ck”f(a ||CI<H

= ZZ ||Ck|lf(d)f( ”CAH (a)f(zl "ck” HCkll

k=0 k=0

= f(a)f (o),

ie.f € £2(A), since f(1) = 1 and hence f # 0. Therefore 9,S(A) C §2(A).
For the converse, suppose ¢ € §2(A). Then ¢(1) = 1 by Lemma B.24. Further-
more, for a € A, by Lemma B.24,

c(a*a) = c(a*)c(a) = c(a)e(a) = |c(@)|* = 0,

so ¢ > 0. Since c is also linear, ¢ € S(A).

Now we claim that in fact ¢ € 9,S(A). To see this, suppose that ¢ € (0, 1) and
¢y, ¢y € S(A) such that ¢ = tcy + (1 — t)c,. Furthermore, suppose that a = a* € A.
Then c;(a) € R, since ¢; > 0 and ¢;(a)? = |c; (1*a)|*> < ci(1*Dei(a*a) = ¢1(a?).
Likewise, ¢2(a)? < ¢2(a?).

Since c is a character, we can compute:

0= c(az) — c(a)2
= tc1(a®) + (1 — ez (@) — (ter (@) + (1 — Hea(@))?
=1c1(a®) + (1 = Nea(d®) — Per(@)? — (1 = 1)3ca(a)? = 2¢(1 — ey (a)ea(a)
> te1(a)” + (1 — Dea(@)? = Pei(@)® — (1 — D)%ea(@)* = 2t(1 — Dey(@)ea(a)
=@t — i@’ + (1 —1) — (1= 7ea@)? = 2t(1 = ey (@)ea(a)
=1(1 — )(c1(a)” + c2(@)* = 2c1(a)ca(a))
=1(1 = 1)(c1(a) — c2(a))* = 0,
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i.e. ci(a) = cp(a) for all a = a* € A. Therefore, for any b € A, b = a; + ia, with
a) = aj,a, = a; € A, whence ¢;(b) = c,(b) by linearity. Therefore c; = ¢, = ¢
and ¢ € 9,S(A). O

The above theorem is remarkable, since the algebra B(H) for a Hilbert space H of
dimension at least 2 does not even admit any characters. This follows directly from
the fact that B(H) is non-commutative in this case.

Furthermore, Theorem 3.8 has the following corollary.

Corollary 3.9 Suppose A is an abelian unital C*-algebra. Then 9,S(A) is compact
Hausdorff with respect to the weak*-topology.

Proof Since 9,5S(A) C S(A) and S(A) is Hausdorff, we know that 9,5 (A) is Hausdorff
too. In fact, we only need to show that £2(A) = 9.S(A) is closed in S(A), since S(A)
is compact by Proposition 3.6. To prove this, we show that U := S(A) \ £2(A) is open
in S(A). For this, suppose f € U. Then there are a, b € A such thatf (a)f (b) # f(ab).
Since every element of A can be written as a sum of positive elements (see Proposition
B.20) we know that we can then assume that a and b are positive.

Now, since A is abelian we then also know that ab is positive. Hence f(a), f (b)
and f (ab) are positive numbers. If we now suppose that f(a)f (b) > f(ab), we can
define § = f(a)f (b) —f (ab) > 0. Next, define &, Using this, we define
¢ = min{ey, f(a),f(b)} > 0.

Then, take g € B(f, a, ¢) N B(f, b, &) N B(f, ab, ¢) N S(A). Then we have

_ )
— f@+f(b)+1°

g(a)g(b) — g(ab) > (f(a) — &)(f(b) — &) — (f(ab) + &)
= f(@)f (b) — f(ab) — e(f(a) +f(b) + 1) + &
>8§—¢e(f(a) +f(b)+1)
>8—-6=0,

i.e. g(a)g(b) # g(ab). Hence g € U. A similar argument works if f (a)f (b) < f(ab).
Hence U is open. Therefore, 9,S(A) = £2(A) € S(A) is closed and hence a compact
Hausdorff space. O

3.3 Extensions of Pure States

Recall that our goal is to generalize the concept of the extension of pure states from
the algebra of diagonal matrices D to the algebra of all matrices, M. We have already
generalized D € M to A € B(H) for a Hilbert space H and an abelian unital C*-
subalgebra A. In this case it is important to note that the pure states on A are in fact
characters. These cannot be extended to characters on all of B(H), since the latter
do not exist. However, they might be extended to states on all of B(H). The question
whether this is possible is the one we are interested in.
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Definition 3.10 Let H be a Hilbert space and A an abelian unital C*-subalgebra of
B(H). Furthermore, let f € S(A). We define the set of extensions of f to be:

Ext(f) = {g € S(B) : gla =f}.

In Chap. 2 we showed that for the case H = C" and A = D, for each f € 9,S(D)
the set Ext(f) N 9,S(M) consists of exactly one element, i.e. every pure state on D
extends to a unique pure state on M. This motivates the following definition.

Definition 3.11 Let H be a Hilbert space and A an abelian unital C*-subalgebra of
B(H). We say that A has the first Kadison-Singer property if for every f € 9.S(A),
Ext(f) N 0.S(B(H)) consists of exactly one element.

We may also drop the requirement that the unique extension must be pure. Then
we obtain another property.

Definition 3.12 Let H be a separable Hilbert space and A an abelian unital C*-
subalgebra of B(H). We say that A has the second Kadison-Singer property if for
every f € 9,S(A), Ext(f) consists of exactly one element.

A priori, it is unclear whether the first Kadison-Singer propery implies the second,
since Ext(f) might contain more elements than Ext(f)Nd,S(B(H)). Likewise, the one
element in Ext(f) might not be in 9,S(B(H)), whence the second Kadison-Singer
property might not imply the first. However, it turns out that the first and second
Kadison-Singer property are in fact equivalent. To prove this, we first need a lemma
and note that for every f € S(A), Ext(f) is a convex set, whence we can consider its
boundary.

Lemma 3.13 Let H be a separable Hilbert space and A an abelian unital C*-
subalgebra of B(H). For every f € 3,S(A) we have the following identity:

3,Ext(f) = Ext(f) N 8,S(B(H)).

Proof C :1tis clear that 0.Ext(f) < Ext(f). To see that d.Ext(f) < 9,S(B(H)),
suppose that g € 9. Ext(f), that hy, h, € S(B(H)) and that ¢t € (0, 1) such that
g =thy + 1 —nhy.

Let k| and k, be the restrictions of /; and A, to A, respectively. Then, clearly, k;
and k, are both states on A and we have f = tk; + (1 — 1)k,. Since f is a pure
state on A, this means that k; = k, = f.

Therefore, hy, hy € Ext(f), and since g € d,Ext(f), this means that g = h; = hs.
Therefore g € 9,S(B(H)). Hence d,Ext(f) € Ext(f) N 3,S(B(H)).

U

: Suppose that g € Ext(f) N 9.S(B(H)) and ¢t € (0, 1) and hy, hy, € Ext(f) such
that g = thy + (1 — t)hy. Then also hy, h, € S(B(H)) and since g € 9,S(B(H))
we then have h; = hy = g. Therefore g € 9,Ext(f). ]
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Theorem 3.14 Let H be a Hilbert space and A an abelian unital C*-subalgebra of
B(H). Then A has the first Kadison-Singer property if and only if it has the second
Kadison-Singer property.

Proof Suppose A has the first Kadison-Singer property and let f € 9,S(A). Then, by
assumption Ext(f) N 9,S(B(H)) consists of exactly one element, so by Lemma 3.13,
d.Ext(f) consists of exactly one element.

Now, note that Ext(f) is convex and is a closed subset of the compact set S(B(H)).
Therefore, Ext(f)) is convex and compact and the Krein-Milman Theorem (B.4) can
be applied to it, i.e. Ext(f) = co(d.Ext(f)). However, d,Ext(f) consists of exactly
one element, whence co(d.Ext(f)) consists of exactly one element. Therefore, Ext(f)
contains exactly one element, and A has the second Kadison-Singer property.

For the converse, suppose that A has the second Kadison-Singer property and
let f € 9,S(A). Then Ext(f) contains exactly one element, so d,Ext(f) = Ext(f)
and hence d,Ext(f)) consists of one element as well. By Lemma 3.13, we then know
that Ext(f) N 9,S(B(H)) consists of one element, i.e. A has the first Kadison-Singer
property. ]

By the above theorem, we can drop the adjectives ‘first” and ‘second’ and just
speak of one property.

Definition 3.15 Let H be a Hilbert space and A an abelian unital C*-subalgebra of
B(H). Then we say that A has the Kadison-Singer property if it has either (and
hence both) the first or second Kadison-Singer property.

From now on, the main goal of this text is to classify the examples of a Hilbert
space H and an abelian unital C*-subalgebraA C B(H) that have the Kadison-Singer
property.

3.4 Properties of Extensions and Restrictions

The Kadison-Singer property concerns two parts; existence and uniqueness. The
following theorem shows that the first is never an issue.

Theorem 3.16 Let H be a Hilbert space and A a unital abelian C*-subalgebra of
B(H). Furthermore, let f € S(A). Then Ext(f) # @.

Proof f € S(A), soby Proposition 3.5 ||f|| = 1. Since A C B(H) is alinear subspace,
there is a functional g : B(H) — C that is an extension of f and || g|| = ||f|| = 1, by
the Hahn-Banach theorem (see Theorem B.2).

Since 1 € A € B(H), g(1) = f(1) = 1. Using Proposition 3.5 in the reverse
direction, it follows that g € S(B(H)). Therefore, g € Ext(f), i.e. Ext(f) #¢. O
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Now that we know that an extension always exists, we only have to focus on
uniqueness when we want to answer the question whether a given algebra has the
Kadison-Singer property. By the following proposition, we know more about an
extension in the case it is unique. For this, we use the notion of state-like functionals,
which is introduced in Definition C.9.

Proposition 3.17 Suppose H is a Hilbert space and suppose that A € B(H) is a
unital abelian C*-subalgebra. Furthermore, let f € 0,S(A) such that Ext(f) = {g}.
Then for each self-adjoint a € B(H),

g(a) =sup{f(b) :be A, b<aj.

Proof By positivity of f, it is clear that the equation holds for any a € A.
Next, suppose a ¢ A. Then note that A + Ca is a self-adjoint linear subspace of
B(H) that contains the unit. Then define

oa=sup{f(b):beA,b<a},
and, using this, define 4 : A + Ca — C, by
X4+ ra — f(x) + Aa.

Note that this is well defined, since x + Aa = y + puaforsomex,y € Aand A, u € C
implies (u —A)a =x—y € A,so u — A = 0, since a ¢ A. Therefore, © = A and
X =y.

Now, & is obviously linear and £ also preserves adjoints, since f is a state. Next,
we want to show that £ is positive on the positive elements of A + Ca. So, suppose
that x + Aa > 0.

If A =0,thenx > 0,s0 h(x + Xa) = f(x) > 0. If L > 0, then x > —AXa, so
—2x <agand =17 1x € A, sof(—)ﬁlx) < «. Therefore,

h(x + ra) = f(x) + ra = A(a — f(=2"'x)) > 0.

Finally, if A < 0, then —A~'x > a, so f(—A~'x) > f(b) for every b € A such that
b<a<—2lx Therefore,f(—)ﬁlx) > «. So certainly,

h(x + ra) = f(x) + Aa = —A(f(—=2"'x) —a) > 0.

Therefore, h is positive on the positive elements of A 4+ Ca, i.e. & is a state-like
functional (see Definition C.9). Therefore, by Theorem C.10, & extends to a state-
like functional k on B(H). However, state-like functionals on a C*-algebra are clearly
states, so k € S(B(H)). Furthermore, forx € A C A + Ca, k(x) = h(x) = f(x), i.e.
k € Ext(f) = {g}. Therefore, since a € A + Ca, g(a) = k(a) = h(a) = «. O

In studying extensions of pure states, it is also useful to understand the reverse
direction: restriction. For this, we have the following lemma.
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Lemma 3.18 Suppose A is a C*-algebra and C € A a C*-subalgebra. Then the
restriction map

@ :SA) — SO).f = flc,
is continuous.

Proof Note that the state spaces S(A) and S(C) are endowed with the weak*-topology
(see Sect. B.1). Therefore, let f € S(C), c € C and ¢ > 0, i.e. let B(f, ¢, &) € S(C)
be an arbitrary subbase element. We now prove that the set @' (B(f, ¢, £)) € S(A)
is open.

To do this, let g € @' (B(f, ¢, €)). Then |® (g)(c) —f(¢)| < &, sothereisas > 0
such that |@(g)(c) — f(c)| < & — 6. Thenleth € B(g, ¢, §). Then

D(h)(c) —f) = |P(h)(c) — P(g) ()| + |P(g)(c) — f(o)]
< |h(c) —glo)+e—3§
<d+e—9§

=€,

whence h € ¢’1(B(f, ¢, €)). Therefore, B(g,c,8) C @’1(3(}”, c, &)), i.e. the set
(P_l(B(f, ¢, €)) is open. Hence @ is continuous. O



Chapter 4
Maximal Abelian C*-Subalgebras

In Chap. 3 we introduced the Kadison-Singer property and declared our main goal
to be classifying Hilbert spaces H and abelian unital C*-subalgebras A € B(H)
that have this property. In this chapter we show that in order to satisfy the Kadison-
Singer property, the subalgebra A needs to be maximal. Next, we will discuss some
important examples of such maximal abelian C*-subalgebras.

4.1 Maximal Abelian C*-Subalgebras

For a fixed Hilbert space H, we can consider all unital abelian C*-subalgebras of
B(H) and collect them in C(B(H)). For every element of A € C(B(H)), we can
ask ourselves whether A has the Kadison-Singer property with respect to B(H). It
turns out that only maximal elements of C(B(H)) can possibly have the Kadison-
Singer property with respect to the canonical partial order < on C(B(H)) given by
inclusion, i.e. for A;, A, € C(B(H)) we have A| < A, iff A; C A,. Since it would
only be tedious to use the symbol <, we just use the inclusion symbol C to denote
the partial order.

Since (C(B(H)), €) is now a partially ordered set, we can consider its maximal
elements.

Definition 4.1 Suppose H is an Hilbert space and A; € C(B(H)).Then A is called
maximal abelian if it is maximal with respect to the partial order ‘C’ on C(B(H)),
i.e.if A; € A, for some A, € C(B(H)), then necessarily A} = A,.

Maximal abelian elements of C(B(H)) have a very nice description in terms of
the commutant.

Definition 4.2 Suppose X is an algebra and S € X is a subset. We define the
commutant of S to be
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S :={x € X|sx =xsVs €85},

i.e. the set of all x € X that commute with all of S.

We denote the double commutant of a subset S of an algebra X by §” := (5"’
and likewise S = (S8”)’. The proofs of the following properties of the commutant
are trivial.

Lemma 4.3 Suppose X is an algebra and S, T C X are subsets. Then:

1. S C S iff S is abelian.
2. If SCT,thenT C S
3. SCs”.
4.5 =8"

We can now give a description of maximal abelian subalgebras in terms of the
commutant.

Proposition 4.4 Suppose A is a subalgebra of B(H), for some Hilbert space H.
Then the following are equivalent:

1. A e C(B(H)) and A is maximal abelian;
2. A=A

Proof Suppose A € C(B(H) is maximal abelian. Since A is abelian, A C A’.

Now let b € A’ and let C be the smallest C*-subalgebra of B(H) that contains A
and b. Then since b commutes with all of A, C is abelian and unital, since we have
1 € A C C. Therefore, C € C(B(H)) and A C C. However, A was assumed to be
maximal, whence C = A.Hence b e C = Aand A’ C A,s0 A’ = A.

For the converse, suppose that A = A’. Firstnote that 1 € A’ = Aand A C A/,
so A € C(B(H)). Now suppose that C € C(B(H)) such that A € C. Then C is
abelian, so C € C' € A’ = A, whence A = C and A is maximal. O

The above proposition justifies dropping the adjective ‘unital’ when we defined
maximal abelian subalgebras.

‘We now come to the main result in this chapter: only maximal abelian subalgebras
can possibly have the Kadison-Singer property.

Theorem 4.5 Suppose that H is a Hilbert space and that A € C(B(H)) has the
Kadison-Singer property. Then A is maximal abelian.

Proof Suppose C € C(B(H)) such that A € C. We will show that the pure state
spaces 9,S(C) and 9,S(A) are isomorphic. To do this, first construct the map:
@ :9,85(C) = 3.5(A), f— fla

Since the pure states are exactly the characters on an abelian C*-subalgebra (see
Theorem 3.8) and f|4 is therefore a non-zero restriction of a character, we know that
fla € 2(A) = 09,S(A) forall f € 9,5(C). Therefore, @ is well defined.
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For any g € 9,S(A), we know that Ext(g) contains exactly one element. Denote
this element by g. Using this, we can construct the following map:

v :9,8(A) — 3,5(C), g+ Zlc

To show that this map is well defined, let g € 9,S(A). Note that g is a state on
B(H), and g|c is therefore a state on C, since positivity and unitality are clearly
preserved under restriction. Now write 4 = g|¢ and suppose h = thy + (1 — t)h,
for some t € (0, 1) and hy, hy € S(C). By Theorem 3.16 we can find k; € Ext(h)
and k, € Ext(h;). Then k|4 = hy|s and kz|4 = h2a|4a, SO

g=gla=hla=thila+ A =0hs|s =thi|sa + (1 = t)ka|4.

However, g € 0,S(A), so ki|a = ka|a = g, 1.e. k1, ky € Ext(g).Sok; =k, = g.

Then hy = k{|c = g|c = h and likewise hy, = h,i.e. h € 3,S(C), as desired.

The only thing left to show is that @ and ¥ are each other’s inverse. First, let
g € 9,S(A). Then (@ o ¥)(g) = gla = g, since g € Ext(g). Hence @ o ¥ =1Id.

Next, let f € 9,S(C). Choose h € Ext(f), which exists by Theorem 3.16. Then
certainly & € Ext(f|4). However, by assumption Ext(f[4) contains exactly one
element, so h = f|4. Hence

W o ®)(f) = (fIn)lc =hlc = f,

since h € Ext(f). Therefore, ¥ o @ = Id.

Hence @ : 9,S(C) — 9,S(A) is a bijection. It is also continuous by Lemma 3.18.
By Corollary 3.9 we know that 9, S(C) and 9,5 (A) are both compact Hausdorff, so by
Lemma A.13 @ is in fact a homeomorphism. Therefore, @ induces an isomorphism

@* : Co(0.5(A)) — Co(9.5(C))

given by @*(F)(f) = F(@(f)).
Using the Gelfand representation (Theorem B.25) twice, i.e. using the isomor-
phisms
Ga:A— Co(£2(A)) = Cp(3.5(A)), (Gal@)(f) = f(a)

and
Gc : C — Co(82(C)) = Co(3.5(C)), (G () (f) = f(c),

we can construct an isomorphism F = GEI o @* o G4 such that the following
diagram commutes:
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A~ c(a.8(A)

|r o
c —% ¢(3.5(C))

We now claim that F' is in fact given by the inclusion map i : A — C. To see
this, leta € A and f € 9,S(C). Then:

(@0 GA)(@)(f) = P (Ga(@)(f) = Ga(@)(P([))
=@ (f)a) = flala) = (f oi)(a)
= f(i(a)) = Gc(i(a)(f)
= (G oi)(@)(f).

Hence @* oG, = Gcoi,soindeedi = GEI o®* oGy = F.So the inclusion map
i : A — Cis anisomorphism,ie. A = C.
Therefore, A is maximal abelian. U

Thus, in our search for a classification of subalgebras with the Kadison-Singer
property, we now merely have to focus on maximal abelian subalgebras.

4.2 Examples of Maximal Abelian C*-Subalgebras

It is time to give some key examples of maximal abelian C*-subalgebras, since
these are the only ones that can possess the Kadison-Singer property. In Chap.2 we
proved that D € M has the Kadison-Singer property (Theorem 2.14). Together with
Theorem 4.5, this implies that D € M is maximal abelian. However, one can also
prove this directly by an easy proof.

For infinite-dimensional separable Hilbert spaces, examples of maximal abelian
C*-subalgebras become more involved.

4.2.1 The Discrete Subalgebra
One of the most important examples of a Hilbert space is the space £2(N), defined as

CN)={f:N—>C| D |fm < oo}.

neN

This space has a natural inner product

(f.8) =D fmgm),

neN
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which makes ¢2(N) a Hilbert space. £2(N) is separable because the functions {5, },en
defined by §,,(m) = §,,, form a countable basis.
We can also consider the bounded functions on N, given by

LP(N)={f:N—> C| su§|f(n)|<oo}.

It is clear that £°°(N) is an abelian algebra under pointwise operations. Defining the
adjoint operation pointwise as f*(n) = f(n), £>°(N) becomes a C*-algebra in the
norm

flloo = sup | f(m)].

neN

We can now define the very important map
M : (®(N) — BU*(N)), f — My,

defined by
(My(9)(n) = f(n)g(n).

This is a well-defined norm-preserving injective *-homomorphism, and is called the
multiplication operator. The proof of this is rather tedious, but mostly trivial.

Because of this fact, we can identify £°°(N) with the subalgebra M (£°(N)) of
B(£*(N)). We will tacitly use this identification.

Proposition 4.6 The subalgebra ¢°(N) C B(¢*(N)) is maximal abelian.

Proof £°°(N) is abelian, so £*°(N) C £*°(N)'.
Now let T € £*°(N)'. Define f : N — C by

f(n) == (T () (n).

Foreveryn e N, [|§,|| = 1, so

FIP =TGN < DTGNP = ITEHI” < T

meN

Therefore, sup, .| f(n)| < IIT ||, i.e., f € £°(N).
Now take ¢ € £2(N). Then for any n, m € N we have:

(M;,(9))(m) = 8pmp(m) = ¢p(n)8um = ¢ ()8, (m),

ie. Ms, (¢) = ¢p(n)d, foralln € N.
Therefore, for all n € N:
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(T (p(n)) = (Ms,T)(9))(n) = (T Ms,)(¢))(n)
= ¢ ) (T (6,))(n) = ¢(n) f(n) = (My($))(n),

where we used the fact that 7 € £°°(N)" and hence commutes with Mj, .

So, T(¢) = M;(¢), but ¢ € £>(N) was arbitrary, so T = M € £°(N). This
proves that £%°(N)" C £°°(N). Therefore £*°(N) = £*°(N)/, so £°(N) € B({*(N))
is maximal abelian. ([l

There is considerable similarity between the case D C M that we treated in
Chap.2 and ¢£>*°(N) € B(£*>(N); the latter can be viewed as the infinite-dimensional
version of the first. We can make this observation more precise by rewriting the case
D € M in a suitable fashion.

To do this, for every n € N write n = {1, ..., n} and define

tn)={f:n—C}.

Note that in comparison with the infinite case, in this case it does not matter whether

we take all functions (like we did now), or the square-summable functions (which

would give £2(n)) or the bounded functions (£*°(n)), since these are all the same.
Furthermore, we can endow £(n) with a canonical inner product

(f.8) =D flkgk)

ken

which makes ¢(n) a Hilbert space. As a Hilbert space, £(n) is clearly isomorphic to
C" under the canonical isomorphism

tn) - C, f>(fQ),.... f()).

This isomorphism induces an isomorphism between operators on £(n) and oper-
ators on C", explicitly given by

¢ Bt(n) = M,(C), o(T);; = (T(5;)().
Just as in the infinite-dimensional case, we can define a multiplication operator
M :l(n) — B((n), f > My, My(p)(m) = f(m)p(m)

Since we are now dealing with the finite case, there is no question whether this map
is well defined, since all linear operators are automatically bounded. Just like in the
infinite case, we can identify £(n) with M (¢(n)) € B(£(n)).

The main point is the following: it is easy to see that the diagonal matrices,
as discussed in Chap. 2, exactly correspond to the multiplication operators. To be
more precise, we have that for every n € N the restriction of the isomorphism
¢ : B(t(n)) -> M, (C) to £(n) gives an isomorphism between £(n) and D, (C).
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Summarizing, we see that the finite-dimensional case and the infinite-dimensional
case are not that different. Therefore, we introduce one general description. Let X
denote the cardinality of N and write Ry = N. The expression ‘1 < j < Ry’ means
‘either j € N or j = Ry’. This can be made more precise by adding a maximal
element R to the totally ordered set N.

Definition 4.7 Let 1 < j < R¢. Then Ay(j) is the subalgebra £>°(j) < B(@z(i’))
that acts on the Hilbert space 2 i ) via the multiplication operator. We call A;(j)
the discrete subalgebra of cardinality ;.

Note that we have used the identification E(J) = EZ(J) = Z°°(j) for j € N.
Discrete subalgebras provide key examples of maximal abelian subalgebras and will
play a major role in our further discussion.

4.2.2 The Continuous Subalgebra

Another important example of a maximal abelian subalgebra is non-discrete. As an
introduction to this example, we consider all measurable functions from [0, 1] to C:

Z(0,1) :={f :[0,1] - C| f is measurable},

where we use the standard Lebesgue measure p on [0, 1]. We define a relation ~ on
Z(0,1) by
f~g= n{xe€l0,1]: f(x) #gx)}) =0.

We sometimes denote the latter condition as u(f # g) = 0. It is clear that ~ is
an equivalence relation on F (0, 1), so we can define:

F(0,1) := F(0,1)/ ~ .

We denote equivalence classes in F' (0, 1) by [ f], where f € F(0, 1) is a represen-
tative. (0, 1) is an algebra under the canonical operations A[ /] + [g] = [Af + g]
and [ f]1[g] = [fg]. Using this, it is easy to see that the function

D F(0,1) — [0,00], [f]+> | £ (x)]*dx
[0,1]

is well defined.
Then, we can define a new space, which we call the space of square-integrable
functions:
L*(0,1) ;= {y € F(0,1) | L(¥) < oo}.
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One of the most important results of basic functional analysis is that L%(0, 1) is
a Hilbert space with respect to the inner product { , ), given by:

(Lf1,[g]) = f0)g(x)dx.

[0.1]

The equivalence relation ~ is necessary in the construction of L?(0, 1) in order
for the inner product on L2(0, 1) to be positive definite. Note that the norm induced
by this inner product satisfies ||/ ||> = L (¥).

There is a certain kind of analogy between L2(0, 1) and £%(N), by replacing sums
by integrals. Just as in the case of £?(N) one could again want to define the space of
bounded functions. Because we are dealing with equivalence classes of functions,
we need to define this properly: we put

L®0,1):={y e FO,1)|3f €y : s%pl]lf(x)| < 00}.

This is called the space of essentially bounded functions, coming with a natural
norm:

& = inf {k € [0, 00) : |f(¥)] =k Vx € [0, 11}

If we include the operation [ f1* = [?], then L*°(0, 1) becomes a C*-algebra.

Now we have made our set-up: similar to the previous example, we want to
regard L>(0, 1) as a subalgebra of B(L?(0, 1)). Again, we do this by means of a
multiplication operator:

M : L®(0, 1) — B(L*(0, 1)), ¢ > My,

where M7 ([g]) = [fg].

Just as in the discrete case, it can be shown that M is a well-defined injective,
norm-preserving, *-homomorphism. Therefore, we can regard L*°(0, 1) as a C*-
subalgebra of B(L?(0, 1)), where we tacitly identify L>°(0, 1) with its image under
M. Of course, L*°(0, 1) is an abelian subalgebra. We introduced this example since
it is maximal abelian.

Theorem 4.8 L°°(0, 1) € B(L2(0, 1)) is maximal abelian.

Proof L*(0, 1) is abelian, so L*°(0, 1) € L*>°(0, 1)".

For the other inclusion, suppose that 7 € L*°(0, 1)’. Note that I,([1]) = 1, so
[1] € L*(0, 1). Therefore, we can define v = T([1]) € L?(0, 1). We claim that
Y e L0, 1).

To see this, we argue by contraposition, so we suppose that ¥ ¢ L*°(0, 1). Now
let f € ¥ and for every N € N, define:

Ay :={x€[0,1] : [f(x)] = N}.
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Since ¢ ¢ L>(0, 1), forevery N € N, u(Ay) # 0. Since 14, € L*(0, 1), we
can compute:

T([1a)] =T M, ([1D) = My, ((T(1D) = Mp, ((LfD = [f - 1a, -

Therefore, we also have:

N?w(Aw) s/ |f@)1Pdx = [ILf - 1a, 1> = 1T ([1a, DI
Ay
< ITIPN0 a7 = 1T (An).
Since u(Ay) # 0, N < | T| forall N € N. However, T € B(L?(0, 1)), so this
is a contradiction. Hence v € L*°(0, 1).
We now claim that 7 = M. To see this, let ¢ € L?(0, 1) and let g € ¢. For each

n € N define
Uy :={xel0,1]:|gkx)| <n},

and g, := g - 1y,. Note that the sequence of functions f; : [0, 1] — [0, co) defined
by fi(x) = |gi(x)|* is pointwise non-decreasing and has f : [0,1] — [0, c0),

f(x) = |g(x)|?, as its pointwise limit. Hence, by Lebesgue’s monotone convergence
theorem,

lim ||[gn]||2=nm/ |gn(x>|2dx=/ lg(x) > dx = [I[g]II*.
n—oo n— o0 [0!1] [0’1]

Furthermore,

gl — (g1 = / g dx = / g dx — / g dx
[0,1N\U, [0,1] U,
= |ltg1l* — Ilgalll*,

whence lim,— [|[g] — [g:]ll = 0, i.e. lim,0[g.] = [8]-
Choose h € . Since [g,] € L*°(0, 1), we can compute:

T([gn]) = T (Mg, ([1D) = Mg, (T ([11))
= M[g,,]([h]) = [gnhl

Then also, by continuity of both 7" and M,

T((g) = T(lim [gn]) = lim T(lgnD) = lim My ([gn]) = My ( lim [ga]) = My (IgD.
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Therefore, T (¢) = My (¢). Since ¢ € L%(0, 1) was arbitrary, T = My,. So, we
conclude that T € L*(0, 1). Hence L*°(0, 1)’ € L*(0, 1). Therefore, we know
that L°°(0, 1)) = L*°(0, 1), i.e. L*°(0, 1) is maximal abelian. O

Along the lines of the definition of the discrete subalgebra of cardinality j, we
introduce a special short notation for the subalgebra L>(0, 1) € B(L?(0, 1)).

Definition 4.9 We denote the maximal abelian subalgebra L>(0, 1) of B(L?(0, 1))
by A, realized via multiplication operators. We call A, the continuous subalgebra.

4.2.3 The Mixed Subalgebra

Combining two different examples of maximal abelian subalgebras, one can construct
another example of a maximal abelian subalgebra. Here, we use the notation as
introduced in the appendix, most notably in Sect. B.2.

Proposition 4.10 Suppose Ay € B(Hy) and Ay € B(H,) are both maximal abelian
C*-subalgebras. Then A| & A, C B(H, ® H,) is maximal abelian.

Proof Since A @ A»(j) is a pointwise defined subalgebra of B(H; @& H,) and both
A and A, are abelian, A; @ A, is abelian. Therefore A} @ A, C (A; @ A,)’. Next,
suppose that T € (A; @ A,) . Define Ty =0T oty and T, = 5 0o T o (5. Since
T is bounded, 71 € B(H;) and T> € B(H>).

Now note that for any x € H; and y € H,,

T(x,y) =T(x)+ ()
=T(ux) + T ()
= (T o(1,0)0t1)(x) + (T o (0, 1) 012)(y)
=((1,0) o T o11)(x) + ((0, 1) o T 0 12)(y)
=((moT ou)(x),0)+ (0, (m2 0T 012)(y))
= (T1(x), 0) + (0, Ta(y))
= (T1(x), T2 (y)),

where we used the fact that 7 commutes with (1, 0) and (0, 1),since T € (A1 D A,)'.
Therefore, T = (Ty, T»). Now, foralla € A,

(Thoa,0) =To(a,0)=(@,0oT =(aoTy,0)

Therefore, T} € A} = A,. Likewise, T> € Ay. Hence T = (T}, T») € A @ Ay, i.e.
(A; ® Ay) C A @ A,. Therefore

(A1 ® Ay)) = A @ A,
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i.e. Ay ® A, C B(H, & H») is maximal abelian. O

Since we are interested in the question whether a maximal abelian subalgebra pos-
sesses the Kadison-Singer property, we would like to make a connection between the
Kadison-Singer property for a direct sum A; @ A, and the Kadison-Singer property
of A; and A, separately. It turns out that we can do this. First of all, we need to
describe the characters (and hence the pure states) of a direct sum. For this, note that
for any map f : A; — C, the pullback over the projection 7r; : A; & A, — A;, i.e.
7 (f) = fom,givesamap*(f): A & A, = C.

Proposition 4.11 Suppose A and A, are both C*-algebras. Then
(A1 ® Ay) = 7] (£2(A1)) U n5(2(Ar)).
Proof Suppose f € 2(A; @ Az). Then
£(0,1)* = £(0, D) = £((0, D),

so f((0, 1)) € {0, 1}. Likewise f((1,0)) € {0, 1}. However, we also have

SO, D)+ f((1,0) = f((1, 1) = f() =1,
so there are two cases. Either f((1,0)) = l and f((0, 1)) =0, 0r f((1,0)) = 0 and
f0,1) =1

Suppose the first case is true. Then define g : A} — C by g(a) = f(a, 0). Then
g(1) =1, so g is non-zero and for any a;, a, € A|; we have

glaraz) = f(a1a2,0)) = f((a1,0)) f((az,0)) = g(a1)g(a2),
so g € §2(A)). Furthermore, for any (a;, a;) € A; & A, we have

a1, a2)) = f((@1,0)) + f((0,a2)) = f((a1,0)) f((1,0)) + f((0, a2))
= f((a1,0)) = g(a1) = (g o m1)((a1, @2)),

ie. f=m(g),s0 f enf(§2(A})).
If the second case is true, it follows likewise that f € 75 (S(A,)). Hence

(A © Ay) S 7 (2(A1) Umy (£2(Ar)).
Now suppose i € 7 (£2(A1)). Then h = k o mr; for some k € £2(A;), so
h() =h((1, 1)) =k(1) =1,

i.e. h is non-zero. Furthermore, / is clearly linear and for any pair of elements
(a1, a2), (b1, by) € A| © Az, we have
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h((ar, ax) (b1, by)) = h((a1by, axbs)) = k(a by)
= k(a1)k(b1) = h((a1, a2))h((b1, b2)),

ie. h € 2(A| @ A,). Therefore, 7wy (A1) € 2(A; @ A»). Likewise, we have that
75 (£2(A2)) € £2(A; @ Ap), so indeed, $2(A; @ Az) = 1 (§2(A1)) U 5 (£2(A2)).
O

The above proposition gives us information about the pure states on a direct sum
of abelian subalgebras, since the pure states are exactly the characters. Next, we need
to make a connection between the concepts of positivity and direct sums of operator
algebras.

Lemma 4.12 Suppose H, and H, are Hilbert spaces and b € B(H; & H>) is
positive. Then for j € {1,2}, m;bi; € B(H;) is positive.

Proof Let (x,y) € H; @ H,. Then compute:

((ibi)(x), x) = ((1b)((x, 0), x)
= ((mb)((x, 0), x) + ((m2D)(x, 0), 0)
= (b(x,0), (x,0)) = 0,

since b is positive. Therefore, w1 bi; is positive. Likewise, m,bi; is positive. U

We use these results to prove the following theorem about the connection between
direct sums and the Kadison-Singer property.

Theorem 4.13 Suppose H| and H, are Hilbert spaces. Furthermore, suppose that
A1 € B(Hy) and A, C B(H,) are abelian unital C*-subalgebras such that the
subalgebra Ay & Ay, C B(H; & H») has the Kadison-Singer property. Then, both
Ay € B(Hy) and A, € B(H,) have the Kadison-Singer property.

Proof Suppose f € 9,5(A) and g1, g» € Ext(f) € B(H;). Then f € £2;, so by
Proposition 4.11, 7 (f) € $2(A; ® Ay) = 0.S(A| ® Ay).

Now define the linear functionals k1, k» : B(H® H,) — Cbyk;(b) = g;(mbiy)
forall b € B(H, & H>) and j € {1, 2}. Then for j € {1, 2},

ki(1) =g;j(mip) =g;(1) =1,

since g; is a state. Furthermore for a positive b € B(H, ® H,), mbi; € B(H,) is
positive by Lemma 4.12. Therefore, k;(b) = g;(mbi;) > 0, since g; is positive.
Hence k1, k, € S(B(H; ® H»)).

Now, for an element (a1, ay) € A} ® A, wi(ay, az)iy = ay, so

k;j((ar, a)) = gj(mwi(ar, ax)iy) = g;(ar)
= f(a) = (f om) (a1, a2) = 7{ (f)((a1, ap)),
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i.e. ki, ky € Ext(m{(f)). However, by assumption, A; @ A, € B(H; @ H,) has the
Kadison-Singer property, so Ext(r{"(f)) has at most one element, i.e. k; = k».
For any b € B(H,), b = m (b, 0)i;, so we have

g1(b) = g1(m1(b, 0)iy) = k1 ((b, 0)) = ka((b, 0)) = g2((mw( (b, 0)iy) = g2(b),

i.e. g1 = g». Therefore, Ext(f) has at most one element. Combined with Theorem
3.16, we know Ext(f) has exactly one element. Therefore, A; € B(H;) has the
Kadison-Singer property. Likewise, A, € B(H,) has the Kadison-Singer property.

(]

As a special example of a direct sum, we can combine the discrete subalgebra
Ay(j) for some 1 < j < R( with the continuous example A.. To do this, define

Hj:=L*0,1) & £(j).

We will call the maximal abelian subalgebra A, ® A4(j) € B(H;) the mixed
subalgebra. As it will turn out later, this is in some way the only direct sum that we
need to consider.

By now, we have constructed three different examples: the discrete, continuous
and mixed subalgebra. These are all examples with a separable Hilbert space. In
our search for examples of maximal abelian subalgebras that satisfy the Kadison-
Singer property, we will restrict ourselves to this kind of Hilbert spaces, since it
turns out that we can make a complete classification of abelian subalgebras with the
Kadison-Singer property when we only consider separable Hilbert spaces.
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Chapter 5
Minimal Projections in Maximal Abelian
von Neumann Algebras

Recall that we are considering maximal abelian C*-subalgebras of B(H ), for some
Hilbert space H. Note that a maximal abelian C*-subalgebra A C B(H) satisfies the
equation A’ = A and A’ is a von Neumann algebra by Proposition B.31. Therefore,
every maximal abelian C*-subalgebra is a von Neumann algebra. Furthermore, every
von Neumann algebra is a C*-algebra (viz. Proposition B.30), so certainly every
maximal abelian von Neumann algebra (i.e. a von Neumann algebra A that satisfies
A’ = A) is a maximal abelian C*-algebra. Hence we see that the maximal abelian
von Neumann algebras are exactly the maximal abelian C*-algebras.

We will first show that it is only necessary to classify all maximal abelian sub-
algebras up to unitary equivalence, in order to determine whether they satisfy the
Kadison-Singer property. Next, we restrict ourselves to separable Hilbert spaces and
by considering maximal abelian subalgebras to be von Neumann algebras, we can
classify these subalgebras up to unitary equivalence, by using the existence and prop-
erties of minimal projections. Together, this greatly simplifies the classification of
subalgebras with the Kadison-Singer property in the case of separable Hilbert spaces.

5.1 Unitary Equivalence

The classification of maximal abelian von Neumann algebras is up to so-called uni-
tary equivalence. For this, we need unitary elements.

Definition 5.1 Suppose H and H' are Hilbert spaces. Then u € B(H, H') is called
unitary if forall x, y € H, (ux, ux) = (x, y) and u(H) = H'.

The above conditions for being unitary are not always the easiest to check. How-
ever, it is easy to show that u € B(H, H') is unitary if and only if u*u = 1 and
uu* = 1.

Using unitary elements, we can define the notion of unitary equivalence of
subalgebras of B(H).

© The Author(s) 2016 37
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Definition 5.2 Suppose that H; and H, are Hilbert spaces and that A, C B(H)),
A, C B(H;) are subalgebras. Then A is called unitarily equivalent to A, if there
is aunitary u € B(H,, H,) such that uA;u™ = A,. We denote this by A; = A,.

Of course, it is easily proven that unitarily equivalence is indeed an equivalence
relation. One of the crucial steps in this chapter is the following theorem: it shows that
we only have to consider subalgebras up to unitary equivalence when determining
whether the subalgebra satisfies the Kadison-Singer property.

Theorem 5.3 Suppose that H, and H, are Hilbert spaces and that A} € B(H;) and
A, € B(H,) are unital abelian subalgebras that are unitarily equivalent. Then A
has the Kadison-Singer property if and only if A, has the Kadison-Singer property.

Proof Suppose that A; has the Kadison-Singer property. By assumption, there is a
unitary u € B(H,, H,) such that uAju* = A,.

Now let f € 0,S(A3). Then define g : A; — C by g(a) = f(uau™). We first
claim that g € S(A;). To see this, first let a € A; and observe that

gla*a) = f(ua*au®) = f((au™)*au™) > 0,

since f is positive. Hence g is positive. Furthermore, g(1) = f(uu*) = f(1) =1,
so g is unital too. Hence, indeed g € S(A1).

Next, we prove that in fact g € 9,S(A1). To see this, suppose that iy, h, € S(A})
andt € (0, 1) such that g = thy + (1 —t)h,. Now define the functional k; : A, — C
by ki(a) = hj(u*au) for all a € A, and likewise define the map k, : Ay — C
by kx(a) = hy(u*au) for all a € A,. Then by the same reasoning as above,
ki, k, € S(A,). Furthermore, fora € A,,

fa) = fuu*auu®) = g(u*au)
=thi(uw*au) + (1 — t)hy(u*au)
=tki(a) + (1 — Dk (a),

ie. f =tk + (1 — t)k,. However, f € 9,S(A;) by assumption, so f = k; = k.
Then fora € Ay:

hi(a) = hy(w*uau*u) = ky(uau™) = f(uau™) = g(a),

i.e. hy = g. Likewise, h, = g, soindeed g € 9,S(A).

We want to prove that Ext( f)) contains exactly one element. By Theorem 3.16, we
know that Ext(f) # @. Therefore, suppose that c,d € Ext(f) € S(B(H;)). Then
define ¢ : B(H;) — C by ¢(b) = c(ubu*) and likewise define d:B(H) — C by
d(b) = d(ubu*). Then by the same reasoning as above, ¢, d € S(B(H))).

Now fora € Ay, uau* € A,, so

¢(a) = c(uau™) = f(uau®) = g(a),
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since ¢ € Ext(f). Hence ¢ € Ext(g). Likewise, d e Ext(g). Howeve~r, Aj has the
Kadison-Singer property, so Ext(g) has exactly one element, i.e. ¢ = d.
Let b € B(H,). Then
c(b) = cuu*buu®) = Ewbu) = dw*bu) = dwu*buu®) = d(b),

i.e.c = d. Hence Ext( f) contains exactly one element, so A, has the Kadison-Singer

property.
Likewise, if A, has the Kadison-Singer property, then A; has the Kadison-Singer
property. (]

So, using the above theorem, our first main goal is now to classify all maximal
abelian subalgebras up to unitary equivalence. We can make this classification when
restricting ourselves to separable Hilbert spaces, so we will only consider those from
now on.

5.2 Minimal Projections

An important property of a von Neumann algebra is that it is generated by its projec-
tions (see Proposition B.32). Considering maximal abelian von Neumann algebras,
the set of projections becomes even more important, because it has more structure
than in the general case.

To be more precise, write P(A) = Z(H) N A for the set of projections in some
maximal abelian von Neumann algebra A € B(H). Since A is abelian, the product
of any two elements in P (A) is again an element of P(A) and since A is unital, P(A)
is a monoid.

Now write P, (A) for the set of minimal projections in P(A), where minimal
projections are defined as in Definition B.14. The key in the classification of max-
imal abelian von Neumann algebras lies in the properties of these sets of minimal
projections.

As a first step in this classification, we determine P,,(A) for the cases that A is
the discrete, continuous, or mixed subalgebra.

Proposition 5.4 Let 1 < j < Ro. Then P, (Aq(j)) = {6, : j > C:n € j}, where
8!1 (m) = (Snm-

Proof Let us first determine the projections in A4(j). So, suppose that p € Ay(j)
is a projection. Then p : j — C such that p*> = p* = p.Thenforany n € Js

p(n)?* = p(n) = p(n),

i.e. p(n) € {0, 1}. Therefore, p = 14 for some subset A C i
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Since SUp,,¢ [14(n)] < 1, we also have that 14 € A;(j) forevery A C i Since it
is clear that 13 = 1% = 1, forevery A C J» we conclude that the set of projections
in A4(j) is exactly given by {14 : A C j}.

Now note that 14 = 0 if and only ifA=¢and15—14 > Oifand onlyif A C B.
Now suppose A C j is such that 1, is a minimal projection. Then A # (). Suppose
BC A Then0 <1p <l4,s0lg=00rlp =1y, ie B=0@orB=A.Hence A
consists of exactly one element.

By the same reasoning, for every A C j that has exactly one element, 14 is a
minimal projection. Hence the set of minimal projections in A4(j) is exactly given
by

{la:ACj #A=1}= {5, :n € j}. O

For the discussion of the continuous subalgebra, we first need a few extra ingre-
dients. For any measurable function f : [0, 1] — C, define

Ur={xel0,1]: f(x) ¢ {0, 1}}.
Lemma 5.5 Themap x : A, — [0, 1] given by x ([f]) = n(Uy) is well defined.

Proof Since f : [0, 1] — Cis measurableif [f] € A, Uy C [0, 1] is a measurable
set for every [ f] € A, and hence u(Uy) € [0, 1] is well-defined.

Therefore, the only thing left to check is that the definition of x is independent of
the choice of representative. So, suppose [ f] = [g] € A..

Then let C := {x € [0,1] : f(x) # g(x)}. By assumption, u(C) = 0. Now
suppose x ¢ U, UC. Then f(x) = g(x) € {0, 1}, so x ¢ Uy. Therefore, we obtain
that Uy C U, U C. Then

nUy) = pUg U C) < u(Uy) + u(C) = p(Up).

By symmetry, we also have u(U,) < u(Uy), so u(Uy) = n(U,) and hence y is
well-defined. ([l

We can now characterize the projections in A, using the map x.

Lemma 5.6 Suppose W € A.. Then \ is a projection if and only if y () = 0.

Proof Suppose x () # 0. Then for f € , u(Uy) # 0, so
p(x €[0,11: f(x)* = f0)}) = pu({x € [0, 1]: f(x) ¢ {0, 1}}) = u(Uy) #0,

whence [ f]?> = [f?] # [ f]. Therefore, ¥ = [ f] is not a projection.
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Now suppose that y (y) = 0. Again, take an f € . Then u(U;) = 0. Now
define h : [0, 1] — Cby h = f - 1j0.13\v,- Then by construction / is measurable
and we have [h] = [f] = . Furthermore, A (x) € {0, 1} for every x € [0, 1], so
certainly h(x)?> = h(x) = h(x) for every x € {0, 1}. Therefore [1]> = [h] = [h]".
Since ¥ = [h], ¥ is a projection. (]

Using this characterization of projections in A, we can prove the following state-
ment.

Proposition 5.7 A has no minimal projections.

Proof Suppose ¥ € A, is a non-zero projection. Choose a f € . Then by
Lemma 5.6, x () = 0, so u(Uy) = 0. Then define h = f - 1j0,1)\v, and observe
that we then have [A] = [f] = ¢.

Since ¥ # 0, N, = {x € [0, 1] : h(x) # O} has non-zero measure, so there is a
M C Nj such that 0 < (M) < w(Ny). Now note that (h — 1) > Oand [1,]is a
projection, whence [1,,] < h. Furthermore, (M) # 0,s0 [13/] # Oand [1,] # [A]
since w(Ny) > w(1y). Therefore, Y = [h] is not a minimal projection.

Since ¥ was an arbitrary non-zero projection, A, has no minimal projections. []

Combining the above results, we can also determine the minimal projections in
the mixed subalgebra.

Proposition 5.8 Let 1 < j < R,. Then P, (A. & Ay(j)) ={(0,6,) :n € l}'

Proof Suppose (p,q) € A. & A4(j) is a projection. Then we can compute that
(p.q9) = (p.q)* = (p*.¢%. s0 p> = p and ¢> = g. By the same reasoning,
p* = pand ¢* = g, whence p € A, and g € A,(j) are both projections. Since
the converse is trivial, we conclude that the projections in A, & A;(j) are exactly
formed by pairs of projections (p, q).

Now suppose (p, q) is anon-zero projectionin A, DA, (j). Suppose p # 0. Then,
since p € A, and A, has no minimal projections, there is a non-zero projection
p # pin A, suchthat 0 < p’ < p. Then 0 < (p’,q) < (p,q), but we have
(p',q) #0and (p/, q) # (p, q). Hence (p, g) is not a minimal projection.

Therefore, minimal projections in A, @ A, (j) are necessarily of the form (0, ¢),
where ¢ is a projection in A4 (). Since clearly (p’, ¢') < (p, ¢g) ifandonlyif p’ < p
and ¢ < ¢’, we see that (0, ¢) is a minimal projection in A. @ A4(j) if and only if
q is a minimal projection in A4(j). Using Proposition 5.4 we therefore see that the
minimal projections in A, @ A, (j) are exactly given by {(0, 6,) : n € j}. (I

Hence we see that A, is qualitatively different from A, (j) and from A, @ A, (j) for
some 1 < j < R, since the first does not contain any minimal projections, whereas
the latter two do. Moreover, we can distinguish the discrete and the mixed subalgebras
when considering the von Neumann algebra generated by the minimal projections. It
is clear from Proposition 5.8 that the von Neumann algebra generated by the minimal
projections in the mixed algebra is a subalgebra of 0 @ A,(j) and is then certainly not
equal to the whole mixed subalgebra itself. At the same time, we have the following
statement about the discrete subalgebra. Note that (X ), denotes the von Neumann
algebra generated by the set X, as discussed in Sect. B.4.
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Proposition 5.9 Let 1 < j < R,. Then (P, (As(J)))wny = Au(j).

Proof The minimal projections in A4(j) are exactly {3, : n € j}, by Proposition 5.4.
Now make a distinction between j € Nand j = 8. If j € Nand f € A;(j), then

J
f=2fmb, € (18, :n € jhu.
n=1

since a von Neumann algebra is closed under taking finite linear combinations. Hence

Aa(j) € (8u i1 € jhhun

if j € N. We now prove the same statement for j = R. In this case A,(j) = £*°(N).
So, take a f € £*°(N) and define f,, = >, f(n)3, forallm € N.

Then certainly f,, € ({6, : n € j}),n for all m € N. Now let ¢ € ¢>(N) and
observe that -

IMy(@) = My, @1 = D 1fmemI> <[ flee D lom.
n=m+1 n=m+1

Since ¢ € £2(N), it therefore follows that lim,, _ o IMs(p) — My, (@) =0, 1ie.
1im_ My, () = M (p).

Since ¢ € ¢2(N) was arbitrary, it follows that f is the strong limit of {f,,}°>_,,
whence f € ({5, : n € N}), 5. Therefore,

Aa(j) S {dn:n € jhn

if j = R too.
Since A4(j) is a von Neumann algebra containing {3, : n € j}, we have

{8, :m € jPwv € Aal)).
whence Ay(j) = ({8, i n € jHun. O

So, we can distinguish our three examples (the discrete, continuous and mixed sub-
algebras) by considering minimal projections and the question whether they generate
the whole algebra. Note that these two properties together divide up the collection
of maximal abelian subalgebras in three classes:
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e There are no minimal projections (like A,),

e There are minimal projections that do not generate the whole algebra (as in the
case of A, ® Aq(j)),

e There are minimal projections that do generate the whole algebra (like A;(j)).

In fact, this turns out to be the key to the classification of maximal abelian subal-
gebras.

5.3 Subalgebras Without Minimal Projections

We will first focus on the maximal abelian subalgebras that are like the continuous
subalgebra, i.e. those that have no minimal projections. Our goal is to show that such
subalgebras are unitarily equivalent to A.. First of all, we need two definitions of
special vectors.

Definition 5.10 Suppose H is a Hilbert space and A € B(H) a C*-subalgebra.
Then we say that x € H is a separating vector for A if u € A and u(x) = 0 implies
that u = 0.

Definition 5.11 Suppose H is a Hilbert space and A S B(H) a C*-subalgebra.
Then we say that x € H is a generating vector for A if Ax = H.

For maximal abelian subalgebras, it turns out that there is always a vector that is
both generating and separating.

Proposition 5.12 Suppose H is a separable Hilbert space and A € B(H) is a
maximal abelian von Neumann algebra. Then there is a unit vector x € H that is
separating and generating for A.

Proof Wecallasubset C € H orthogonal under A if it has the property that {Ax},cc
is an orthogonal family (see Definition B.8). These subsets form a partially ordered
set under inclusion and any chain {C;};¢; is bounded by | J;; C;. Therefore, we can
apply Zorn’s lemma and obtain a maximal subset £ C H that is orthogonal under
A.

Now note that K := P Aux is a closed subspace of H. Suppose y € K+. Then
foru,v € A and x € E, we have

(), v(x)) = (y, (@*v)(x)) =0,

sincey € K+ and u*v € A. Therefore, {u(y)} is orthogonal to {v(x)}. Since u, v € A
were arbitrary, A(y) and A(x) are orthogonal. By continuity of the inner product,
therefore A(y) and A(x) are orthogonal. Since x € E was arbitrary, this means that
E U {y} is orthogonal under A.
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However, by maximality of E, it follows that y € E. Since 1 € A, y € Ay C K,
soy € K N K*. Therefore, y = 0. So K+ = {0},i.e. K = H.

Since H is separable, we know that E is (at most) countable. Furthermore, by
maximality of E we know that 0 € E. Since removing 0 from E and normalizing
the rest of E does not change the above properties, we can therefore find a subset
F = {x, € H :n € N} C H that consists of unit vectors, is orthogonal under A,
and satisfies @, .y Ax, = H.

Now define x = ZneN 27"x,. Then, since x, € Ax, for every n € N, we see
that (x,, x,,) = 0if n % m, so ||x]? = > aen 27" = 1, ie. x is a unit vector. We
claim that x is both separating and generating for A.

For the first, suppose that u € A such that u(x) = 0. Then:

0= u@)* = (), u®) = D

(u(xn), u(xy))

n+m
n,meN 2
1 1 )
=D 5 (), u) = D sl P,
neN neN

where we used the fact that F is orthogonal under A. Therefore, for each
n € N, we have |u(x,)| = 0, i.e. u(x,) = 0. Now, for any v € A, we obtain that
u(v(x,)) = v(u(x,)) = v(0) = 0, since A is abelian, so u(y) = 0 forall y € A(x,).
Sou(y) =0 forall y € A(xy,), so u(y) = 0 forevery y € @,y Ax,) = H.
Therefore, u = 0 and indeed, x is a separating vector for A.

To see that x is a generating vector for A, denote D := Ax. Since D C H is
closed, H = D @ D*. Let  be the canonical projection from H onto D, i.e.

w:H— H, (w,z)— (w,0).

A is unital, so x € D, whence 7(x) = x and (1 — 7)(x) = 0.
We claim that 1 — & € A. To see this, note that for any u, v € A,

u(v(x)) = uv)(x) € A(x),
so u(Ax) € Ax. By continuity of u, then also u(D) € D. Furthermore, if y € D+,
theny € (Ax)*,soforanyu,v € A, (u(y), v(x)) = (y, (u*v)(x)) = 0and therefore
u(y) € (Ax)*. Then by continuity of the inner product, u(y) € D, too.
Hence every a € A splitsin (a;, a;) : D@® D+ — D@ D*. Then forany a € A,
ar = (a1, a2)(1,0) = (a1, 0) = (1, 0)(a1, az) = 7a,

ie.m € A = A, since A is maximal abelian. Then also 1 — 7 € A, because A is an
algebra.
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Sol—m € Aand (1 — m)(x) = 0, while x is a separating vector for A, so
1 —m =0,1i.e. 7 = 1. Therefore,

Ax=D=H,

and x is indeed a generating vector for A. (I

A von Neumann algebra has the special property that it is generated by its pro-
jections (viz. Proposition B.32). When it is also maximal abelian, there is an even
stronger statement.

Lemma 5.13 Suppose H is a separable Hilbert space and A C B(H) is a maximal
abelian von Neumann algebra. Then there is a countable set of projections in A that
generates A as a von Neumann algebra.

Proof By Proposition 5.12 there is a separating and generating vector x € H for A.

Now let D = {px : p € P(A)}. Since D is a subspace of the separable topological

space H and is therefore also separable itself, D has a countable dense subspace
F={p,x:neN, p, e P(A)}.

Now let p € P(A). Then p(x) € D, so there is a sequence {n(i)};cn such that

p(x) = lim p,q)(x).
1 —>00

Then forany a € A,
pa(x) =ap(x) =a (ili)rgo pn@(x)) = ilj{goapnm(x) = ili)ngo Pn(iy@(x).

Now let y € H be arbitrary. Since x is a generating vector, Ax = H, so there is
a sequence {a;}jen € A such that y = lim; _, o a;(x). Then:

p(y) = p(lim a;(x)) = lim p(a;(x)) = lim lim p,q)(a;(x))
J >0 J =0 Jj—00i—00
= ,»li,n;o pn(i)(j]i_)moo aj(x)) = ili)“;o Py (¥)-
Therefore, p is the strong limit of p, ;. Since p was arbitrary,
P(A) € ({pn:n e N})n.
Since (P(A)),y = A by Proposition B.32, we then have that

AC{{p,:neN})y.
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However, A is a von Neumann algebra and {p, : n € N} C A, so in fact we have
A= {{pa:n €N})y. 0

Using Lemma 5.13, we can construct another special subset of the projections in
the subalgebra. This one is no longer countable, but it has a lot more structure.

Lemma 5.14 Suppose H is a separable Hilbert space and A C B(H) is a maximal
abelian von Neumann algebra. Then there is a maximal totally ordered family of
projections in A that generates A as a von Neumann algebra.

Proof By Lemma 5.13, we know that there is a countable set of projections {p, },en
in A that generates A as a von Neumann algebra. We claim that for every n € N there
is a finite, totally ordered set F, of projections such that F,, C F,; foralln € N
and the linear span of F, contains p,. We prove this by induction.

For our induction basis n = 1, take F; = {0, p;, 1}.

Next, as our induction step, suppose that such an Fj has been constructed for all

k < n. Since F, is finite, totally ordered and contains Fi, F,, = {qo, ..., q,} for
some projections0 =¢qp < g1 <--- < ¢q, = 1.
Now define s; = g1 —¢q; forall j € {1,...,r}. Since g;j1 > ¢g;, s; is again a

projection in A, and satisfies g;s; = 0. Define:
For=F,U{gj+sipnt1:j €1{0,...,r —1}}1
First of all, note that for all j € {0, ...,r — 1}, g; +5; py41 is a projection, since
(@) + 5 Pos)” =G} + Poi1S; = + PutiSj =4 + 5 Pus1s

because A is abelian, and

(q; + 5 Pn1)” = 61,2~ +qjSjPnt1 + S Pns1q + SjPnt1S) Pt
=4 + 4 Pat1 + 57 P
=g+ SjDPn+1-
So F,1; consists of projections and is finite by construction.
Clearly, s p,+1 is a projection for every j € {0, ...,r — 1}, whence s p,11 > 0,

S0 g; < qj + $jpn+1. Furthermore, note that 1 — p,, is a projection in A, too.
Therefore, s;(1 — p,+1) is a projection in A, so is certainly positive. Hence

qj+1 —(qj +Sjput1) = 8j — 8jpny1 = 5;(1 — py) =0,
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S0 g; + 8;pny1 < qj+1. Therefore,

4o =< qo+S0Pn+1 =q1 =1 +S1Ppur1 @ = =qr—1 =qr—1+S—1Pn+1 = qr,

i.e. F,4 is totally ordered.

By construction, F,, € F,, 11, so the only thing left to prove is that p, is in the
linear span of F,,;. To see this, denote the linear span of F,;; by V. Then for any
jef0,....r},qjeVandq;+s;p,r1 € V,508;pay1 = (qj+Sjppt1) —q; €V,
since V is linear. Now observe that

r—1

r—1 r—1 r
Disi=D> @—da)=.4— > 4 =d—q=1-0=1.
=0 =0 j=1

j=0

Therefore, p,.1 = Z;;(l) $iPn+1 € V. So, we have proven our induction step and
have therefore proven our claim.

Now define Foo = J,,cy Fu- For any ¢, ¢’ € Fy there are [, m € N such that
q € Fand g’ € F,,, whence g, ¢’ € Fiax(.m)» S0 either g < ¢’ orq’ < g. Therefore,
F is a totally ordered set of projections in A as well.

Now consider totally ordered sets G of projections in A that contain F. The
collection of all such G is endowed with a canonical partial order given by inclusion.
Suppose

G CG,CGsC...

is a chain in this partial order. Then |J, .y G, again contains F,, and is totally
ordered, by the same argument as the one used to show that F, was totally ordered.
Therefore, | J, .y G is a member of the collection that we consider, i.e. every chain
has an upper bound. Therefore, this collection has a maximal element F by Zorn’s
lemma.

Foralln € N, p, is in the linear span of F),, so p, is in the linear span of F,, and
hence p, is also in the linear span of F'. Since ({p,, : n € N}),y = A by construction,
A C (F),n, but A is a von Neumann algebra and F € A,s0 A = (F),y.

Therefore, F is a maximal totally ordered family of projections in A that generates
A as a von Neumann algebra. ([

Using this maximal totally ordered family of projections and the properties of the
projection lattice of a Hilbert space, we can prove the following rather technical but
decisive result.

Proposition 5.15 Suppose H is a separable Hilbert space and A is a maximal
abelian von Neumann algebra without minimal projections. Furthermore, suppose
that F is a maximal totally ordered set of projections in A and suppose that x is a
generating and separating unit vector for A. Then the map W : F — [0, 1], given
by ¥ (p) = (px, x), is an isomorphism of partially ordered sets.
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Proof First of all, ¢ is well-defined, since 0 < (px, x) < 1, by positivity of each
projection p € F and the Cauchy-Schwarz inequality.

Now suppose that p, g € F such that ¢ (p) = ¥ (g). Since F is totally ordered,
we can assume that p < g. Then g — p is also a projection in A, so

Itg = PO = ((g — P)(x), (g = P)()) = ((g = p)(x), x)
= (q(x), x) = (p(x), x) =¥ (q) —¥(p) =0,

ie. (g — p)(x) = 0. However, x is a generating vector for A, so g — p = 0. So
q = p,i.e. ¥ isinjective. By the same computation, it is clear that for any p < g, we
have ¥ (q) — ¥(p) = ll(g — p))|I* = 0,50 ¥(p) < ¥ (q). Therefore, ¥ is order
preserving.
So, the only thing left to prove is that v is surjective. To see this, let ¢ € [0, 1].
Define:
Fo:={peF:y(p) <t}

Fr:={peF:y(p) =t}

Clearly, F is the disjoint union of Fy and F. Define pg = VFy and p; = AF;. By
Proposition A.9, py, p1 € F.

Note that py € Clg(Fp) by Proposition C.11, so for every ¢ > O thereisa p € Fy
suchthat ¥ (po)—¥ (p) = [(po—p)(x)|| < &.Therefore, ¥ (po) < ¥ (p)+e < i+e.
Since ¢ > 0 is arbitrary, ¥ (po) < t.

Likewise, p; € Clg(F1), so for every ¢ > 0 there is a g € F such that

Y(q) — ¥ (p) =@ —p)X)| <e,

ie. ¥ (p1) > ¥(q) —e >t —e, whence ¥(p1) > 1.

So, we have the inequalities ¥ (pg) <t < ¥ (p1). Since ¥ is order preserving, we
conclude that py < p;. Then p; — py is a projection, so if p; # po, then there is a
projection g € B(H) suchthat0 < g < p; — po, but neither g = Onor g = p; — po.
Then also pg < g + po < p1, po # q + po and g + po # pi. Since py = VI,
then g + po ¢ Fy, and since p; = AFy, g + po ¢ Fi. Hence g + po ¢ F. However,
forevery r € Fo, v < pp < q + po, and for every s € Fi, g + po < p1 < s, SO
F U {g + po} is totally ordered. This contradicts the maximality of F, so p; = po.

Then ¥ (po) < ¢t < ¥(p1) = ¥(po), ie. ¥(po) = t. Since ¢ € [0, 1] was
arbitrary, ¥ is surjective. Hence ¥ is an isomorphism of ordered sets. O

Now, we are able to prove our main goal: whenever a maximal abelian subalgebra
has no minimal projections, it is unitarily equivalent to the continuous subalgebra.

Theorem 5.16 Suppose H is a separable Hilbert space and A C B(H) is a maximal
abelian von Neumann algebra that has no minimal projections. Then A is unitarily
equivalent to A..
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Proof By Proposition 5.12 there is a separating and generating unit vector x € H
for A. Furthermore, by Lemma 5.14, there is a maximal totally ordered family of
projections F such that (F'),y = A. Combining these, by Proposition 5.15, the map
¢ F — [0, 1], given by ¢(p) = (px, x) is an isomorphism of ordered sets.

Now write g, = ¢~ '(¢) € F forallt € [0, 1]. Then (g,x, x) =t forall ¢ € [0, 1].

Furthermore, let x, : [0, 1] — C be the characteristic function of the interval
[0, ], where ¢ € [0, 1]. Then [x,] € L*(0, 1) for all ¢ € [0, 1].

‘We now claim that there is a unique u € B(H, L?(0, 1)) such that u(gsx) = [xs]
for all s € [0, 1]. To see this, first observe that ¢;q; = gmin(s,r) for all s, ¢ € [0, 1] by
construction. Therefore, for s, t € [0, 1],

(gsx, g x) = (q:95s%, X) = (min(s,nX, X) = min(s, t),

and also

(s D) =/ Xs (X)X (x) dx = min(s, 7).
(0.1]

Using this, we obtain:

n n n n n
1D seds x> = O 10005, D 1w, ¥) = D D Tt (s, X G5, %)
r=1 r=1 m=1

r=1 m=1
= > > ot lts 1 I 1) = Q] el 1 D sl D
r=1 m=1 r=1 m=1

n
= 1> welxs 1P
r=1

for any {u,}'_, € Cand {s.}'_, < [O, 1].

Now write S for the linear span of {g,x : s € [0, 1]}. By the above computation,
if we have > prgs,x = 2, Amgs, X € S, then

0= 1D 1rgs,x = D Mo, Xl = 11D srlxe 1= D s, I,

ie. D> wrlxs,1 =2, Amlxs,]. Therefore, the map

vi S = L20.1), D pegex > D wlxs ]

is well defined. By construction, v; is also linear, and by the above computations,
we have ||[vi(y)|| = |ly|l for any y € S, so v; is certainly bounded. Lastly, by
construction, vi(g;x) = [x,] for every s € [0, 1].
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Since (F),y = A, S is dense in Ax. Therefore, there is a unique bounded linear
map v, : Ax — L?(0, 1) that extends v;. Then certainly v;(g,x) = vi(gsx) = [xs]
for each s € [0, 1].

However, x is a generating vector for A = A’, so Ax is dense in H. So there is a
unique u € B(H, L?(0, 1)) that extends v». Then also u(gsx) = v2(gsx) = [x,] for
all s € [0, 1], i.e. u satisfies our requirements.

To see that u is the unique element of B(H, L?(0, 1)) that satisfies u(gsx) = [xs]
for each s € [0, 1], suppose that u’ € B(H, L?(0, 1)) is such an element. Then by
linearity, u’|s = u|s = v;. Since S is dense in Ax, then u|4, = v, and since Ax is
densein H, u' = u.

Hence indeed there is a unique u € B(H, L*(0, 1)) such that u(g,x) = [x,] for
each s € [0, 1]. We claim that u is unitary. First observe that for any s, t € [0, 1], we
have

(u(gsx), u(g:x)) = ([xs], [x:1) = min(s, 1) = (gsx, g:x),

so by linearity, (uy, uz) = (y, z) for all y, z € H. However, S is dense in H, so we
have (uy, uz) = (y, z) forall y, z € H, i.e. u is indeed unitary.

Now observe that [x,] € L*(0, 1) too. Using this, we can compute, for any
s,t €0,1]:

(ugs)(g:x) = (u(gsq:))(x) = M(Qmin(s,t)x) = [Xmin(s,t)]
= [xsx:1 = My (D) = My (u(gix)) = (Mp,qu)(gx).

Therefore, (ug,)(y) = (M, u)(y) foreach y € S and s € [0, 1]. Since S is
dense in H, ug; = My, u forall s € [0, 1].

Hence uqsu~" = Mj,,; € A, forall s € [0, 1], souFu~" C A,.

Since (F),y = A and A, is a von Neumann algebra, then also uAu=t C A,.

Then we have A € u~!Acu. Now A is maximal abelian, so A = u~'A.u, ie. A
and A, are unitarily equivalent. (I

5.4 Subalgebras with Minimal Projections

Since we are now done with the case where the maximal abelian subalgebra has no
minimal projections, we can move on to the case where it does. We first have the
following two results.

Lemma 5.17 Suppose H is a Hilbert space and A € B(H) avon Neumann algebra.
Furthermore, let p € P, (A), then pAp = Cp.

Proof Suppose g € pAp is a projection. Then ¢ = pap for some a € A and
therefore ¢ € A and g(H) € p(H),soq € A and g < p. However, p € P, (A), so
qgq=0o0rqg =p,soq € Cp.
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Now note that pAp is a von Neumann algebra by Lemma B.33, whence we have
(P(pAp))wn = pAp, by Proposition B.32. However, P(pAp) C Cp by the above
argument, so

pAp = (P(pAp))w < Cp.

For the reverse inclusion, let A € C. Then observe that 1 € A, whence A1 € A.
Therefore, A\p = Ap*> = p(A1)p € pAp.SoCp C pAp. ]

Corollary 5.18 Suppose H is a Hilbert space and A C B(H) an abelian von
Neumann algebra. Furthermore, suppose p € P,(A) and a € A. Then there is a
A € C such that ap = Ap.

Proof Observe that ap = ap® = pap € pAp = Cp, by Lemma 5.17 and since A
is abelian. Therefore, there is a A € C such that ap = Ap. O

Now we need another technical result about subalgebras and projections.

Lemma 5.19 Suppose H is a Hilbert space, x € H, and A S B(H) is a C*-
subalgebra. Furthermore, let q be the projection onto Ax. Then g € A’

Proof Ax is closed, so H = Ax @ Ax". We will show that any a € A decomposes
over this splitting, i.e. that a = (a;, a2), witha; : Ax — Ax anda, : Ax - Ax.

Firstleta € A and y € Ax, say y = bx. Then ay = (ab)x € Ax.
Now let z € Ax, then z = lim;¢; y; for some y; € Ax forevery i € I. Then

az = a(limy;) = limay; € Ax,
iel iel

since ay; € Ax foralli € I. Hence a(Ax) C Ax forall a € A.
Next, suppose a € A, z € Ax" and y € Ax. Then:

(y,az) = (a*y,z) =0,

since a* € A and y € Ax, so a*y € Ax by the above. Hence az € Ax .

Therefore a(A_xl) - A_xl, so indeed, every a € A decomposes over the direct
sumH:E@Hl. o o

Now note thatg = (1,0) : Ax ® Ax™ — Ax @ Ax . Therefore, for any a € A,

aoq = (a,a)o(1,0) =(a;,0) =(1,0) 0 (aj,a) =qoa,

s0q € A’, as desired. O

For a maximal abelian subalgebra A this has an important corollary, since then
A = A.

Corollary 5.20 Suppose H is a Hilbert space, x € H, and A € B(H) is a maximal
abelian subalgebra. Furthermore, let q be the projection onto Ax. Then q € A.
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Now, combining the above results, we can prove that the set of minimal projections
in a maximal abelian subalgebra has an important structure.

Proposition 5.21 Suppose H is a Hilbert space and A C B(H) is a maximal abelian
subalgebra. Then P, (A) is an orthogonal family of one-dimensional projections.

Proof Suppose that p, g € P, (A). Then certainly we also have p,q € A, so by
applying Corollary 5.18 twice, we see that there are A, u € C such that we have
wqg = pgq = qp = Ap, since A is abelian. Again since A is abelian, pq is a
projection too, whence A> = A and > = . Therefore A, u € {0, 1} and we also see
that A = Oifand only if ©u = 0,1.e. A = u € {0, 1}.

Therefore, either © = 0 and then pg = Oorq = p.Hence P,,(A) is an orthogonal
family of projections. To see that in fact all projections are one-dimensional, let
p € P,(A) and let x € p(H) be a non-zero vector. Then let ¢ be the projection
onto Ax. Then g € A by Corollary 5.20. Furthermore, for y € Ax, say y = ax with
aecA,

py = pax =apx =ax =Yy,

so Ax C p(H).

Therefore, g(H) = Ax C p(H) = p(H), so g < p. However, ¢ # 0, since
1 € A,whencex = lx € Ax C g(H). Since p € P, (A), itnow follows that p = ¢,
i.e. we have p(H) = Ax.

Now note that by Corollary 5.18, for every a € A there is a A € C such that
ap = Ap. Then ax = apx = Apx = Ax, so Ax C Cx, i.e. p(H) = Ax is at most
one-dimensional. Since x € p(H) is non-zero, p(H) is one-dimensional. (I

Applying the above result to the case where the Hilbert space is separable, one
can even say more.

Proposition 5.22 Suppose H is a separable Hilbert space and A € B(H) a maxi-
mal abelian von Neumann algebra. Then P, (A) is countable.

Proof For every p € P,(A), choose a unit vector x, € p(H). Since P, (A) is
an orthogonal family, {x, : p € P,(A)} is an orthonormal set in H and all x,
are different. Therefore, #P,,(A) = #{x, : p € P,(A)} < dim(H). Since H is
separable, 0 < dim(H) < Ry, and therefore, P,,(A) is countable. O

Now we come to one of our main points: every maximal abelian subalgebra that is
generated by its minimal projections is unitarily equivalent to the discrete subalgebra.

Theorem 5.23 Suppose H is a separable Hilbert space and A C B(H) is a max-
imal abelian von Neumann algebra that is generated by its minimal projections.
Furthermore, let j be the cardinality of P, (A). Then A is unitarily equivalent to
Aq())-
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Proof By Proposition 5.22 we know that 1 < j < 8, so it follows that there is a
bijection ¢ i — P, (A). Denote ¢(n) = p, € P,(A) foralln € i Now let

N
L= {Zﬂrpn,- i €C, oy € i}’

r=1

i.e. L is the linear subspace of A spanned by P,,(A). Then L is in fact an algebra,
since for ¢y = D,y Py, €2 = D  Aspn, € L, we have:

C1Cy = ZMr)\sPn,Pm = Z//Lr)&ssnrnxpn, €eL.
r.s

r,s

Furthermore, (3, i, pn,)* = >, TorPn, € L, so L is a *-algebra. Hence Clg, (L)
is a von Neumann algebra. Clearly, P,,(A) € Clg (L), so (P (A))ynv S Clg(L).
Furthermore, L < (P, (A)),n, so Cly. (L) € (P,(A)),n. Hence, we obtain that
Clye (L) = (Pu(A))ynv = A.

Now, forall n € j, choose a unit vector e, € p,(H) and let K be the closed linear

subspace spanned by {e,},c;. Then H = K @& K*. Suppose x € K. Then for all
neEj,pn (x) = Aue, for some A, € C, since p,(H) is one-dimensional. Then

Ap = (en’ Aen) = (env an> = <pnen’ )C) = <ena )C) =0,
for all n € j. Hence p,(x) = 0 foralln € j. So ¢¥(x) = 0 forall y € L, so

Y (x) =0forall y € Cly(L) = A. Since 1 € A, therefore x = 1x = 0.
Hence K+ = {0}, i.e. K = H. Since for every n,m € i we also have that

<en7 em) = <Pn€n, pmem> = <pmpnen7 em> = 8mn<pnen7 em> = 8mn<en, em) = Spmns

we see that {e, },e; is in fact a basis for H.
Now define u : Ez(l) — Hbyu(f) = Znej f(n)e,. Then clearly, u is linear,
and for f € Ez(i’):

lu(HOI* = O fen, D fmen) = D I fF > = I £I*.

nej mej nej

Therefore, u € B(Zz(i’), H). Furthermore, for f, g € 22(1),

W), u@) =D fMen, D gmen) = D fmgn) = (£, g),

nej mej nej

so u is unitary. Now we claim that
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A= fmpu: f el

nej

To see this, first suppose x € H. Then x = Znej A(n)e,, for some A € Zz(i’), since

{e,,}nel is a basis of H. Then

QP = D putlme,) = D i(me, = x,

nel nunel nel

ie. Znel pn = L
Now, for every n € i and a € A, ap, = Ay (n)p, for some A,(n) € C, by
Corollary 5.18. Therefore,

a=a-1= Zap,l = Z)»a(n)pn»

nej nej
while

1Aa(M)] = el pull = 12 () pull = llapnll < llalillpall = llall,

whence
sup|rq ()| < llall,

nej

i.e. Ay € £°°(i'). Therefore, A C {Z”Ej fm)p,: f e E"O(i’)}.
Now let f € £(j) and x € H. Then x = > i A(n)e,, with & € 62(1), since

nej

{en}ne; is abasis for H. Then forallm € j, Znsm fm)p,(x) = anm fm)r(n)e,,

SO
1D Fpa)IP = D I F PP < 115 - D k).

Hence >, i f(m)py(x) is well defined and

1> £ a1 < 1 f loolIM = 11 £ lloo %1,

nej

SO a = Znej f(n)p, € B(H). We now claim that a € A. To see this, define for

allm e l’ b, = anm f(n)p, € A. Further, let again be x € H, where we write
X = Znelk(n)en, where A € £7(j). Then:
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1B () = a@)I> = 1D () pa O

n>m

= (D fmrm)en, D fhr(K)ex)

n>m k>m

= > If Lo’

n>m

<1713 D IrmP.

n>m

Therefore, {b,,(x)}.ec; converges to a(x). Hence, {b,,},c; converges to a in the
strong topology. However, A is strongly closed, so a € A. Therefore

A= Fpy: f et}

nej

Now suppose f € Eoo(i') and g € Zz(l). Then:

(uMy)(g) =u(My(g)) = Z(Mf(g))(n)en

nej
=D fmgme, = > f(n)g(m)palen)
nel ngnel
= O fp) Q] gmen) = O fFm)pa)(u(g)
nel mel nel
= (Q fmpu)(g),

nej

whence uMy = (3.,; f(m)pu,ie.uMpu™ =3, . f(n)p, € A.

Therefore, uA,(j)u~' € A, so Aq(j) € u~'Au. However, A4(j) is maximal
abelian and u~! Au is abelian, so A;(j) = u~' Au. Therefore, A is unitarily equivalent
to Ay(j). a

Finally, there is the case that the maximal abelian subalgebra does have minimal
projections, but is not generated by them.

Theorem 5.24 Let H be a separable Hilbert space and A € B(H) a maximal
abelian von Neumann algebra. Furthermore, let 1 < j < Rg and suppose that
#P,(A) = jand (P, (A)),n # A. Then A is unitarily equivalent to A;(j) @ A..

Proof By assumption, there is a bijection ¢ : j — P, (A). Now write p, = ¢(n)
and define p = Znej pn. Since P, (A) is an orthogonal family, p € B(H) is
again a projection. Since A is strongly closed and p is the strong limit of the net
{anm DPnlmej. p € A. Since p is a projection, K := p(H) is a closed linear
subspace of H and therefore H = K & K.
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Now we claim that A decomposes over K @ K. To see this, let a € A and
observe thata = ap + a(l — p). Firstlet x € K. Then

ax =apx +a(l — p)x = plax) +0 = p(ax) € K,
where we used the assumption that A is abelian. Next, forx € K+ = (1 — p)(H),
ax =apx +a(l — p)x =04+ (1 — p)ax = (1 — p)(ax) € K+t

Therefore a decomposes over K @ K+ and therefore indeed A decomposes over
KoK

So, for every a € A, there is a unique a; € B(K) and a unique a, € B(K*) such
that a = (a;, a»). Now define:

Ay :={alg :a € A, aa =0} C B(K),

and
Ay:={algr:ae€e A,a =0} C B(KL)-

Now we claim that A = A @ A,. To see this, firstleta € A. Then a = (ay, ay)
witha; € B(K)anda, € B(K1). Then clearly a; = (a;, 0)| ¢ and we also have that
(a1,0) = (a1, a)(1,0) = ap € A, soa; € Aj. Likewise, it follows that a, € A,,
soa = (aj,ar) € Ay ®Ay.Hence A C A| & A,.

For the converse, suppose b € Ajandb, € A;.Then (b;,0) € Aand (0, by) € A.
Therefore, (b1, by) = (b1, 0) + (0, by) € A. Therefore, A1 & A> C A and hence we
have A = A; & A,.

Now leta, b € Ay. Then (a, 0), (b, 0) € A, whence

(ab,0) = (a,0)(b,0) = (b, 0)(a, 0) = (ba, 0),

since A is abelian. Therefore, ab = ba, i.e. A; is abelian. Likewise, A, is abelian.
Now suppose A; € C C B(K) and C is an abelian subalgebra. Then

A=A A CCPA, CB(H),

and A is maximal abelian, so A = A| @ Ay, = C @ A,. Therefore, A; = C, and the
subalgebra A; € B(K) is maximal abelian. With a similar argument, A, € B(K )
is maximal abelian.

Now we claim that P,,(A;) = {pnlx : n € j}. To see this, let g € P, (A;). Then
g € Ay, 50 (q,0) € A and (g, 0) is a projection. Now suppose 0 < s < (g, 0)
for some projection s € A. Then s = (s1, 52) for some projections s; € B(K) and
s> € B(K1). Then s; = (s1,0)|x = (sp)|x and sp € A, so s; € A;. We then have
0<s <gand0 <s, <0,50s5p =0ands; =0ors; =gq,sinceqg € P,(A}).
Therefore, either s = 0 or s = (¢, 0), whence (¢,0) € P, (A). So, we know that
there is a n € j such that (¢, 0) = p, = (pulk,0),1.e.q = pulk.
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For the converse, suppose thatn € j and that g is a projection in A, such that we
have 0 < ¢ < pylx. Then (0,0) < (g,0) < (pulx.0) = py. so either (g,0) =0 or
(¢,0) = (pulk,0),1i.e. ¢ = 0 or g = p,|g. Therefore, p,|x € P,(A1). So indeed,
Py(Ay) = {pn|K ne i}

The next thing we want to prove is (P, (A1)),y = Aj.Clearly, (P, (A1))wn C Ay,
since A; is a von Neumann algebra. For the converse, suppose a; € A;. Then we
have a = (a;,0) € A, whence ap = (a;,0)(1,0) = (a;,0) = a, so

(a1,0)=a=ap=a2pn

"El
= Zapn = Z)\a(”)pn
nel nEl
=D ham)(Palk, 0) = O k() palk, 0).
nej nej

Here we used Corollary 5.18 to find the A, (n) € C. Therefore,

ar = ha(m)py € Upalk 1 € jHon = (Pu(AD)un-

nej

Hence, indeed, (P,,(A1)),n = A1.So A} € B(K) is amaximal abelian von Neu-
mann algebra that is generated by its j minimal projections. Therefore, by Theorem
5.23, there is unitary u; € B(K, E2(i')) such that

uiAjuy = Aq(j).

Next, we claim that A, has no minimal projections. To see this, suppose that
q € A, is anon-zero projection. Then (0, g) € A is a projection, and

0,9) ¢ Pn(A) ={pn = (pulk,0) :n € j}.

Therefore, there is a projection s € A suchthat0 <s < (0,¢) ands # 0,s # (0, q).
Then s = (s1,52) € A1 @& A, for some projections s; € A; and s, € A,. Then
0<(s1,5) <(0,qg),s0s51 =0and 0 < s, < g with s, # 0 and s, # g. Therefore,
q ¢ P,(A). Since ¢ € A was an arbitrary projection, P, (A2) = ¢.

Therefore, A, is a maximal abelian von Neumann algebra without minimal pro-
jections, so by Theorem 5.16 there is a unitary u, € B(K*, L?(0, 1)) such that

MQAQMZ_I = AC.

Now, (uy, u;) € B(H, Ez(i') @® L?(0, 1)) is a unitary such that
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(uy, u2)Aur, z) ™" = (ur, u2)(A; @ A (uy ', uy")
= ulAlufl @uzAzugl
= A4(j) ® A,

i.e. A is unitary equivalent to A;(j) @ A, as desired. (]

5.5 Classification

For a separable Hilbert space H and a maximal abelian von Neumann algebra,
we have showed in the previous sections that P, (A) determines A up to unitary
equivalence. More explicitly, we have the following result.

Corollary 5.25 Suppose H is a separable Hilbert space and A C B(H) is a maxi-
mal abelian von Neumann algebra. Then A is unitarily equivalent to exactly one of
the following:

1. A, € B(L*(0,1))
2. Aq(j) S B(2())) for some 1 < j <Ry
3. Aa(j) ® Ac € B(L*(j) @ L*(0, 1)) for some 1 < j < Ny,

This classification has the following very important corollary for our main goal.

Corollary 5.26 Suppose H is a separable Hilbert space and A C B(H) a unital
abelian subalgebra that has the Kadison-Singer property. Then A is unitarily equiv-
alent to either Ay(j) for some 1 < j < R, Acor Ay(j) ® A, forsome 1 < j < R.

In the rest of this text, we will determine whether the discrete, continuous and
mixed subalgebra have the Kadison-Singer property. So far, we only know that A ;(j)
has the Kadison-Singer property if j € N.



Chapter 6
Stone-Cech Compactification

We will first focus on the question whether the continuous subalgebra has the
Kadison-Singer property. We will answer this question (negatively) in Chap. 7, but to
do this, we first need to discuss the topological notion of a Stone-Cech compactifica-
tion. This is a topological space that can be seen as the biggest compactification of a
given topological space. Its universal property is useful in a wide variety of contexts
and is also precisely what we will use in Chap. 7.

Not every topological space admits a Stone-Cech compactification, but so-called
Tychonoff spaces do. In this chapter, we construct the Stone-Cech compactification
for such spaces using ultrafilters on zero-sets.

6.1 Stone-Cech Compactification

Definition 6.1 Suppose X is atopological space. The Stone-Cech compactification
of X is a pair (B8X, S), where BX is a compact Hausdorff space X, and S is a
continuous map S : X — BX having the following universal property: for any
compact Hausdorff space K and continuous function f : X — K, there is a unique
continuous Bf : BX — K such that the following diagram commutes:

X 3= BX

N

K

The Stone-Cech compactification is unique up to homeomorphism. Therefore,
we can speak of ‘the’ (rather than ‘a’) Stone-Cech compactification of a topological
space. However, not every topological space admits a Stone-Cech compactification.
However, so-called Tychonoff spaces do, as we show in what follows.
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6.2 Ultrafilters

There a multiple constructions of the Stone-Cech compactification, but we will use
the construction based on ultrafilters. We will define these for meet-semilattices,
which can be seen as the most general setting for doing this.

Definition 6.2 A meet-semilattice is a partial order (X, <) with the property that
any two elements x, y € X have a meet z, i.e. there exists an element 7 € X such
that z < x, z < y and for all w € X such that both w < x and w < y, we have
w < z. We denote the meet of x and y by x A y.

We will often denote a meet-semilattice by X instead of (X, <) and imply that
the order is given by the symbol <. For some purposes, meet-semilattices need to
have some more structure.

Definition 6.3 A lattice is a meet-semilattice X' with the property that any two
elements a, b € X have a join, i.e. an element ¢ € X with the property that a < c,
b < c and for any d € ¥ such thatbotha < d and b < d, we have c <d.

‘We can now define filters for meet-semilattices.

Definition 6.4 Suppose X is a meet-semilattice. A family F' C X is called a filter
(for X)) if it satisfies the following axioms:

1. F #4,
2. F#2%,
3. ifa,be X,thenaAb € F and
4. ifa e Fanda < b,thenb € F.

An ultrafilter is now just a special kind of filter.

Definition 6.5 Suppose X is a meet-semilattice and ' C X is a filter. Then F is
called an ultrafilter (for X) if the only filter G € X that satisfies F € G is F itself.
We denote all ultrafilters on X' by Ultra(X).

The property of being maximal does characterize an ultrafilter, but it is not always
the easiest to work with. Therefore, we introduce another description of ultrafilters
in the special case that the meet-semilattice has a minimal element.

Lemma 6.6 Suppose X' is a meet-semilattice with a minimal element O and F C ¥
is a filter. Then F is an ultrafilter if and only if F has the following property: ifa € X
anda ANb #Oforallb € F, thena € F.

Proof First suppose that F' is an ultrafilter. Furthermore, suppose that a € X such
thata A b # O for all b € F. Then define

F =FU{ceX|3d3becF:anb<c).
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We leave the straightforward computation that F’ is a filter to the reader. By
construction, F C F’ and F is an ultrafilter, so F/ = F. Now, take any b € F. Then
anb<a,soacF =F.

For the converse, suppose that @ € ¥ and a A b # 0 for all b € F imply that
a € F. Then suppose G C X is a filter such that F € G. Then let a € G. Then
forany b € F,a,b € G,soa Ab € G,soa A b # 0. Therefore, a € F, by our
assumption. Hence G C F,i.e. G = F. Therefore, F is an ultrafilter. O

In the case that a meet-semilattice has a minimal element, we can also prove the
following.

Lemma 6.7 Suppose X is a meet-semilattice with a minimal element. Then, for any
filter F on X, there is an ultrafilter G on X such that F C G.

Proof We prove this using Zorn’s lemma, i.e. let F be a filter on X' and consider the
set . consisting of all filters G on X' such that F C G. Then let { H;};c; be a chain
in .%. Then define H = UiE ; Hi. Clearly, F € H. Furthermore, it is easy to see
that H is a filter, since {H;};; is totally ordered. Hence H € .% and H is an upper
bound of {H;};¢;.

Therefore, .% is a partially ordered set with the property that every chain has an
upper bound. Hence, by Zorn’s lemma, . has a maximal element G. To see that G
is in fact an ultrafilter, suppose that G’ is also a filter on X' such that G € G'. Then
F CG,s0G € .%.Since G € G’ and G is amaximal element of .7, then G' = G,
i.e. G is an ultrafilter such that F C G. O

For lattices, we can consider another class of filters.

Definition 6.8 Suppose X is a lattice and let F be a filter on X'. Then F is called
primeifa v b € F impliesa € Forb € F.

Prime filters become particularly interesting when the lattice is distributive.

Definition 6.9 Suppose X is alattice. X is called distributive if forany a, b, c € X,
wehaveaVv (bAc)=(aVvb)Ar(avc)andaA (bVc)=(aAb)V (aAnc).

For distributive lattice with a minimal elements, the prime filters are exactly the
ultrafilters.

Lemma 6.10 Suppose X is a distributive lattice with a minimal element 0. Then
every ultrafilter on X' is prime.

Proof Suppose F is a an ultrafilter on X'. Furthermore, suppose that ¢;, ¢, € X such
that ¢c; V ¢; € F and ¢y, c; ¢ F. Then, by Lemma 6.6, there are by, b, € F, such
that ¢c; A by =0 and ¢, A b, = 0. Then

(c1 V) A(biAby) = (1 AbyADY)V (caAb1AD) < (i Ab)V (caAby) = 0Vv0 = 0.

Therefore, (¢1 V ¢2) A (by Aby) = 0,butbothc; Ve, € F and by A by € F, so then
0 € F. This is in contradiction with F being a filter, so F is prime. O
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6.3 Zero-Sets

‘We now turn our attention to one specific example of a meet-semilattice, namely the
set of zero-sets of a topological space.

Definition 6.11 Suppose X is a topological space and let A € X. A is called a
zero-set if there is a continuous function f : X — [0, 1] such that A = £~'({0}).
The collection of all zero-sets in X is denoted by Z(X).

Note that every zero-set is closed, since {0} C [0, 1] is closed. Furthermore, for
discrete spaces, we have Z(X) = £ (X). The collection of zero-sets of a topological
space has the following property:

Lemma 6.12 Suppose X is a topological space and let A, B € Z(X) be zero-sets
such that AN B = @. Then there are C, D € Z(X) such that

ACX\CCDCX\B.

Proof Since A, B € Z(X), there are continuous functions f, g : X — [0, 1] such
that A = f£~'({0}) and B = g~ '({0}). Now define 1 : X — [0, 1] by h = ﬁ.
Then & is well defined (since A N B = ) and continuous. Note that we have

{0 = f7'({0h) = A and 27 ({1}) = ¢~ ' ({0}) = B. Now, let
C:={xeX|hx) >3},
D:={xeX|hx) <1}

Then C is the zero-set of the continuous function max{% —h,0},s0C € Z(X), and
likewise, D € Z(X). Furthermore, we clearly have that A € X\ C, X\ C C D and
D C X\ B. O

‘We now show that for a topological space X, Z(X) is in fact a lattice.

Lemma 6.13 Suppose X is a topological space. Then Z(X) is a sublattice of 2 (X)
that contains ¥ and X.

Proof 1Tt is clear that ) and X are contained in Z(X). To see that Z(X) is in fact a
lattice, suppose A, B € Z(X). Then there are continuous functions f, g : X — [0, 1]
such that f~'({0}) = Aand g~'({0}) = B.Thenh := % gives AN B as a zero-set
and k = f - g gives A U B as a zero-set. O

Lemma 6.13 guarantees that for any topological space X, we can consider ultra-
filters on Z(X). In fact, Ultra(Z (X)) serves as the underlying set for the Stone-Cech
compactification of X, whenever X is a Tychonoff space.



6.4 Ultra-Topology 63

6.4 Ultra-Topology

For a topological space X, we want to endow Ultra(Z (X)) with a topology.

Definition 6.14 Suppose X is a topological space and A € Z(X). Then we define
U(A) ={F e Ultra(Z(X)) | A ¢ F},

and
W(A) = Ultra(Z(X)) \U(A) = {F e Ultra(Z(X)) | A € F}.

We use the sets U (A) to define a topology on Ultra(Z (X)). Namely, observe that
for any F € Ultra(Z(X)), we have that F # Z(X), so there is an A € Z(X) such
that A ¢ F,i.e. F € U(A). Hence

U v =Ulraz(x)).

AeZ(X)

so{U(A) | A € Z(X)} is a subbase for a topology on Ultra(Z(X)). We will call this
topology the ultra-topology.

From now on, we will consider Ultra(Z(X)) as a topological space, endowed
with the ultra-topology. In order to better understand this topology, observe that the
following identities hold.

For a topological space X and a subset {A;}!_; € Z(X), we have

U Aan=Jumy
i=1 i=1

and

vl Jan=uw.
i=1 i=1

The first identity can be obtained by a direct computation using the defining
relation W(A) = Ultra(Z(X)) \ U(A), whereas the second is a corollary of the fact
that every ultrafilter on Z(X) is prime. These identities combined with the definition
of the ultra-topology has the following immediate corollary.

Corollary 6.15 Suppose X is a topological space. Then {U(A) | A € Z(X)}isa
base for the ultra-topology on Ultra(Z(X)).

As we mentioned in Sect. 6.3, Ultra(Z (X)) is the underlying set of the Stone-Cech
compactification for a Tychonoff space X. Since we have now endowed Ultra(Z (X))
with the ultra-topology, we need to show that in fact this makes Ultra(Z(X)) a
compact Hausdorff space. First of all, we prove that it is Hausdorff.
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Proposition 6.16 Suppose X is a topological space. Then Ultra(Z (X)) is Hausdorff.

Proof Suppose F # G € Ultra(Z(X)). Then, since F is maximal, thereisan A € F
such that A ¢ G. Then, by Lemma 6.6, there is a B € G such that AN B = .
Now, using Lemma 6.12, there are C, D € Z(X) such that

ACX\CCDCX\B.

Since A € F,C € F wouldimply = ANC € F,soC ¢ F,ie. F € U(C).
Likewise, since B € G, G € U (D). Furthermore, U(C), U(D) C Ultra(Z(X)) are
open and

uC)NnUMD)=U(CUD)=UX)=42.

Therefore, Ultra(Z (X)) is Hausdorff. ([l
Next, we prove that Ultra(Z (X)) is compact. We do this in three steps.

Lemma 6.17 Suppose X is a topological space andlet A € Z(X). Then W(A) =
if and only if A = (.

Proof Suppose A = {J. Then forevery filter F on Z(X),? ¢ F,so forevery ultrafilter

GonZ(X),G ¢ W(@),ie. W) =0@.
Next, suppose A # (. Then, clearly,

Fi:={BeZ(X)|ACB)

is a filter on Z(X) containing A. Then, by Lemma 6.7, there is an ultrafilter G 4 such
that A € F4 € G4.Hence G4, € W(A),i.e. W(A) # (.
So, indeed, W(A) = ¢ if and only if A = @. O

Lemma 6.18 Suppose X is a topological space and let {A;}ic; S Z(X) such that
{W(A)}ier has the finite intersection property. Then (;c; W(A;) # 0.

Proof Let {ix};_, < I be any finite subset. Then, by the properties of the ultra-
topology,

W(() Ai) = Ultra(Z(X)) \ U(["] Ay,) = Ulra(Z(X)) \ | U(A)

k=1 k=1 k=1

=N (Ultra(Z(X)) \ U(A,-k)) =W #0,
k=1

k=1

since {W (A;)};c; has the finite intersection property. Hence by Lemma 6.17, we have
Niz; Ai, # 9. Since the above holds for any finite subset {i;};_, < I, we see that

F:={BeZ(X)|Hidj_, S Ist [)A; S B}
k=1
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is a filter. Hence there exists an ultrafilter G on Z(X) such that F < G,
by Lemma 6.7. Then for alli € I, A; € F C G,s0 G € W(A;) foralli € I,
ie. ;e W(A) # 0. O

Proposition 6.19 Suppose X is a topological space. Then Ultra(Z (X)) is compact.

Proof Suppose that {C;};c; is a family of closed sets in Ultra(Z (X)) that has the
finite intersection property. Now leti € I. Since C; is closed, D; := Ultra(Z(X))\ C;
is open, so D; = Ujej/_ U(A;) for some subset {A;}c;, € Z(X). Then, clearly, we

have that C; = ﬂjeji W(A)).

Now define J = |J,.,; Ji and suppose that {ji};_, is a finite subset. Then for
every k € {1, ..., n} there is a iy € [ such that j; € J;. Hence
pE(Co=) ) WA S WAm
k=1 k=1 jeJ;, k=1

since {C;};c; has the finite intersection property.
Therefore, {W4,};c; has the finite intersection property. Hence by Lemma 6.18,
s W(A)) # 0. Therefore,

C=[\WEAH= W~ 0
iel iel jelJ; jeJ

so Ultra(Z (X)) is compact, since {C;};c; was an arbitrary family of closed sets in
Ultra(Z (X)). O

6.5 Convergence of Ultrafilters for Tychonoff Spaces

For a topological space X, we have now endowed Ultra(Z (X)) with a topology such
that it is a compact Hausdorff space. It is now time to discuss the construction of the
map S : X — Ultra(Z(X)). For this, we consider the notion of convergence. Note
that we use the notation .4 for the set of neighbourhoods of a given point x € X.

Definition 6.20 Suppose X is a topological space, F'is a filter on Z(X) and x € X.
We say that F converges to x if 4, N Z(X) C F.

The following lemma is trivial.

Lemma 6.21 Suppose X is a topological space and let x € X. Then N; N Z(X) is
a filter on Z(X).

Combined with Lemma 6.7 applied to Z(X), this has the following corollary.

Corollary 6.22 Suppose X is a topological space and let x € X. Then there is an
ultrafilter F on Z(X) that converges to x.
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Although the above result is useful, it does not say anything about uniqueness.
First of all, an ultrafilter might converge to multiple points and secondly, there might
be multiple ultrafilters converging to the same point. However, for Tychonoff spaces
both these ‘degeneracies’ do not exist.

Definition 6.23 Suppose X is a topological space. Then X is called a Tychonoff
space if it is 7} and it satisfies the following property: for every closed C € X and
x € X \ C, there is a continuous function f : X — [0, 1] such that f(x) = 0 and

fle =1

Tychonoff spaces are also called completely regular or Tz s. Note that discrete
spaces are definitely Tychonoff. The following lemma is key in proving that the
degeneracies we described above do not occur for Tychonoff spaces.

Lemma 6.24 Suppose X is a Tychonoff space and let x € X. Then, forany A € A,
thereisa B € Ny N Z(X) such that B C A.

Proof Since A € A;, there is an open set U € X suchthatx € U C A. Then X \ U
is closed in X and x ¢ X \ U. Hence there is a continuous function f : X — [0, 1]
suchthat f(x) = 1and f|x\y = 0. Then define g := max{% — f, 0}. Then certainly,
g : X — [0, 1] is continuous and

}cu.

N =

') ={zeX | f2) =

Furthermore, U’ := {z € X | f(z) > %} isopenand x € U’ C g~ '({0}) C U.
Hence we have g~'({0}) € A N Z(X) and g~'({0})) C A.

Using this, we can prove the first ‘non-degeneracy’.

Proposition 6.25 Suppose X is a Tychonoff space. Then every filter on Z(X) con-
verges to at most one point.

Proof Suppose F is a filter on Z(X) such that F converges to both x, y € X. Then
N NZ(X)e Fand 4, NZ(X) € F.

If x # y,thereareopen U,V € X suchthat UNV =@, x e Uandy € V,
since X is a Tychonoff space and hence Hausdorff. Since U € .45 and V € .45,
Lemma 6.24 then givesus A € A; N Z(X) and B € A, N Z(X) suchthat A C U
and B C V. However, by assumption, then A, B € F,sod = AN B € F.Thisis a
contradiction, so x = y.

Hence F converges to at most one point. [

Next, for a Tychonoff space, we can describe the ultrafilters that converge to a
certain point explicitly.

Proposition 6.26 Suppose X is a Tychonoff space and let x € X. Furthermore,
suppose that F is an ultrafilter on Z(X) that converges to x. Then

F={AecZX)|xeA).
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Proof Suppose there is an A € F such that x ¢ A. Then A € Z(X), so certainly
A C X isclosed. Hence X \ A € .#;. So, by Lemma 6.24, thereisa B € A4, NZ(X)
such that B € X \ A. However, since F' converges to x, then B € F, and hence
= AN B € F. This is a contradiction. Hence x € A forall A € F,i.e.

FC{AeZX)|xeA.

Next, suppose C € Z(X) such that x € C. By the above, x € A forall A € F, so
forall A € F, ANC # @. Hence C € F, by Lemma 6.6. Hence, indeed,

F={AecZX)|xeA} O

Corollary 6.22 combined with the above explicit description of a convergent ultra-
filter has the following corollary.

Corollary 6.27 Suppose X is a Tychonoff space and let x € X. Then there is a
unique ultrafilter on Z(X) that converges to x.

We write F, for the unique ultrafilter that converges to the point x, i.e.
Fo={AecZ(X)|x e A}

Furthermore, we write S : X — Ultra(Z(X)), x +— F,. We will now show that this
map has the desired properties.

Proposition 6.28 Suppose X is a Tychonoff space. Then S : X — Ultra(Z(X)) is
continuous.

Proof Let A € Z(X) and let x € S'(U(A)). Then F, € U(A),s0 A ¢ F,,i.e.
x ¢ A, by Proposition 6.26. Since A € Z(X), A is closed, whence X \ A is an open
neighbourhood of x.

Now, lety € X \ A. Theny ¢ A, so A ¢ F,, by Proposition 6.26. Therefore,
we know that S(y) € U(A), ie. y € ST'(U(A)). Hence X \ A € S~1(U(A)).
Since U(A) is an arbitrary base element of Ultra(Z(X)), we conclude that §
is continuous. ([

In order to prove the universal property of the Stone-Cech compactification, we
extend the above result.

Proposition 6.29 Suppose X is a Tychonoff space. Then S : X — Ultra(Z(X)) is
an embedding.

Proof By Proposition 6.25, we know that S is injective, whence S : X — S(X) is
a bijection. Furthermore, according to Proposition 6.28, S is continuous, so we only
need to prove that the function S : X — S(X) is open.

For this, let V C X be open, and let F € S(V). Then there is an x € V such that
F = F,.Since X \ Visclosed, x ¢ X\ V and X is Tychonoff, there is a continuous
function f : X — [0, 1] such that f(x) =1 and f|x\v = 0.
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Now, define B := f~'({0}) € Z(X).Then X\ V € Band x ¢ B.Then B ¢ F,,
so F, € U(B).

Let G € U(B) N S(X), i.e. lety € X such that F, € U(B). Then B ¢ F,,
so y ¢ B by Proposition 6.26. Then also y ¢ X \ V, i.e. y € V. Therefore,
UMB)NSX) < SV),ie S: X — S(X) is open.

Hence § is indeed an embedding. (I

Not only is S an embedding, its image is also dense.
Lemma 6.30 Suppose X is a Tychonoff space. Then S(X) C Ultra(Z (X)) is dense.

Proof Suppose A € Z(X) suchthat U(A) # 0, i.e.suchthat A # X. Then, we have
X\ A #(,sothereisax € X\ A. Then x ¢ A. Therefore, A ¢ F,,i.e. Fy € U(A).
Hence we have that U(A) N S(X) # @. Since U (A) was an arbitrary base element,
we conclude that S(X) C Ultra(Z (X)) is dense. U

6.6 Pushforward

We have now constructed the pair (Ultra(Z (X)), S) for all Tychonoff spaces X. To
prove that this pair in fact has the universal property of the Stone-Cech compactifi-
cation, we consider pushforwards of filters.

Definition 6.31 Suppose X and Y are topological spaces, F is a filter on Z(X)
and f : X — Y is a continuous function. Then the pushforward of F over f is
defined as

[o(F)={A€Z¥)| f'(A) € F}.

Lemma 6.32 Suppose X and Y are topological spaces, F is a filter on Z(X) and
f : X — Y is a continuous function. Then f,(F) is a filter on Z(Y). Moreover, if F
is an ultrafilter, then f.(F) is an ultrafilter too.

Proof Since taking pre-images behaves nicely with respect to intersections, unions
and subsets, it is clear that f,(F) is a filter.

Now, also assume that F' is an ultrafilter. Then suppose A, B € Z(Y) such that
AUB € f.(F). Then we know that f~'(A) U f~'(B) = f~'(AUB) € F and
also that f’l(A), f~Y(B) € Z(X). Since F is an ultrafilter, it is prime (by Lemma
6.10), so either f~'(A) € F or f~!(B) € F. Therefore, A € f.(F) or B € f.(F),
i.e. F is prime and hence an ultrafilter. (]

Now for any continuous function f : X — Y between any two topological spaces
X and Y, consider f, : Ultra(Z(X)) — Ultra(Z(Y)) as a function.

Lemma 6.33 Suppose X and Y are topological spaces and let f : X — Y be
continuous. Then f, is continuous.
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Proof Suppose A € Z(Y) and let F € f*_l(U(A)). Then A ¢ f.(F), which means
that f~'(A) ¢ F,ie. wehave F € U(f~'(A)).

Let G € U(f~'(A)). Then f~'(A) ¢ G,s0 A ¢ f.(G),ie. f.(G) € U(A), so
G e f*_l (U(A)). Hence U(f~'(A)) C f-'(U(A)), i.e. f, is continuous. O

6.7 Convergence of Ultrafilters for Compact Hausdorff
Spaces

We have already discussed the notion of convergence for Tychonoff spaces. For
compact Hausdorff spaces, we can prove even stronger statements. First of all, since
we have the following result for compact spaces.

Lemma 6.34 Suppose X is a compact space. Then every F € Ultra(Z(X)) con-
verges to at least one point.

Proof Suppose F e Ultra(Z (X)) is an ultrafilter that converges to no point. Then,
for all x € X, we know that there is an A, € 4, N Z(X) such that A, ¢ F. Then
for all x € X, there is an open V, € X such thatx € V, C A,.

Then |J, .y Vx = X, so by compactness of X, there is a finite subset {x;, ..., x,}
of X such that J!_,; V., = X. Then also |J!_; A;, = X € F. However, F is
prime, so there mustbe ani € {1, ..., n} such that A,, € F, which contradicts our
assumptions.

Hence F' must converge to at least one point. (]

If we now also assume the Hausdorff property, this lemma has the following
corollary.

Corollary 6.35 Let K be a compact Hausdorff space. Then every F € Ultra(Z(K))
converges to exactly one point.

Proof Suppose F € Ultra(Z(K)). Then, since K is compact, F' converges to at least
one point. However, since every compact Hausdorff space is 74 and hence Tychonoff,
F converges to at most one point, by Proposition 6.25. Hence F converges to exactly
one point. O

For a compact Hausdorff space K, denote ¢k : Ultra(Z(K)) — K for the unique
map such that F' converges to gk (F) for all F € Ultra(Z(K)).

Proposition 6.36 Suppose K is a compact Hausdorff space. Then g is continuous.

Proof Suppose V C K isopenandlet F € <p,}1(V).Then ¢k (F) € V.Furthermore,
K\V C Kisclosedand g (F) ¢ K\ V. Since K is Tychonoff, there is a continuous
F : K — [0, 1] such that f|x\v = 0 and f(pg(F)) = 1.

Now define B := f~'({0}) € Z(K) and note that px(F) ¢ B,so B ¢ F,i.e.
we have F € U(B). Now let G € U(B). Then B ¢ G, so ¢px(G) ¢ B. Since
K\V C B,then g (G) ¢ K\ V,s0px(G) € V.

Therefore, px (U(B)) C V,ie. U(B) C (p,;l(V). Hence (p,;l(V) is open, i.e. P
is continuous. (I
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6.8 Universal Property

For any Tychonoff space X, compact Hausdorff space K and continuous f : X — K,
we now have the following diagram:

X —3% = Ultra(Z(X))

|+

Ultra(Z(K))

iw

K

We first show that this diagram commutes.

Proposition 6.37 Suppose X is a Tychonoff space, K a compact Hausdorff space
and f : X — K a continuous function. Then ¢g o f, oS = f.

Proof Letx € X. Then S(x) = F, = {A € Z(X) | x € A}. Therefore,

(feoS)(x) = fu(F) ={A € Z(Y) | f7'(A) € F\}
={AezZ¥)|xe f(A)
={AcZY)| f(x) € A}
= Fr.

Therefore, (pg o fi 0 S)(x) = g (Fri) = f(x),1e.9x 0 fuoS = f. U
Using this, we come to the main point.

Corollary 6.38 Suppose X is a Tychonoff space. Then Ultra(Z (X)) together with
the function S : X — Ultra(Z(X)), defined by S(x) = {A € Z(X) | x € A}, is the
Stone-Cech compactification of X.

Proof We showed that Ultra(Z (X)) is a compact Hausdorff space (Propositions 6.16
and 6.19) and that S is continuous (Proposition 6.28). Therefore, we only need to
show that the pair (Ultra(Z (X)), S) has the universal property. For this, let K be
a compact Hausdorff space and f : X — K a continuous function. Then define
Bf = ¢k o fi. By Proposition 6.37, then Bf o S = f.

Furthermore, since S(X) < Ultra(Z(X)) is dense by Lemma 6.30, Bf is the
unique continuous function g : Ultra(Z(X)) — K such that g o § = f. Hence the
pair (Ultra(Z (X)), S) has the universal property. ([l



Chapter 7
The Continuous Subalgebra
and the Kadison-Singer Conjecture

The main goal of this chapter is to prove that the continuous subalgebra does not have
the Kadison-Singer property. We do this in Sect.7.4, by considering the so-called
Anderson operator. The sections before that one provide tools for proving properties
of the Anderson operator.

In Sects.7.1 and 7.2, we construct the Haar states, using the results of Chap. 6.
Section 7.3 contains rather technical results, which culminate in Corollary 7.17. This
corollary is in fact the only thing we need from Sect. 7.3 to prove in Sect.7.4 that
the continuous subalgebra does not have the Kadison-Singer property.

In the remainder of the chapter, we prove that this implies that the mixed subalge-
bra does not have the Kadison-Singer property either and hence that only maximal
abelian subalgebras that are unitarily equivalent to the discrete subalgebra can pos-
sibly have the Kadison-Singer property. Once we have proven this result, we are in a
position to formulate the Kadison-Singer conjecture and appreciate its consequence
for the classification of subalgebras with the Kadison-Singer property.

7.1 Total Sets of States

We have already seen that the set S(A) of states on a C*-algebra A is a convex,
compact Hausdorff space. We are now interested in special subsets of this space;
so-called toral sets of states. For this, recall that for a self-adjoint element @ and a
state f, f(a) is real.

Definition 7.1 Suppose A is a C*-algebra and let T C S(A). We say that T is a
total set of states for A if for any self-adjoint a = a* € A the condition f(a) > 0
for every f € T implies thata > 0.
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The following lemma is trivial.

Lemma 7.2 Suppose A is a C*-algebra and suppose T C T' C S(A), where T is
a total set of states for A. Then T’ is a total set of states for A.

Total sets of states have an important property.

Lemma 7.3 Suppose A is a C*-algebra and T C S(A) is a total sets of states.
Furthermore, suppose that a = a* € A, o € R and that g(a) > « for every g € T.
Then f(a) > o forall f € S(A).

Proof Note that a — a1 is self-adjoint and that g(a — 1) = g(a) —« > 0 for every
g € T. Therefore, a — a1 > 0, since T is total.

Hence for any f € S(A), f(a — al) > 0, since f is positive. Therefore, we
obtain that f(a) — o > 0,1.e. f(a) > «, forall f € S(A). O

The state space S(A) of a C*-algebra A is topologized by the weak*-topology,
which is generated by considering single elements a € A. Since the definition of
total sets of vectors concerns only self-adjoint elements, we are especially interested
in those elements. Recall that the weak*-topology on the state space S(A) of a C*-
algebra A is given by the subbase that consists of the elements

B(f.a,&) ={g € S(A) : |f(a) — gla)| < &},

where f € S(A),a € A and ¢ > 0. As it now turns out, we only have to consider
those subbase elements given by self-adjoint elements.

Lemma 7.4 Suppose A is a C*-algebra. Then the set
{B(f,a,e): feSA),a=a"€A, ¢ >0}

is a subbase for the weak*-topology on S(A).

Proof Suppose thata € A. Thena = b+ic, where b, c € A are self-adjoint. Hence,
for f, g € S(A),

|f(@) —gl@)| = fb+ic)—gb+ic)
=[f() —g®|+1f(c) =gl

So,if g € B(f. b, 5) N B(f,c,5),then g € B(f,a,e). Hence
B(f,b,5)N B(f,c,5) € B(f,a,e).

Combined with the fact that {B(f, a,¢) : f € S(A),a € A, ¢ > 0} is a subbase for
the weak*-topology on S(A), this shows that

[B(f.a.e): feSA),a=a"€ A, e>0]

is a subbase too. O
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We use this fact to prove the following important lemma about total sets of states.

Lemma 7.5 Suppose A is a C*-algebra and T C S(A) is a total set of states. Then
S(A) = co(T), i.e. the sets of states is the weak”-closure of the convex hull of T

Proof Since T C S(A) and S(A) is a weak*-closed convex set, co(T) C S(A).
Hence we only have to prove that S(A) C co(T).

To see this, let f € S(A), and suppose that f € ﬂlr.l:] B(fi, a;, ), for certain
states fi € S(A), a; = af € Aand & > 0. Since f € B(fi,a;,¢;) for any
i €{l,...,n}, thereare§; > Oforalli € {1, ..., n}such that we have the inclusion
B(f,ai,8;) € B(fi,a;,&)foralli € {1,...,n}.

Now define the map

¢ :S(A) > R, f> (fla),.... flan),

and define §2 = ¢(7T'). We claim that for every f € S(A), we have ¢(f) € co(£2).

To prove this, we argue by contraposition. So suppose that f € S(A) such that
@(f) ¢ co(£2). Then, using a very standard result in convexity theory, we obtain a
n — 1-dimensional hyperplane V through ¢( f) that does not intersect co(§2) and an
a > Osuchthatforeveryx € Vandy € co(£2), |[x—y| > «,i.e.co(§2) is completely
on one side of V and is seperated from V by a distance of at least «. Considering
the normal vector n on V, this means that for any y € co(£2), (y — ¢(f),n) > «,
where (, ) is the standard inner product on R”".

Now write n = (t1,...,1,) € R" andlet g € T. Then ¢(g) € co(£2), so

((gla) = flar), ... g(an) — fan), (1. .... 1)) Z a.

Writing this out, one obtains Z?:l ti(gla;) — f(a)) > a,ie.

g(ztiai) > f(ztiai) +a.
i=l i=l

However, g € T was arbitrary, Z?:, t;a; 1is self-adjoint and f € S(A), so
by Lemma 7.3, f(Q./_,tia;) > f(O I, tia;) + «. This is a contradiction, so
@(f) € co(£2).

Now define § := min;eqi,... ) 6. Then § > 0, so there is an & € co(£2) such that
wehave |h—@(f)| < 8.Since h € co(£2), there are {g;}7, € T and {s;}/_, < [0, 1]
suchthath = X" s;ip(gi) and > o s; = 1.

Now define k = Zl'."zl sigi € co(T)and let j € {1, ..., n}. Note that ¢ (k) = h.
Then

lk(a;) — fapl =lpk); — (Nl =1hj — el < |h—e(f)] <8 =<4,

where we used the notation x; for the j’th coordinate of x = (xi, ..., x,) € R".
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This proves that k € B(f,a;,6;) < B(fj,aj,¢&;). Since j € {1,...,n}
was arbitrary, k € ﬂ:'l=1 B(fi,a;, ;). However, k € co(T) too, so we obtain that
N, B(fi,ai, &) Nco(T) # @. Since (\;_; B(fi, a;, &) is an arbitrary base ele-
ment around f by Lemma 7.4, f € co(T).

Now f € S(A) was arbitrary, so S(A) € co(T) and hence S(A) = co(T), as
desired. [l

The above lemma is mainly important because of the following theorem.

Theorem 7.6 Suppose A is a C*-algebraand T < S(A) is a total set of states. Then
9. S(A) CT.

Proof By Lemma 7.5, S(A) = co(T). Then by the Krein-Milman theorem, i.e.
Theorem B.4, 9,S(A) C T. ([l

In the next section, we will construct a total set of states for the continuous
subalgebra. Later on, we will use Theorem 7.6 for this total set to prove that the
continuous subalgebra does not have the Kadison-Singer property.

7.2 Haar States

The total set of states on the continuous subalgebra that we will consider is induced
by the so-called Haar functions. In order to describe these, first consider the set

Y= {G,j) e NU{OD?:i <2/}
It is easily seen that the function
VY > NG ) i+2

is a bijection. Now, for each pair (i, j) € Y, we have a special notation for the interval

Vi, j) = 2‘—, ’zi,l] C [0, 1]. Next, define the function

k:Y — L*0,1), (i, j) — (\/z)j[XV(Zi.j-H) — Xv@it+1j+D]s

and using this, define & : N — L%(0, 1) by setting 2(1) = [1] and, if n > 2, defining
h(n) = (k oy~ (n — 1). The set h(N) € L?(0, 1) is the set of Haar functions.
This procedure gives

h(1) = [1],

h(2) = [x10,1/21 — Xxr1/2.11)s
h(3) = ﬁ[X[O,lMJ — Xi/4,1/21],
h(4) = \/E[X[l/2,3/4] — X3/4,11],
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and so on. By mere writing out it follows that the Haar functions form an orthonormal
set.

In fact, since the support of /(n) becomes arbitrary small as n increases, but the
supports of the functions A(1 +27), h(1 +27), ..., h(2/*!) completely cover [0, 1]
forevery j € N, one can see that the Haar functions actually form a basis for L%, 1).
For more details about this, see [1, Theorem 1.4].

The Haar functions now induce the Haar states, which will form the total set of
states we are looking for. To do this, define H(n) : B(L?*(0,1)) - C by setting
Hn)(b) = (b(h(n)), h(n)), for every n € N. Clearly, every H(n) is a state on
L?(0, 1), since H(n)(1) = (h(n), h(n)) = 1 and

H(n)(b*b) = ((b*b)(h(n)), h(n)) = (b(h(n)), b(h(n))) = [[b(hn)I* = 0

for every b > 0. We consider H as a function, i.e. H : N — S(B(L?(0, 1))). The
set H(N) is the set of Haar states.

When restricting the Haar states to the continuous subalgebra A. € B(L?(0, 1)),
we get a function H' : N — S(A,), given by H'(n) = H (n)|4,. We will refer to the
elements of H'(N) as restricted Haar states. The main point of this construction is
the following theorem.

Theorem 7.7 The set H'(N) of restricted Haar states is a total set of states for A..

Proof Suppose a = a* € A, but a is not positive. Then there is a real-valued
measurable function g : [0, 1] — C,aset D C [0, 1] and b, ¢ > 0 such that g € a,
g(x) < —bforall x € D and u(D) = c. Since D C [0, 1] is measurable, there is
anopen set U C [0, 1] suchthat D C U and u(U \ D) < ﬁ.

Now note that the Haar functions satisfy h(i + 2/ — 1)? = 2/[xy. ;] for j > 1.
Hence, since the V (i, j) partition [0, 1] in arbitrarily small intervals, we can write
Xu = Zsozl Anh(n)?, for some A, > 0. Then compute:

gh(n)(x)* = / g(0) D~ hah(n)(x)?

(0.1] n=1

=/ g(X)xU(X)=/ g(x)
[0,1] U
/g(X)Jr/ g(x)

D U\D

S

= Joa

< —bc+ u(U\ D)|all
bc bc
—bc+ — = —— < 0.
< c + 5 > <

Since every A, > 0, there is then at least one n € N such that

H'(n)(M,) = (Migh(n), h(n)) = /[0 | g)h(n)(x)* < 0.
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So, whenever a self-adjoint element b = b* € A, satisfies H'(n)(M,) > 0 for
every n € N, then b > 0, i.e. the set H'(N) is a total set of states for A.. [l

We can now use the (restricted) Haar states in combination with the concept of the
Stone-Cech compactification of N, which is Ultra(N) according to Corollary 6.38.
Since N is discrete, the map H : N — S(B(L?(0, 1))) is continuous. Furthermore,
S(B(L*(0, 1))) is a compact Hausdorff space by Proposition 3.6, so there is a unique
continuous map SH : Ultra(N) — S (B(L*(0, 1))) such that the following diagram
commutes:

N —3 = Ultra(N)

ey

S(B(L*(0,1)))

where S is the map such that S(n) = F,,, the principal ultrafilter belonging ton € N.

Likewise, for the restricted Haar states map H' : N — S(A,), there is a unique
continuous map SH’ : Ultra(N) — S(A,) such that the following diagram com-
mutes:

N —2 Ultra(N)

S

S(Ac)

‘We can make a connection between these two diagrams by considering the multi-
plication operator M : A, — B(L?*(0, 1)), which is an inclusion. We are especially
interested in the pullback of this map, i.e.

M* : S(B(L*(0, 1))) — S(A.),

given by (M*(f))(a) = f(M(a)), since M* is continuous by Lemma 3.18.
We use the map M* for the following trivial fact.

Lemma 7.8 The following identity holds: H = M* o H.
Proof Supposen € Nanda € A.. Then
H'(n)(a) = H(n)|a, (@) = H(n)(M(a)) = (M*(H(n)))(a),

which proves that H'(n) = (M* o H)(n),i.e. H = M* o H, as desired. O
This induces the following important identity.

Corollary 7.9 The following identity holds: BH' = M* o SH.
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Proof First of all, note that M* o BH : Ultra(N) — S(A,.) is a continuous function,
since both M* and B H are continuous, by Lemma 3.18 and the universal property
of the Stone-Cech compactifaction.

Next, note that 8H o S = H, again by the universal property of the Stone-Cech
compactification. Therefore, using Lemma 7.8,

M*oBHoS=M"oH=H'
Therefore, by uniqueness of the map S H’, we have M* o BH = BH’, as desired. J

We are mainly considering the Stone-Cech compactification of N and the Haar
states because of the following statement.

Theorem 7.10 The following inclusion holds: 9,S(A.) C (BH’)(Ultra(N)).

Proof By Theorem 7.7 we know that H’(N) is a total set of states for A.. Then, since
H' = BH'oS, H(N) C (BH')(Ultra(N)), whence by Lemma 7.2, (8 H") (Ultra(N))
is a total set of states.

Therefore, by Theorem 7.6, 9, S(A.) € (BH’)(Ultra(N)). However, Ultra(N) is a
compact space, and S H' is a continuous map. Therefore, (8 H') (Ultra(N)) € S(A.)
is compact too. Since S(A,) is Hausdorff, this implies that (8 H') (Ultra(N)) is closed.
Therefore, 9,S(A.) € (BH')(Ultra(N)), as desired. O

Since we are interested in the pure states on the continuous subalgebra, we are
now interested in a more precise expression of the image of BH and SH’. We can
describe both of them by generalizing the structure they share.

Proposition 7.11 Suppose X is a discrete space and A a C*-algebra. Furthermore,
suppose that F : X — S(A) is some function. Then foranya € AandU € Ultra(X),

{(BRYWU) @) = () (F()(@):x €o}.

oelU

Proof Leta € Aand U € Ultra(N). Note that BF = ¢g(a) o F by Proposition 6.37.
Hence Ngryw) € Fi(U), so for every N € N(gr)w) we have F~'(N) € U.
Now leto € U and let ¢ > 0. Then B((BF)(U), a, &) € N gr) ), SO

C.:={x e X:|F(x)(a)— (BF)(U)a)| <&} =F '(B(BF)(U),a,¢)) € U.
Then 0,C, € U,so o NC, € U, ie. thereis an x € o N Cg, i.e. there is an

x € o such that |F(x)(a) — (BF)(U)(a)] < €. Therefore, we obtain that
(BF)(U)(a) € {F(x)(a) : x € o}. Since 0 € U was arbitrary, we then have

(BF)U)(@) € [ TFX) (@) :x €ol.

oelU
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Now suppose y € (), <y {F(x)(a) : x € o} too. Then let § > 0. Since C% e U,

we have y € {F(x)(a) : x € C% }. Hence there is a x € C% such that we obtain the
inequality |y — F(x)(a)| < % Therefore,

)
ly = BR)U)@)] =y = F)@)| + [F(x)(@) = (BF)()(@)] < 5+ 5 =4

Since § > 0 was arbitrary, y = (8F)(U)(a). So, indeed,

{(BRHW)@} = [ TFx)(@ :x €al,

oeclU

as desired. U

7.3 Projections in the Continuous Subalgebra

We now begin with our proof of the fact that the continuous subalgebra A. does not
have the Kadison-Singer property. We first prove some rather technical results.
First of all, for a pure state /' € 9,S(A.), a measurable and bounded function
h : [0, 1] — C such that [h] € A, is a positive element, and some ¢ > 0, we define
the set
X(f h,e):={xe[0,1]: h(x) € [f([h]) — &, f([R]) + €]}

Note that by construction of A, = L*°(0, 1), for any positive [i] € A., f € 0.S(A.)
and ¢ > 0, the number

a(f,[h], &) = w(X(f, h,e))

is well defined, where u is the standard measure on [0, 1]. In order to prove a crucial
result about these numbers «( f, a, €), we need to define the essential infimum of a
positive element of A..

Definition 7.12 Suppose a € A. is positive. Then the essential infimum of «a is
defined as
essinf(a) = inf{r : u({x € [0, 1] : h(x) < t}) = 0},

where 4 : [0, 1] — C is any positive measurable function such that [4] = a.

Note that the essential infimum is well defined, i.e. independent of choice of
representative, exactly by construction of A.. The essential infimum has an important
property when considering states.

Lemma 7.13 Suppose a € A. is a positive element and f € 9,S(A.) is a pure state
such that f(a) = 0. Then ess inf(a) = 0.
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Proof Suppose ¢ > 0 and suppose that essinf(a) > 0. Then there is a
positive, measurable function 2 : [0, 1] — C such that [h] = a andat > 0
such that A(x) > ¢ for all x € [0, 1]. Then & — ¢1 is still a positive, measurable

function, and [k — ¢t1] = a — t1. Hence a — t1 is a positive element of A,
whence —t = f(a) —tf(1) = f(a —t1) > 0. This is a contradiction, so indeed,
ess inf(a) = 0. U

Lemma 7.14 Suppose f € 0.S(A.). Leta € A, be a positive element and let ¢ > .
Then a(f,a,¢e) # 0.

Proof Suppose h € a is a measurable, positive function. Now, consider the set
Z:={x€l0,1]: h(x) = f(a)},

and denote W := [0, 1]\ Z. Writing yx  for the characteristic function of Z, we note
that f([xzD)? = f([xz]), since f is multiplicative. Therefore, f([x2]) € {0, 1}.
Furthemore, f([xw]) = 1 — f([xz]), where xw is the characteristic function of W.
Hence, there are two cases. First, suppose that f([xz]) = 0. Then f([xw]) = 1.
Therefore,

fxwhl = f(xwD f(hD = f(a).

So, writing b = [xwh] — f(a)l, f(b) = 0. Furthermore, ywh — f(a)l is a pos-
itive function by construction, since W = {x € [0,1] : h(x) > f(a)}. Hence,
by Lemma 7.13, ess inf(b) = 0, so u({x € [0, 1] : (xwh — f(a))(x) < €} # 0.
However,

{x €[0,1]: (xwh — f@D)(x) <€} ={x €[0,1]: h(x) € (f(a), f(a) + &)},
so certainly

a(f,a, &) = pn(X(fih, &) =pu({x €[0,1]: h(x) € [f(a) —¢, f(a)+el}) > 0.
Next, consider the case that f([xz]) = 1. Then a similar argument applied to the
element b = f(a)l — [xzh] shows that ¢ (f, a, €) # 0. O

Using this property, we can prove the following result about projections in the
continuous subalgebra, where we use the theory in section C.2.

Lemma 7.15 Suppose f € 9.S(A.), leta € A, be a positive element and let ¢ > 0.
Then there is a projection p € A, such that f(p) = land |p(a — f(a)l)| < e.

Proof Let h be a positive measurable function such that [#] = a. Then write
e
Z=X(f, h, 5).

By Lemma 7.14, then w(Z) # 0. Therefore, [x2] is a non-zero projection in A,
where x is the characteristic function of Z.
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By construction of Z, |(x,(h — f(a)1))(x)]| < % for every x € [0, 1], whence we
have |[[xz](a — f(@) DIl < e.

So, now the only thing left to prove is that f([xz]) = 1. If f([xz]) # 1, then we
have f([xz]) = 0, since x is a projection. Then we obtain that f([xw]) = 1, where
W = [0, 1]\ Z and yy is the characteristic function of W. Then, by multiplicativity
of f, f(Ixwh]) = f(a), whence X(f, xwh, e) = 0,1.e. a(f, [xwh], &) = 0. This
contradicts Lemma 7.14. Therefore, f([xz]) = 1, so [xz] € G as required. O

Using the previous results, we can consider pure states on the continuous subal-
gebra that do have unique pure state extensions. First of all we have the following
result.

Lemma 7.16 Suppose that f € 9,S(A.) such that Ext(f) = {g}. Furthermore, let
b € B(L*(0, 1)) such that g(b*b) = 0. Then, for every ¢ > 0, there is a projection
p € A; such that f(p) = 1 and ||bp|| < €.

Proof Let ¢ > 0. Since g(b*b) = 0, g(—b*b) = 0 and b*b is self-adjoint, so there
isac € A, such that —¢ < —b*b and f(—c) + % > g(—b*b) = 0, by Proposition
3.17. Therefore, 0 < b*b < cand f(c) < §. Since thenc > 0,0 < f(c) < 5.

Since f € 9,S(A;), by Lemma 7.15 there is a projection p € A, such that
f(p)=1and ||p(c — fc)D]| < % Then we also have 0 < pb*bp < pcp = pc,
since p is a projection in the abelian subalgebra A., and hence

Ipb*bpll < lipcll < llp(c = fODI+ lIpf ()l
2

=lpc = fODI+ flc) <2- % — 2.

However, ||bp||*> = ||(bp)*bp|| = || pb*bp|, so ||bp|| < &, as desired. (Il
Using this, we have the following corollary.

Corollary 7.17 Suppose that f € 0,S(A.) such that Ext(f) = {g}. Furthermore,
letb € B(L*(0, 1)) and & > 0. Then there is a projection p € A. such that f(p) = 1
and ||p(b —g(b)Dp| < e.

Proof Letb € B(H) and ¢ > 0. Since g is a pure state and g(b — g(b)1) = 0, by
Lemma C.6 there are c;, ¢; € L, such that b — g(b)1 = ¢ + c3.

Now, by Lemma 7.16, there is a projection d; € A, such that f(d;) = 1 and
leidi |l < 5. Likewise, there is a projection d, € A, such that f(dy) = 1 and
lcadal < 5.

Now define p = did, = d»d;. Then p is also a projection, since A, is abelian,
and f(p) = 1 by Lemma 4. Now we have

€
llerpll = llevdidz|| < llerdill < =
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and e
Ipcsll = lleapll = llcadadi|l < llc2dall < 7

Therefore,

lp(b—g®Dpll = lplci+cS)pll < lpcipl + lIpcspl
e
2

e
< leipl+lipell < st =¢

O

We will later use the above result to show that a pure state on A, cannot have a
unique extension, which implies that A, does not have the Kadison-Singer property.

7.4 The Anderson Operator

We are now in the position to put all the pieces of the puzzle together and prove that
the continuous subalgebra does not have the Kadison-Singer property. We do this by
means of the Anderson operator. To do this, first consider the function ¢ : N — N,
defined by:

1 n=2
pm)=1n+1 :n#2/VjeN
2/41:3jeN:n=2/*"

i.e. ¢ permutes 1 and 2 and all the mutual disjoint subsets (2/ + 1, ..., 2/*!) (where
j =1,2,...)1in a cyclic manner. Clearly, ¢ is a bijection.

Now, taking the Haar functions A(N), the operator U : L2(0,1) — L%(0, 1)
defined by U (h(n)) = h(ep(n)) is a unitary operator, since it permutes the
orthonormal basis /#(N). Furthermore, since ¢ has no fixed points, we obtain that
H(n)(U) = (U(h(n)), h(n)) = 0 for every n € N. We call U the Anderson oper-
ator. This operator has an important property.

Proposition 7.18 Suppose p € A, is a non-zero projection. Then ||p0p|| =1

Proof Let % > ¢ > 0. We will prove that || pU pll > 1 — ¢, and thereby conclude
that || pU p|| = 1, since || pU p|| < |pI*IIU]l = 1.

Now, p is non-zero, so Corollary B.27 gives us an f € §2(A.) = 9,S(A.) such
that f(p) = 1. Combining Theorems 7.7 and 7.6, then 9,S(A¢) € H'(N). Therefore,
f e HN).

Since the function g : [0, %) — Rgiven by g(¢) = /1 — 2t — /2t is continous
and satisfies g(0) = 1, thereisa0 < § < % such that /T — 28 — /28 > 1 —&.

Now note that B(f, p,8) € S(A,) is open, so B(f, p, ) N H'(N) # (. Hence
there is an € N such that | f(p) — H'(n)(p)| < 8, 1.e. H(n)(p) > 1 — 3.
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Using Lemma 5.6, we see that p = [xw], for some measurable W C [0, 1] such
that w(W) > 0. Using this, and choosing a g, € h(n),

1 =38 < H'(n)(p) = (ph(n), h(n)) =/ Xw&n =/ 8-
w

[0.1]

Now, writing n = i +2/ — 1, with (i, j) € Y, we note that h(n)> = 2/[xv j]-
Therefore,

1-6< / 2 vy =2 u(WNVGa, j)),
w
ie.u(WnNVva, j)) > %(1 —38). Now note that we can split V (i, j) into two disjoint,

equal parts,i.e. V(i, j) =V (Q2i,j+1)UVQ2i+1, j+1). Then:

w(V@i, DOW) = u(VQRi, j+ DNW)+u(VQi+1,j+ 1N W)
<u(VQi,j+DNW) +u(VQi+1,j+ 1),

whence

p(VQ2i,j+D0OW) = pu(VaE, HOW) —u(VQ2i+1,j+1))

1 1.
(1 =8 — — — (2t =
> 2j(l 8) T = (2) (1 —296).

Likewise, it follows that (V (2i + 1, j + 1) N W) > (3)7*1(1 —28). Now, upon
defining m := 2i + 2/*! — 1 we obtain that h(m)* = 2/ xy 2 ;11) and also that
h(m 4+ 1) = 2/ 'y @is1j+1). Furthermore, U (h(m)) = h(m + 1). Now choose
representatives g,, € h(m) and g, € h(m + 1). Then:

|ph(m + DI = {ph(m + 1), phim + 1)) =/ g
[0,1]
= [ 27t iy iy =27 WAV Qi+ 1,7+ 1
= AVQitl, j+1) = m( Qi+1,j+1)
w
> 1—26.

Furthermore, writing Z := [0, 1]\ W,

Ih(m) — phm)|? = / 28

[0.1]

=/g31=/ gi—/gfn
z [0,1] w

=1 —/ xveij+ny =1 —=pnWnNVQ2i,j+1))
W

<1—(1—-26)=25.
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Combining this, we get:

IpU ph(m)|| = |pUh(m)|| — ||pU (h(m) — ph(m))]|
> || ph(m + D — |h(m) — ph(m)]|

> /1 =28 — 26
>1—e.
Since [|2(m)|| = 1, we then have || plA] pll > 1 — ¢. Therefore, indeed, we obtain
that | pUp|| = 1. O

We can use this rather technical result to prove the following very important
theorem.

Theorem 7.19 Suppose f € 9,S(A.). Then Ext(f) has more than one element.

Proof We argue by contraposition, so we suppose Ext( ) does not have more than
one element. Then by Theorem 3.16, we know that Ext( /) has exactly one element.

Now, by Theorem 7.10, there is an ultrafilter U € Ultra(N) such that we have
(BH')(U) = f. Then by Corollary 7.9, (M* o BH)(U) = f. Therefore, we have
(BH)(U) € Ext(f). Since Ext(f) consists of exactly one element, we know that
Ext(f) = (BH)(U)). . )

Recall that the Anderson operator U satisfies H(n)(U) = 0 for every n € N.
Therefore, using Proposition 7.11,

{(BHYUYD)) = [ IHmT) :n €0} ={0),

oelU

ie. (BH)(U)U) = 0.
We can now apply Corollary 7.17 to find a projection p € Ac such that
|f(p)l =1land | pUp| < %.However, then p is a non-zero projection. Therefore, by

Proposition 7.18, || plA] pll = 1. This is a contradiction. Therefore, Ext( /) has more
than one element, as desired. |

Since A, does have pure states by the Gelfand representation (Theorem B.25), the
above theorem has the following immediate corollary, which is the result we were
primarily interested in.

Corollary 7.20 A, does not have the Kadison-Singer property.

7.5 The Kadison-Singer Conjecture

In the light of Corollary 5.26, the statement in Corollary 7.20 is very important.
We have now eliminated the continuous subalgebra from the list of algebras that
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could possibly have the Kadison-Singer property. However, we can also eliminate
the mixed subalgebra, by using Theorem 4.13.

Corollary 7.21 Suppose 1 < j < Ro. Then Ay(j) ® Ac S B(H;) does not have
the Kadison-Singer property.

Proof Suppose A4(j) ® Ac € B(H;) does have the Kadison-Singer property. Then
by Theorem 4.13, A. € B(L?(0, 1)) has the Kadison-Singer property. This is in con-
tradiction with Corollary 7.20, so A;(j) @ A. € B(H;) does not have the Kadison-
Singer property. (|

Now that we have eliminated the continuous and mixed subalgebra of our list,
we can make a new step towards our classification of abelian C*-subalgebras with
the Kadison-Singer property: only the discrete subalgebra can possibly have this
property. The proof of the following corollary mainly serves as a summary of our
results so far.

Corollary 7.22 Suppose H is a separable Hilbert space and A € B(H) is a unital
abelian C*-subalgebra that has the Kadison-Singer property. Then A is unitarily
equivalent to Ay(j) C B(Ez(i'))for some 1 < j < Ry.

Proof By Corollary 5.26, we know that A is unitarily equivalent to either A;(j), A,
or Ay(j) @ A, for some 1 < j < R. If it would be unitarily equivalent to A., then
A, would have the Kadison-Singer property too, by Theorem 5.3. However, this is in
contradiction with Corollary 7.20. So A is not unitarily equivalent to A.. Likewise,
A is not unitarily equivalent to A;(j) @ A, for some 1 < j < 8, by Corollary 7.21.
Hence we obtain that there is only one case left: A is unitarily equivalent to A, (j)
for some 1 < j < R,. U

The natural question that now arises is whether we can reduce our list of abelian
C*-algebras that possibly have the Kadison-Singer property even further. Note that
we have already proven in Theorem 2.14 that A,;(j) has the Kadison-Singer property
for j € N. Hence the only open question is whether A;(Ry) = £*°(N) C B(£*(N))
has the Kadison-Singer property. Richard Kadison and Isadore Singer [2] formulated
this question in 1959 and believed that the answer was negative.

This open question became known as the Kadison-Singer conjecture and was
answered in 2013, by Adam Marcus, Daniel Spielman and Nikhil Srivastava. Despite
the belief of Kadison and Singer, it was proven that £*°(N) € B(L?(0, 1)) in fact
does have the Kadison-Singer property. In the rest of this text, we will prove this and
thereby conclude our classification of abelian unital C*-algebras with the Kadison-
Singer property.
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Chapter 8
The Kadison-Singer Problem

In the previous chapter, we have reduced the classification of unital abelian
C*-algebras with the Kadison-Singer property to the Kadison-Singer conjecture.
In this chapter, we show that the Kadison-Singer conjecture has a positive answer,
i.e. that the algebra £*°(N) C B(¢%(N)) has the Kadison-Singer property.

Unexpectedly, we do this by a series of statements in the field of linear algebra.
This can be done by using the reduction of the Kadison-Singer conjecture via the
paving [1] and Weaver [2] conjectures. These reductions were established over the
last decade and enabled the mathematicians Adam Marcus, Daniel Spielman and
Nikhil Srivastava to finally prove the Kadison-Singer conjecture in 2013 [3].

We will first prove their two most important results, viz. Theorems 8.17 and 8.26.
Using these results, we prove the Weaver conjecture and the paving conjecture. After
that, the Kadison-Singer conjecture is easily solved.

8.1 Real Stable Polynomials

The results of Marcus, Spielman and Srivastava involve the notion of real stable
polynomials. This theory has been developed by many mathematicians, for example
by Borcea and Brindén in [4]. We define the open upper half-plane H C C by

H:= {z € C|Im(z) > 0},

and consider H" as as subset of C". We use this to define real stable polynomials.

Definition 8.1 A polynomial p in n variables is called real stable if all coefficients
of p are real and p has no zeroes in H".
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We first focus on real stable polynomials in one variable. We can describe these
in a quite easy manner. First of all, we have the following result.

Lemma 8.2 Suppose r is a real stable polynomial in one variable and {z;}]_, € C
is the set of roots of r. Then {z;}_; € R.

Proof Leti € {1,...,n}. Then r(z;) = 0 and since r has real coefficients by real
stability, we know that r(z;) = r(z;) = 0. Therefore, z;,z; ¢ H,i.e. Im(z;) < 0and
—Im(z;) = Im(z;) < 0. Hence Im(z;) = 0.

Since i € {1, ..., n} was arbitrary, we therefore have {z;}/_, € R. O

Using this, we get the following equivalent definition of real stable polynomials
in one variable.

Lemma 8.3 Suppose p is a polynomial in one variable. Then p is real stable if and
only if all coefficients and all roots of p are real.

Proof First, suppose that p is real stable. Then by definition all coefficients of p

are real. Now write p(z) = c¢[]/_,(z — z;). Then p(z) = ¢z" + ..., s0 c is real.
Now define g := f and observe that ¢ is a polynomial in one variable with real

coefficients and the same roots as p, so ¢ is real stable. Hence, by Lemma 8.2, the

roots of g (i.e. the roots of p) are real. So, all coefficients and roots of p are real.
For the converse, suppose that all coefficients and roots of p are real. Then certainly

p has no roots in H. Therefore, p is real stable. O

Since all the roots of a real stable polynomial in one variable are real, we can order
them. Therefore, for such a polynomial p, we can define p(p) to be the greatest root.
We then have the following result.

Proposition 8.4 Suppose that p and q are two monic polynomials in one variable,
with the same degree. Furthermore, suppose that for any t € [0, 1], the polynomial
(1 — t)p + tq is real stable. Then, for any t € [0, 1], there is a s € [0, 1] such that
p((I—=1)p+1q) =1 —=s5)p(p)+sp(q).

Proof First of all, for t = 0 we can take s = 0 and likewise for t = 1 we take
s = 1. Hence we can assume that 0 < ¢ < 1. Furthermore, since p and g are
interchangeable, we can assume that p(p) < p(q).

We first prove that p((1 — 1) p +1tq) < p(q). To see this, let x > p(g). Then also
x > p(p),andhence forany x’ > x,g(x") > Oand p(x) > 0, since both p and ¢ are
monic. Therefore, ((1—¢)p+tg)(x’) > Oforallx’ > x.Hencex > p((1—t)p+tq),
since (1 — t)p + tq is monic too. Since x > p(g) was arbitrary, this implies that
p((1 —1t)p +1tqg) < p(q), as we desired to prove.

Next, suppose that p((1 — t)p + tqg) < p(p). We prove that this leads to a
contradiction. First, note that (1 — ¢)p + tq is monic and p((1 —t)p +tg) < p(p),
so it follows that ((1 — #)p +tq)(p(p)) > 0,1i.e. g(p(p)) > 0.
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Now, for every s € [0, 1], we can write

A=9)p+sq=[]E=z6),

i=1

with z1(s) < zp(s) < --- < z,(s), where n is the degree of both ¢ and p. Note that
eachz; : [0, 1] — Risacontinuous function and that each z; is real-valued too by the
assumption of real stability. Furthermore, z,,(s) = p((1 —s)p+sq) forall s € [0, 1]
and hence z,(1) = p(q) > p(p). Also, z,(t) = p((1 —t)p +tq) < p(p). Hence,
by the intermediate value theorem, there is a t’ € [z, 1] such that z,, (') = p(p). But
then (1 —t)p +1t'q)(p(p)) =0,1ie.g(p(p)) = 0. This is a contradiction.
Therefore, p(p) < p((1 —t)p +1tq) < p(q),i.e.thereisas € [0, 1] such that

p((I=D)p+tq) = (1 —=s)p(p) +sp(q),
as we intended to prove. (]
This has the following immediate corollary.

Corollary 8.5 Suppose {p;}}_, is set of polynomials in one variable of the same
degree, all with leading coefficient 1. Furthermore, suppose that every polynomial

p € co({pi}i_,) isreal stable. Then, forany p € co({p;}i_,), p(p) € co({p(pi)}i_)).

Now that we have covered some of the theory of real stable polynomials in one
variable, it is time to give some examples of real stable polynomials in more variables.
To do this, we first need the following definition.

Definition 8.6 Suppose {A,'}f?:1 C M,,(C). Then the polynomial g(Ay, ..., Ag) in
(k + 1) variables defined by

k
q(AL - A R0, 21, - 2i) = det(zol + D ziA)),

i=1
is called the associated polynomial of {Ai}le.

Associated polynomials become particularly interesting for self-adjoint matrices.
For this special case, we first have the following result.

Lemma 8.7 Suppose {A;}_, € M, (C) is a set of self-adjoint matrices. Then

i=1 =

q(Ar, ..  ADRos - Z0) = q(Ars - AR (20, - -5 20)-
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Proof This can be computed directly:

k
(A1 ... AD G, ... 70 = det@l + DAY

i=1

k
= det((zol + > ziA)")

i=1

k
= det(zol + D _ziA)

i=1

Zq(Ala‘-'aAk)(ZOa"'7Zk)‘ |:|

Upon further refining the special case of self-adjoint matrices to positive matrices,
associated polynomials become real stable, as the following proposition states.

Proposition 8.8 Suppose {A; }f.‘zl C M, (C) is a set of positive matrices. Then the
associated polynomial g(Ay, ..., Ay) is real stable.

Proof Write p = q(Ay, ..., Ay). Applying Lemma 8.7, we see that the complex
conjugates of the coefficients of p are the coefficients themselves, i.e. all coefficients
of p are real.

Next, suppose that z = (zo, .. ., zx) is a zero of p. Then, upon defining the matrix
B = zp1 + Zle z;A;, we see that det(B) = 0, i.e. B is not invertible, whence not
injective. Therefore, there is a non-zero vector y € C" such that By = 0. Then we
have

k
0= (By,y) =z0llylI” + D zi(Aiy, y),
i=1

and by taking imaginary parts,

k
Im@o)IyI2 + > Im(z)(Asy. y) = 0.

i=1

Now, suppose z € H*+!. Then Zle Im(z;)(A;y,y) > 0, since all A; are positive.
Therefore, we must have Im(z) || y||> < 0. Since Im(zg) > 0, we then have || y|| = 0,
i.e. y = 0, which is a contradiction. Hence we must have z ¢ H*!,

Since z was an arbitrary zero of p, we have that p is real stable, as desired. [l

Now that we have an example of a non-trivial family of a real stable polynomials,
we can discuss transformations that preserve real stability. First of all, interchanging
variables obviously preserves real stability. The following transformation is less
trivial.
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Lemma 8.9 Suppose n > 1 and let p be a real stable polynomial in n variables.
Furthermore, lett € Randi € {1, ..., n}. Let q be the polynomial in n — 1 variables
defined by

gz, Zp=) = Pp@1s e Tt B 2 ey Zam1)-

Then q is either real stable or identically zero.

Proof Note that by our previous observation that real stability is preserved under
interchanging variables we can assume that i = n.

It is clear that ¢ has real coefficients, since p has real coefficients and ¢ € R.
Define the sequence {g,,};,_, of polynomials in n — 1 variables by

qm(zls ~-~aZn71) = P(Zl, o Zn—1, 1+ ,17)

Now note that H"~! is open and connected. Furthermore, for every compact subset
C C H"~!, the sequence {g,,}°°_, clearly converges uniformly to ¢. Since # € R and
p is real stable, each ¢,, has no zeroes in H”~!. Therefore, by Hurwitz’s theorem (see
A.17), q is either identically zero on H"~! or has no zeroes in H"~!. In the first case,

q is obviously identically zero everywhere and in the second case ¢ is real stable. []

For the next transformation that preserves real stability, we adopt the notational
convention 9; = 3%_, i.e. 0; is the directional derivative in the i’th coordinate.
Proposition 8.10 Suppose p is a real stable polynomial in n variables, let t € R,
andi € {1, ..., n}. Then the polynomial (1 4 t0;) p is real stable.

Proof Since the property of real stability is preserved under interchanging variables,
it is enough to prove the claim for i = n.
If + = 0, then the result is trivial, so we can suppose ¢ # 0. Clearly, (1 4+ t9,) p
has real coefficients, so we only have to prove that (1 + ¢9,) p has no zeroes in H".
We argue by contraposition, so suppose that there is a vector (yi, ..., y,) € H"
such that ((1 +1¢9,)p)(>y1, ..., ys) = 0. Then define g as the polynomial in one
variable given by

q@) =P,y Yn—1,2).

Since p has no zeroes in H” and (y1, ..., y,—1) € H" !, q has no zeroes in H. So,
especially, g(y,) # 0. Now write ¢(z) = o [/, (z — w;), i.e. {w;}I_, is the set of
zeroes of g, counted with multiplicity. Since g has no zeroes in H, Im(w;) < 0 for
all 1 <i < m. Now if we write ¢’ for the derivative of ¢, we obtain

0= ((1+13)p)YV1, - Ya) = q(¥n) +1q (Yn)-
Since g (y,) # 0, we then also have

/
0=1+tq(y”).

q(yn)
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Now, considering the explicit form of g given above, we see that

qd@=a) [Je—wp,

i=1 j#i
whence
q/(yn) _ “ 1 _ “ Yn — Wi
q(m) ; Y = Wi ; |V = wil?
Now,
m f— m
Im —Ww; Im(w;) — Im
0 = Im (1+t q' (n )):tz (Vn ;)ztz (wi) Z(Z”)'
q(yn) o1 |yn — wil e [yn — wil
Since t # 0, we obtain Zlm 1 W = 0. However, for alli € {1, ..., m},
we have Im(w;) < 0 < Im(z,), so > /- % < 0. This is a contradiction,
so (1 4 #3,) p has no zeroes in H" and is therefore real stable, as desired. U

8.2 Realizations of Random Matrices

Using the basic theory of real stable polynomials that we have established in the
previous section, we can come to the first major result of Marcus, Spielman and
Srivastava. They considered so-called mixed characteristic polynomials.

Definition 8.11 Suppose {A;}¥ i—y € M,(C). Then the mixed characteristic poly-
nomial u[A4, ..., Ag] of the set {A; }le is defined as

uIAL ... AdR) = H(l — ;) det z1+Zz,Ak )lzi==z=0-

i=1 j=1
Mixed characteristic polynomials become interesting for positive matrices.

Proposition 8.12 Suppose {A,-}f»‘=1 C M, (C) is a set of positive matrices. Then the
mixed characteristic polynomial u[Ay, ..., Ax] is real stable.

Proof By Proposition 8.8, the associated polynomial g(Ay, ..., Ax) is real stable.
Then note that

k
ulAr . Ad@ = ([ = agAr ... Ad G 21, - 7)) ey =emg=0
i=1
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ie. u[Aq, ..., Ag] is obtained by applying both the transformation described in
Proposition 8.10 and the transformation of Lemma 8.9 k times to g(Ay, ..., Ag).
Since both transformations preserve real stability, u[A1, ..., A4] is real stable. [J

Now, the first major result proven by Marcus, Spielman and Srivastava
(Theorem 8.17) concerns positive matrices of rank 1. We use the notation P R, (m)
for the set of positive matrices of rank 1 in M,,(C), where m € N.

Lemma 8.13 Suppose {A,-}f»‘=1 C PRi(n) and let B € M, (C) be arbitrary. Then
the polynomial p defined by

k
PG, z) = det(B + D ziA)

i=1

is affine in each coordinate.

Proof Letj € {1, ..., k}. Then, since we have A; € PR(n), we can choose a basis
{e1,..., ey} suchthat Aje; = O foralli > 2,i.e. with respect to this basis we have
a0-.-0
00---0
A= .. i
00---0
and for fixed {z;};;, also with respect to the basis {e, ..., e,},

Ci1 C12 *++ Cip
€21 €22+ Cp
B + E ZiAi = . . . )
i2 Do :
Cnl Cn2 "+ Cnn
for some constants {c,,;}. Therefore, we have
ci1t+zjacp - Cy
€21 € vt Cop
P, .., zx) = det ) ) s
Cnl Cn2 * " Can
which has a constant and a linear term in z;. Therefore, p is affine in z;. O

Using the above lemma, we can now see the relevance of mixed characteristic
polynomials. Here, we denote the characteristic polynomial of a matrix A by py, i.e.

pa(z) = det(zl — A)

for all z € C.
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Lemma 8.14 Suppose that {A,~}f=1 C PR (n) and define A = Zle A;. Then we
have the identity py = ul[Ay, ..., Al

Proof Define the polynomial p by p(zy, ..., zx) = det(zl—i—Zi.‘zl A;).Then, accord-
ing to Lemma 8.13, p is affine in each coordinate. Therefore, p is equal to its Taylor
expansion up to order (1, ..., 1), i.e. forany (wy, ..., w;) € Ck, we have

k
p(Wl, ey Wk) = ( Z Hl‘iaiji)(p(zl, ey Zk))|Z1:.4.:Zk:Q.

jief0.1) i=1

k i k
However, Zj,-e{o,l} [Tz, 9 = T1i—; (1 +1:8:), so

k
pwi, . ow) = ([ [A+600)(pGr, -, 2= =z0-

i=1

Now choose w; = --- = wy = —1. Then:
pa@) = pwr, ..., wp)
k k
= ([ ] +#0)) detzl + D Az =mz=0
i=1 i=1
= ulAr, ..., Ad@),
i.e. pa = u[Ay, ..., Arl, as desired. O

The first major result of Marcus, Spielman and Srivastava concerns random vari-
ables taking value in sets of matrices, often called random matrices. We call the
outcomes of such random variables realizations. Furthermore, these random vari-
ables induce other random variables in a canonical way, for example by means of
considering characteristic polynomials and expectation values of the original random
variable. As it turns out, the statement of Lemma 8.14 behaves nicely with respect
to expectation values.

Proposition 8.15 Suppose {Yi}f.‘zl is a set of random variables taking values in
PR\ (m) and define Y = 3*_, Yi. Then Epy = ulEYy, ..., EY,].

Proof By Lemma 8.14, Epy = Eul[Yy, ..., Yi]. Now let B € M, (C) and suppose
that {A,-}f.‘= , € M,(C) too. Then define

I={G,....i)) | jeN,1<ij<ip<---<ij <k},
and use the shorthand notation i = (i1, ..., i;) € I. Then note that by Lemma 8.13

there are certain constants {c; };c; such that det(B + Zle z;Aj) = Zie, CiZiy***%i;-

J
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Furthermore, note that any constant ¢; is givenby asume; = >, bja; 1 - - - a; j, where
i = (1,...,i;) and each a; ,, is a coefficient of A;,.

Now, note that if we replace the set {A; }f.‘zl with the independent set of random
variables {Yi}f?:l, we obtain Ec¢; = Zz biEa;; - --Eq ;, since the set of random
variables {Y,-}f:1 is independent, and therefore separate coordinates are too. Hence

k k
Edet(B + Y _zY;) =det(B + Y zEY)).

i=l1 i=1

Now replace B with z1 and observe that

Epy = EulYy, ..., Y]

k k
=E(J]a —a))det (21 + D ;%)) | =m0
i=1 j=1

k k
= ([Ja - ))Edet (21 + > 2;¥))lz1=mcim0

i—1 =1

k k
= ([Tt = a0) det (z1 + > 2/EY))|ey==q=0

i=1 Jj=1
= [,L[IEY], ,]EYk]

O

Recall that for a real stable polynomial p in one variable, we have introduced the
notation p(p) for the greatest root of p. The following technical statement is a key
result in our discussion.

Proposition 8.16 Suppose {Y; }f-‘:l is a set of random variables taking a finite number

of values in PR{(m). Then for any 1 < j < k and realization {Ai}{;ll of{Y[}ij;ll,
there is a realization A of Y; such that

plAL, ... A EY L EX]D) < p(ulArL .. A BY, L EYD.

Proof Let 1 < j < k and suppose that {Ai}ij;l1 is a realization of {I/[}f;ll. Further-
more, suppose that {B;}7_, is the set of finite values of Y;. Foreach 1 <i < r, write
p; for the probability of B;. Now adopt the notation of the proof of Proposition 8.15
and define

I'=A@,....ipel | <qg=<l:j=i,}.
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Write ¢ for the ¢; thatbelongs totheset (Ay, ..., A;_;, EY;, ..., EY}), and forevery
s €{l,...,r}ci(s) for the ¢; belonging to (Ay, ..., A;_1, By, EY;4q, ..., EY)).

Then note that by linearity, for every i € I, ¢, = > _, psci(s), and by indepen-
dence of By, ¢, = D\ psci(s) forevery i € I\ I’ too. Hence

M[Alv"'5Aj—l5EYj?‘-'5EYk] = ZP.YM[AH "-7Aj—lvBSvEYj+la "-7EY](]7
s=1
which is a convex sum. Hence by Corollary 8.5, p(u[Ay, ..., Aj_, EY;, ..., EY;])
isinthe convex hull of the set {p (u[A1, ..., Aj_1, By, EY 41, ..., EYiD}:_,. There-
fore, thereisa s € {1, ..., r} such that

IO(M[AI’ "'7Aj717 stEYjJrl’ 7Eyk]) = p(M[Als DR Aj*lvEYj’ 7Eyk])

Then set A; := B, and the desired result is proven. O
The first major result of Marcus, Spielman and Srivastava is now easy to prove.

Theorem 8.17 Suppose {Y;}!_, is a set of independent random variables taking a
finite number of values in P Ry(m). Then, writing Y = >_"_, Y; there is at least one
realization {A;}!_, of the set {Y;}!_, such that | A|| < p(Epy), where A =Y"_, A;.

Proof By applying Proposition 8.16 n times, there is a realization {A;}7_, of {¥;}]_,
such that p(u[Aq, ..., A,]) < p(u[EYy,...,EY,]). Now, define A = Z?:l A;.
Then, by Proposition 8.15 we have Epy = u[EYy, ..., EY,] and by Lemma 8.14
we know that py = ulAyq, ..., Al

Combining all this, we obtain ||A]| = p(pa) < p(Epy), since A is a positive
matrix. U

In Sect.8.4, we combine this theorem with the second main result of Marcus,
Spielman and Srivastava, which we prove in the next section.

8.3 Orthants and Absence of Zeroes

In the first few results, we will use the notion of logarithmic derivatives.

Definition 8.18 For a differentiable function f : R* — R, a point x € R” such that
f(x)#0andi € {1, ..., n}, we define the i’th logarithmic derivative of p at the

point x as @/ (x) = 9;(log op)(x) = B;UIZS)'

Recall that for p a real stable polynomial in one variable, we introduced the
notation of p(p) for the largest root of p. This is characterized by the fact that p has
no zeroes above p(p). This notion of above can be extended to so-called orthants.



8.3 Orthants and Absence of Zeroes 95

Definition 8.19 Suppose x € R” for some n € N. Then the orthant Ort(x) is
defined as
Ort(x) = {y e R" | y; > x;Vi}.

We use these two new concepts in the following result.

Lemma 8.20 Suppose p is a real stable polynomial in two variables and let x € R?
such that p has no zeroes in the orthant Ort(x). For any n € N U {0}, we then have
the inequality

(—1)"(%@,&)@) >0,

Proof First, for all w € C, define ¢,,(z) = p(w, z), a polynomial in one variable.
Now, p = >, a[ZTiZ];i for some {o;}/_; € R, {m;}_, € Nand {k;}}_; € N.

Define k = max;<;j<, k; and I = {i € {1,...,n} : k; = k}. Then we obtain that
deg(qw) = kif and only if > ,_, a;w™ 3 0. Since >, _, a;w™ is just a polynomial,
we see that the set 7’ := {w € C : deg(q,,) = k} is cofinite.

Now, forevery w € T’, g,,(z) = c(w) - Hle (z — yi(w)). Furthermore, since p is
a polynomial, we can assume that there is a cofinite 7 C 7"’ such that the functions
{y,-}f.‘: , are holomorphic on 7', by the implicit function theorem for holomorphic
functions (see Theorem 7.6 in [5]). Then obviously, T € C is cofinite too.

Write vi = yilrn[x.00)- Forw € T N[xy, 00), gy (x2) # 0, since p has no zeroes in
the orthant Ort(x). Therefore, forw € T N[x;, 00), g,, is not identically zero, whence
it is real stable by Lemma 8.9. Therefore, the functions {v; }Ll are real-valued.

Furthermore, for t € T N [x},00) and 1 < j < k we can apply the Cauchy-
Riemann equations for the function y; at the point (¢, 0). In that way, we obtain

. Im(y;(ih)
Vi = Jim =
so if v’j(t) > 0 forsome j € {1, ..., k}, thereis a & > O such that Im(y;(ih)) > 0.
For this h, we then have (ih, y;(ih)) € H?, while

k

plih, y;(ih)) = qin(y;(ih) = c(ih) - [ [(y;@h) = yi(ih)) = 0.
=1

This is a contradiction, whence we know that the functions {v;}*_, are decreasing at
every pointf € T N [x], 00).
Now observe that for any r € T N [x;, 00) we have

9" 9"
(8Zg (log p))(t, x2) = {8Zg

9" ‘
= {82" (log(c(t) H(Zz — i)}
2

i=1

((log g,)(22))}

22=X2

2=X2
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(1))}

22=X2
i=1

- (n—1)!
=b Z(xz—vz(l))”

Since p has no zeroes in the orthant Ort(x), we conclude that v; () < x, for all
ie{l,...,k}andt € T N [x;, 00). In combination with the fact that the functions
{v,-}ff=1 are decreasing on T N [x, 00), forevery t € T N [x;00) we obtain

n

9
—; —(log p)(z, x2)

(- 1)" 9z 0z

n

an

Zk: (n—1)!
—' (2 —vi(0)"

a
=(-D"— ., (log p)(t, x2)

> 0.

Since T N [x}, 00) C [x1, 00) is cofinite, for any ¢ € [x;, co) the inequality

(= 1)”

holds, so it certainly holds for t = x, as desired. [l

The above result about real stable polynomials in two variables can be extended
to a result about arbitrary real stable polynomials.

Lemma 8.21 Suppose p is a real stable polynomial in n variables and let x € R"
be such that p has no zeroes in the orthant Ort(x). Then for any i, j € {1, ..., n}
and k € N U {0}, we have

o &
(=D (52} )0 2 0.
azh 7
Proof Ifi # j, note that by renumbering we can assume thati = 1 and j = 2. Then

let g be the polynomial in two variables defined by

q(z1,22) = p(21, 22, X3, ..., Xp).

By Lemma 8.9, g is either zero or real stable. Since p(x) # 0, we know that g is not
identically zero, i.e. g is real stable. Furthermore, we have
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k ak 1 k ak 1
(52} @) = (D (5505 ) (1, x2) 2 0,
azh 7 azk )

where we used Lemma 8.20. If i = j, then by renumbering, we can assume that
i = 1. Then let r be the polynomial in one variable defined by

r(z) = p(z, X2, ..., Xp),

which is non-zero since p(x) # 0. Therefore, using Lemma 8.9, we know that r is
real stable, so we can write

r@=c[]c-w,

=1
where ¢ and all y; are real. Then we have for all z > x;:

NG 2 hu@—y0 i

¢i(zax25'-'7x):¢(z)= - - M
g v r(2) [Ttz =) P

Therefore, we have

@(x)-( 1)’“2

(x1 — yl)kJrl

Since p has no zeroes in the orthant Ort(x), r has no zeroes in the orthant Ort(x)
either, i.e. y; < x; forall/ € {1, ..., m}, whence indeed (= aquﬁ (x) >0, as
desired. O

The next result is an easy consequence.

Corollary 8.22 Suppose p is a real stable polynomial in n variables and let x € R"
such that p has no zeroes in Ort(x). Furthermore, let i, j € {1,...,n}. Then the
Sfunction f;; : [0,00) — R, given by f;;(t) = Q)j, (x + te;), is positive, decreasing
and convex.

Proof Lett € [0, 00). Then, since Ort(x + te;) € Ort(x), we know that p has no
zeroes in Ort(x +fe;). Hence by Lemma 8.21 we know that f;;(¢) > 0, (3f;;)(t) <0
and (82 f; 1)) > 0.Sincet € [0, 0o) was arbitrary, f;; is indeed positive, decreasing
and convex. (Il

The following lemma plays a key role in the proof of the second main result
established by Marcus, Spielman and Srivastava.

Lemma 8.23 Suppose p is a real stable polynomial in n variables and let x € R"
be such that p has no zeroes in the orthant Ort(x). Furthermore, suppose that for
somei € {l,...,n}, thereisa C > 0 such that @;(x) + % < 1. Then (1 — 9;) p has
no zeroes in Ort(x + Ce;) and, for all j € {1, ..., n}, we have the inequality
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D)y, + Cep) < DI ().
Proof Suppose y € Ort(x). Then y = x +1 for some r € Ort(0). Now define wy = x
and for every j € {1, ...,n}, define w; = w;_| + t;e;, i.e. such that w, = y. Then
by Corollary 8.22,
DL (y) = DL (wy) < DL (W) < -+ < Ph(wy) < P (wp) = P (x) < 1.

Hence @), (y) # 1,i.e. (3;p)(y) # p(y), whence ((1 — 3;)p)(y) # 0.
Therefore, (1 — 9;) p has no zeroes in Ort(x) and therefore certainly has no zeroes

in the orthant Ort(x + Ce;) C Ort(x).

Now let j € {l,...,n}. Then note that by Corollary 8.22, we know that the
function fj; : [0, 00) — R, given by f;;(t) = @é(x + te;) is convex, so we have
the inequality

fii(C) < fi(0) + C(0f;:)(C),

i.e.
@;;(x + Ce;) < <1>[{(x) + C(8i<1)[{)(x + Ce;).

Rewriting this, we obtain

—C(;P))(x + Ce;) < P (x) — D) (x + Ce;).
Note that for any y € Ort(x), we have

@;®,)() = (3;3:(logop)) (y) = (8 (logop))(y) = (3: P} (),

which enables us to rewrite the above inequality as

—C(0;P,)(x + Ce;) < ) (x) — P/ (x + Ce,).

Since the function f); is decreasing, by Corollary 8.22 we know that
@ (x + Ce;) < @ (x) < 1—1,
P P C

ie.

; < C’
1-— 45;,()( + Ce;) —
Furthermore, Lemma 8.21 gives —(8_7¢>;)(x + Ce;) > 0, so we have

—(3,®})(x + Ce;)
1— @;(x + Ce;)

< —C(3;®},)(x + Ce)).
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Therefore, we obtain

—(@;01)(x + Cey)
1— Q§;,(x + Ce;)

< <15-1’,(x) — <1§[’,(x + Ce;).

©@ip) ()

, whence
ry)

Next, observe that for any y € Ort(x), we have CD;,(y) =

p(y) - (1 =@, () = p(y) — @;p)(y) = (1 =) p)(y),

so we also have

log(p(y)) + log(1 — ¢L(y)) =log(p(y) - (1 — ‘Pj,(y))) = log(((1 = 8:) p)(¥)).
Therefore,

: @;(1—=2)K) : 3;9,)(y)
@/ — P @iy - — .
P\ d),)(y) () + T = o)) » () -2

Using this for y = x + Ce;, the above inequality gives us

Pl + Cer) = D)(x). 0

This lemma can be extended to the following statement.

Corollary 8.24 Suppose p is a real stable polynomial in n variables and let x € R"
be such that p has no zeroes in the orthant Ort(x). Furthermore, suppose that there
isa C > 0 such that @;,(x) + % <l1foralli € {1,...,n}. Then (H?=1(1 —0))p
has no zeroes in the orthant Ort(x + w), wherew = (C, ..., C).

Proof First we define y, = x and then, inductively, we define y; = yx_; + Ce; for
every k € {1, ..., n}. Likewise, we define gy = p and g; = (1 — 9d)qx— for every
kef{l,...,n}.

We will prove by induction that for every k € {0, 1, ..., n}, g has no zeroes in
the orthant Ort(y;), and that @] (yx) < @ (x) foralli € {1,...,n}. For this, first
of all notice that the case k = 0 is already covered by our assumptions. Therefore,
suppose we have proven the claim for some k < n. Then g; has no zeroes in Ort(yy)
and @) (yi) < @}, (x), forevery i € {1,...,n}. Then

1
k+1 k+1
@ <y>+c<q>p 0+ =1

so, by Lemma 8.23, the polynomial g;+; = (1 — 9x+1)gx has no zeroes in the
orthant Ort(y; + Ceyy1) = Ort(yry1). Furthermore, by the same lemma, for any
i €{l,...,n}, wehave



100 8 The Kadison-Singer Problem

Bl (i) < D () < DL (),

as desired. Hence we have proven our claim by induction.
In particular, ¢, = ([]'_, (1 — 9;)) p has no zeroes in Ort(y,) = Ort(x +w). O

‘We use this result to prove the following proposition, which is a major step towards
the second main result proven by Marcus, Spielman and Srivastava.

Proposition 8.25 Suppose {A,'}f?= \ € M, (C) is a set of positive matrices and let
C > 0. Furthermore, suppose Zf:l Ai =1and Tr(A;) < Cforalli € {1,...,k}.
Define p(z1,...,2;) = det(Zle z; A;). Then the polynomial (Hf=1 (1 —19;))p does
not have a zero in the orthant Ort(x), where x = ((1 + «/E)z, oL+ «/6)2).

Proof Note that p(zy,...,zx) = q(A1, ..., A) (20, - - -, Zk)|zp=0. Since the associ-
ated polynomial g(Ay, ..., Ar) is real stable according to Proposition 8.8,
Lemma 8.9 now gives us that p is real stable.

Now let ¢t > 0 be arbitrary and define w; = (¢, ...,1) € RX. Then, for any point

x € Ort(w,), x;A; > tA, foralli € {1,...,k},s0 35 xA; =S5 14 =11
Therefore, for any y € R", we have

Zx, ), ¥) = (v, ¥) 2 0,

ie. (G xiAD(y), y) = |ly|I*. Therefore, Zf:l x; A; is injective, whence surjective
by a dimensional argument, and hence invertible. So p(x) = det(Zf;l xiA;) # 0,
i.e. p has no zeroes in Ort(w;).

Now let i € {l,...,k}. Then, using Jacobi’s formula for invertible matrices
(Theorem A.8),

%P(ZI 3 ey Zk)'Zo:“':Zk:t
p(wy)
k
e det(X; 2jA ) lsgm- ==
det(35_ tA))

@i () =

k
=Tr(Q tA)™" - A)
j=1
1 C
=Tr(CA) < —.

Now, since ¢+ > 0 was arbitrary, we can choose t = C + /C. Then we have
established that p does not have any zeroes in Ort(w;), and

1. ¢ 1 _c +JE_1
14vJC ~ C+/C 14JC C+JC C++JC

q);, (W) +
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so by Corollary 8.24, the polynomial (Hf;l (1 — 9;)) p has no zeroes in the orthant
Ort(x), where

x=(C++VC,....C+VO)+(1++C,....1+0C)
= (1 +VO2, ..., +VO)),
as desired. O

Now we have all the ingredients to prove the second main result of Marcus,
Spielman and Srivastava.

Theorem 8.26 Suppose {Y;}!_, is a set of independent random variables taking
values in PR (m) and let C > 0. Furthermore, let Y = z;':] Y; and suppose that

EY = 1 and E||Y;|| < C foralli € {1,...,n}). Then p(Epy) < (1 ++/C)2.

Proof According to Proposition 8.15, we have Epy = u[EYy, ..., EY,], ie.

Epy() = ([ J(1 = a) det (z1 + D 2/EY;) |z =m0
i=1

i j=1

= ([ = 8)) det (z D_EY; + D" 2/EY;) |z —mz 0
i=1 =1 j=1

= (H(l —_ 81)) det (Z(Z + Zj)]EYj)|Z1="'=Z,,=0

i=1 j=1

= ([T = 8)) det (D" 2/EY)) 2y =mgy =
i=1 j=1

Now, note thatforanyi € {1, ..., n}and any realization A; of ¥;, Tr(A;) = || A;||,
since A; is a positive matrix of rank 1. Therefore, for any i € {1, ..., n}, we have

Tr(EY;) = E(Tr(Yy) = EllYi]| < C.

Therefore, applying Proposition 8.25 to {EY;}?_,, we obtain that the polynomial

g,z = ([ =) det (D z,EY;)
i=1 j=1

has no zero in the orthant Ort(x), where x = ((1 + VC)2, ..., (1 + V/O)?).

Now suppose that p(Epy) > (1+ V€)% Then y := (p(Epy),...,p([Epy))isa
zero of g, and y € Ort(x). This is a contradiction. Therefore, p(Epy) < (1 + JO)?,
as desired. (I
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The above result can be combined with the first main result of Marcus, Spielman
and Srivastava (i.e. Theorem 8.17) to prove the so-called Weaver theorem. This will
be the main goal for the next section.

8.4 Weaver’s Theorem

In 2004, Nik Weaver showed that the Kadison-Singer conjecture was equivalent to
a conjecture in the field of linear algebra [2], which became known as the Weaver
conjecture. The two main results of Marcus, Spielman and Srivastava, which we
gave in Theorems 8.17 and 8.26, enable us to prove this conjecture, which is why we
speak of Weaver’s theorem. We formulate it in a slightly different way from Weaver,
following Terrence Tao’s blog [6].

Theorem 8.27 Suppose k,m,n € N and let C > 0. Suppose {A,-}ff:1 C PRi(n),
such that |A;|| < C for1 <i <k and Zle A; = 1. Then there exists a partition
{(Z}Y/L, of (1,...,k} such that forall j € {1, ..., m},

1> 4l = (5= +ve)"

i€Z;

Proof Let Y; be the random variable taking values in {m(|ej) (ej| ® Ai)}lfjsm, with
all elements having a probability of % Note that for every j € {1, ..., m}, we have
m(|ej)(ej|®A[) € PRl(nm),sinceifwewritem(|ej)(ej|®A,-) (CH™ — (CH™,
we have

m(lej)(e;l ® A;) = (0,...,0,mA;,0,...,0),

with mA; on the j’th position. Hence the rank of m(|ej)(ej| ® Ai) is equal to the

rank of mA;, which is 1 by assumption.
Now note that {¥;}*_, is a set of independent random variables and define the new

random variable ¥ = Zle Y;. Then we can compute:

i ii%m |e] e|®A)

i=1 i=1 j=1
i ZA,-):I@]:I.

Next, note that by our previous description,

llm(lej) (el ® Ai)ll = ml| Al < mC,
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for all j € {1,...,m}. Therefore, E|Y;|| < mC foralli € {l,..., k}. Hence we

have p(Epy) < (1 + v/m )2 by Theorem 8.26. However, by Theorem 8.17, we
know that for every i € {1, ..., k}, thereisa j; € {1, ..., m} such that

m(le;)(e;| ® Al < p(Epy),

1[\:4»

i.e. we have

k
Z (lej) el ® Al < (1 + vV/mC)>.

Now, forall j € {1,...,m} define Z; :== {1 <i <k | j; = j}. Then {Zj}_'?:, is
a partition of {1, ..., k}. Furthermore,

k
D m(leie;l ® Ai) = (O mAi ..., > mA),
i=1

i€Z; €2y

whence
1D mAi| < (14++mC)?,

i€Z;
forall j € {1, ..., m}. Therefore,
1 f 2
Al < (— n c) ,
12 Al = T
i€Z;
forall j € {1,..., m}. O
We can use Weaver’s theorem to prove the following result.

Proposition 8.28 Suppose that n € N and let p € M,,(C) be a projection. Further-
more, write o = MaXi<j<p Pii- 1hen, for any m € N, there is a set of projections
{gi}"; € Du(C) such that """ | q; = 1 and

larpal < (/£ + va)

foralli € {1,...,m}.

Proof Let m € N. If m = 1, we can take the set of projections g, = 1, which
clearly satisfies the requirements. So, suppose m > 2. Define V := p(C") and let
[ :=dim(V). Now, forevery i € {1, ..., n} define A; € M, (C) by

Ai(x) = (x, p(e)) p(ei),
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for all x € C", where ¢; is the i’th standard basis vector of C". Then, for all x € C",
(A;j(x), x) = |{x, p(e)))]* > 0, and A;(x) € Cp(e;), so {A;}7_, is a set of positive

matrices of rank 1. Furthermore, for every i € {1,...,n} and x € C", we have
IA; I < llxlllp(en)I?, while [[A;(p(e)]l = lIp(en)l, so [Aill = [Ip(e)ll*.
However,

Ip(enl* = (p(ei). ple)) = (ple). &) = pii <,
so ||A;|| < a. Now note that C" = V @ V*, and that for (v, w) € V @ V-, we have
Ai(v,w) = ((v,w), p(ei)) plei)) = (v, p(ei)) plei),

ie.A; =(B;,0): VeVt - V@ VL. Then B; : V — V is linear and hence, after

choosing a basis {e€, ..., ¢} for V, we can regard B; as an element of M;(C). Then
{Bi}_, € M;(C) is a set of postive matrices of rank 1, such that || B;|| = [|A;|| <«
and forve V,

(ZB)vv ZAVV Zlvp(e,
i=1

=D lp(), &) ZI voe)|” = (v, v),
i=1

ie. > | B = 1 € M;(C). Therefore, by Theorem 8.27 there is a partition {Z;}",

of {1, ..., n} such that
X< (L va)

i€Z;

forall j € {1,...,m}. Now define {¢;}/;, € D,(C) by (g;);; = 1if j € Z; and
(gi)jj =0if j ¢ Z;. Then, fori € {1, ..., m}, note that

lgi pgill = I1(qi p) (@i P)* |l = llgi pII*,

by the C*-identity. Now, for (v, w) € V @ V*, we have

g p) . WP = llgWI* =D 1w en)l> = D [(pO). e)* = D[, plen)?

i€Z; i€Z; i€Z;
=D (Am. v =((D] A ). v)
i€Z; i€Z;
1 2
< IIZ Aillvl? < (\/;Jr \/5) v, wI?,

i€Z;

Le. [lgipgill = (\/g—i- J@)?, as desired. 0
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Now that we have the result of Proposition 8.28, we are well on track to proving the
Kadison-Singer conjecture, although the results we have now obtained are (merely)
results in linear algebra. By means of the so-called paving theorems we can step up
from linear algebra to functional analysis. This will be done in the next section.

8.5 Paving Theorems

In the original article on the Kadison-Singer conjecture, written by Kadison and
Singer themselves, it is already pointed out that the Kadison-Singer conjecture is
equivalent to a conjecture which became known as the paving conjecture. We prove
this conjecture in three steps, which we call the paving theorems. These theorems
are rather technical, but enable us to prove the Kadison-Singer conjecture in the next
section in a simple manner.

The first theorem deals with self-adjoint matrices. Furthermore, we use the func-
tion(s) diag : M,(C) — D, (C) for every n € N, which take the diagonal parts of
matrices, i.e. diag(a);; = 0if i # j and diag(a);; = a;;.

Theorem 8.29 Suppose ¢ > 0. Then there is an m € N with the following property:
for every n € N and self-adjoint a € M, (C) such that ||a| < 1 and diag(a) = 0,
there are projections {p;}!_; € D,(C) such that 3"\, p; = 1 and || p;ap;|| < ¢ for
all1 <i < m.

Proof Note that the function g : [0, 00) — [0, 00), g(x) = 2(/x ++/1/2)*> —lisa
continuous and strictly increasing function and that g(0) = 0. Therefore, there is an
xo > 0 such that g(x¢) < €. Since % € (0, 00), there is an [ € N such that Xlo </,

i.e. % < xp, whence g(%) <e.
Now setm = [>andletn € Nanda = a* € M, (C) be a matrix such that [la|| < 1
and diag(a) = 0.
Then note that a> > 0, since a®> = a*a. Furthermore, ||a?| = |la*a| = ||la]® < 1.
Therefore, by Lemma B.22, 1 — a? > 0. Therefore, there is a positive b € M, (C)
such that b> = 1 — a?, by Proposition B.20. Then by Proposition B.20, we know that

ab = ba. Now define p € M,, (C) by

_lfl+a b
P=3\ b 1-4a)
and observe that p is self-adjoint, since both a and b are. It is easy to show that p is

a projection. Therefore, we can apply Proposition 8.28 to p. Since we have assumed
that diag(a) = 0, p;; = % forevery i € {1, ..., 2n}, this means that there is a set of

projections {qi}g=1 C Dy, (C) such that Zi:l gi = 1 and

2
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T [T e(/D+1 e+1
||61iP615||§(\/;+\/;) = > <

foreveryi € {1,...,1}.

Now define the set of projections {r; ﬁzl C D,(C) by defining (r;) j; = (g;) j; for
every j € {1, ..., n} and likewise define the projections {s,~}§:1 C D, (C) by setting
(S,')jj = (Qi)(j+d)(j+d) for everyj (S] {1, ey I’l}

Since Z§=1 gi; = 1 by construction, we then also have Z§=1 ri = Zﬁzl si = 1.
Then, forall i, j € {1,...,1}, define p;; = r;is;. Then {p;;} € D,(C) is a set of m
projections. We prove that this set satisfies the desired properties. First of all,

l

l l
E Pij: E ri Sj: E }"i:1.
i,j =1 i=1

i=1

Next, let i € {1,...,[} and x € C". Then observe that (r;(x),0) = ¢;(x,0) and
hence

1+a 1
Pqi(x,0) = p(r;(x),0) = (( > ) (ri (x)), (Eb)(ri(x))),
)
1+a 1
(gipgi)(x,0) = ((ri(T)ri)(X), Si(ib)(ri(x)))v
whence

1+a e+1
||(ri(T)ri)(x)” < gipg)(x, 0 < llgipgillll(x, 0| <

llxIl-

Therefore, ||r;(1 + a)r;|| < e + 1. Likewise, we have ||s;(1 — a)s;|| < & + 1 for
any j € {1,...,1}.
Since D,,(C) is abelian, we therefore also have

1pij L+ a)pijll = lris;(L+ ayrisill < s 12 1r(1 + )il < e+ 1,

and likewise ||p;i(1 —a)p;;ll < e+ 1.
Again, let x € C" and define b = (¢ + 1) p;; — p;i;j(1 + a) p;j. Then

(bx, x) = (e + 1)(pijx, x) — (pij(1 + a) pi;x, x)
= (e + D pijx|I*(pij (1 + @) pij pijx, pijx)

> (e + Dlpijx* = Ipi; (1 + @) pi Il pijx |1
z 07

i.e. b > 0, which 1mpl1es pij(l + a)pij <(e+ 1)pij7 i.e. pijapij < €pij-
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Likewise, it follows that p;; (1 — a)p;; < (¢ + 1) p;j, so —ep;; < pijap;;. There-
fore, we have
—&pij = pijapij = &pij,

so by Lemma B.21, || p;;ap;; |l < llepi;|l < €, as desired. ([l

The above paving theorem gives a result about self-adjoint matrices. The second
paving theorem drops this condition.

Theorem 8.30 Suppose ¢ > 0. Then there is an |l € N with the following property:
foreachn € N and a € M, (C) such that diag(a) = O, there is a set of projections
{r,}l € Dy(C) such that ", r; = 1 and ||r;ar;| < ¢llall.

Proof Since ¢ > 0, by Theorem 8.29, there is an m € N with the following property:
for every n € N and self—adjoint a € M,(C) such that ||a|| < 1 and diag(a) = 0,
there are projections {p;}~; € D, (C) such that Zl (pi = 1and ||pjap;|| < ¢ for
alll <i <m.

Now, define/ = m? andletn € Nand ¢ > 0. If ¢ = 0, then taking r1 = 1 and
ri =0foralli € {2,...,/} yields the required set of projections {rl} i1

Hence, assume that a # 0. Observe that b = “Z" and ¢ = “2“ are self-adjoint
elements of M, (C) and that a = b + ic. Furthermore, ||b| < |la| and ||c|| < |la]|
by the triangle inequality, and diag(b) = diag(c) = 0.

Therefore, there are projections {p;}/2, € D, (C) and {g;}""

"1 € Dy (©) such that

M =
=
[
=

M=
=
~.

I

-

j=1
el < &
Pi—Dill = =
lall 2
forall{i € 1,...,m} and
lgj—q,ll < =
qgi—qil <=
Nal ™ 2
forall j € {1,..., m}. Therefore, || p;bp;|| < 5lla|l foralli € {1,...,m} and also
lgjcq;ll < Sllall forall j € {1,....m}.

Now, for i, j € {1, ..., m}, define r;; = p;q; € D,(C). Since D,(C) is abelian,
we know that r;; = p;q; = q; p; is again a projection for each pair (i, j). Now note

that
m m m
D= piaj=.p(Q> a) =D pi=1,
ij i=1 =1 i=1

ij



108 8 The Kadison-Singer Problem

and that for any pair (i, j),
P
l7ijbrijll = lpig;ibpig;ll = llq;pibpig;|l < llpibpill < §||a||,

and likewise ||r;;crij|| < 5llal|. Therefore,

. P P
lrijariill = rij(b +ic)rijll < llrijbrij|l + llrijerijll < §||a|| + §||a|| = ¢llall,

which means that the set {r;;} satisfies all the requirements. ([l

So far, we have only proven results in finite dimension in this chapter. However,
the independence of n € N in the second paving theorem enables us to actually
prove a similar result where we replace M, (C) with B(¢*(N)). This is the third
paving theorem. For this result, we use the map diag : B(¢*>(N)) — £>°(N) defined
by diag(@)(n) = (8,, as,).

Theorem 8.31 Suppose ¢ > 0. Then there is an | € N with the following prop-
erty: for all a € B({*(N)) such that diag(a) = 0, there is a set of projections
(Y, S €°(N) such that 3_ pi = 1 and |pap;| < elall for every
iefl,... I}

Proof By Theorem 8.30, there is an/ € N with the following property: if n € N and
¢ € M, (C) such that diag(c) = 0, then there is a set of projections {r,-}ﬁzl C D,(C)
such that >/, r; = 1 and ||ricri|| < gllc]|.

Now let a € B(£*(N)) such that diag(a) = 0. Then, for n € N, consider
the function ¢, : B(£?(N)) — M, (C), given by (pn(b))ij = (b3;,8;) for every
b € B(£*(N)). Then clearly |/¢,|| = 1. Furthermore, we also have diag(g,(a)) = 0,
since we have assumed that diag(a) = 0. Therefore, there is a set of projections
{rni}_, € D,(C) such that 3"} _ r,; = 1 and

I7ni@n(@)rnill < ellgn(@)|l < ellall,

foralll <i <.

For any fixedi € {1, ..., 1}, we have (r, ;0,, 8) € {0, 1} forallm < n,sincer,;
is a projection. We now prove that there is a strictly increasing function ¢ : N — N
as well as a set {y,-}f,=1 C {0, 1} such that for every 1 < i <, y; is the limit of the

sequence {x; ,},eny < {0, 1Y, where
, _ | rye.idms 8m) 1 m < Y (n)
xt,n(m) = [O m > Y(n).

We prove this by induction in /. For / = 0, we can simply take ¥ = Id. Now
suppose we have proven the claim for/ — 1, i.e. there is a strictly increasing function
¥ : N — Nand a set {yi}ﬁ;i such that forevery i € {1,...,l — 1}, y; is the limit
of the sequence {z; ,},en € {0, I}N, where
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_ <rl/f’(n),i8ms 5;11> tm < lﬁ/(n)
Zin(m) = ‘O cm > Y’ (n).

Now define w, € {0, 1}" by
_ |ty a8m, Sm) s m <Y (n)
Wn(m) = [0 m > Y (n).

Now, note that {w,},cn is a sequence in {0, I}N. Furthermore, by Tychonoff’s
theorem (see Theorem A.12), {0, 1} is compact and by Theorem A.16 {0, 1} is
also metrizable. Hence {w, },cn is a sequence in the compact metrizable space {0, 1}"
and it therefore has a subsequence {w,, }ren that converges to some y; € {0, 1}V, The
function ¢ : N — N defined by ¢ (k) = ny is strictly increasing and therefore the
function v := ¢ o ¢’ is strictly increasing, too.

Now, fori € {1, ...,1},definex; , := z; p(n). Since {x; , }nen is then a subsequence
of {2i,p(n) IneN» {Xin}nen converges to y; and satisfies

_ (rw(n),i(sm’ 8m> tm =< Kﬁ(n)
Xin(m) = {0 cm > Y (n)

Furthermore, define x; , := Wy(,. Then by construction, {x;,},en converges to
y; and is given by
_ |y adm, $m) 1 m = Y (n)
X (m) = [0 :m > Y (n)

This concludes the induction step.

Now for all i € {1, ...,[} define p; € £*°(N) by p;(m) = y;(m) and note that
every p; is a projection. We first prove that Z$:1 pi = 1. To see this, let m € N and
observe that for every i € {1, ...,[} there is an N; such that x; ,(m) = y;(m) for
every n > Nj, since {0, 1} is discrete. Then define N := max<;<; N;. Then we have

l

! ! !
Zpi(m) = Zyi(m) = in,zv(m) = Z(Vw(zv),ifsm, Sm)
i=1 i=1 i=1

i=I

= <(irw<m,i)5m,5m) = (O, 6m) = L.
i=1

Since m € N was arbitrary, Zﬁ;l pi = 1, as desired.

Now, suppose that ¥, ¥, € £2(N) have finite support, i.e. there are M|, M, € N
such that ¥ (n) = 0 for every n > M, and v, (n) = 0 for every n > M,.

Define M = max(M;, M,). Then for every m € {l,..., M}, there is an
N,, € N such that x;,(m) = y;(m) = p;(m) for all n > N,. Now define
N’ := maxj<u<m N, and N := max(N’, M). Then consider the canonical map
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ay : 2N) > CV given by (ay(h))(n) = h(n). Then by construction, for any
ie{l,....1},

(piapiv1, ¥2) = (apiy1, piv2) = (on(@ay(pi¥1), an(piv2)),

since the support of p;i; is a subset of the support of | and likewise for ;.
However, by construction of N, we have that ay(p;¥1) = ry;¥ and also that
an(piyn) = ry,iy». Therefore,

(piapivn, ¥n) = (en(@an (piY), an(piy2))

= (pn(@rnian (Y1), ryion (P2))

= (rnipn(@ryian (Y1), an(¥2))
[rn.ion (@ry ian (YD) Hleey (Y2) |l
[rn.ion @ry i llleey (W) oy (Y2) ]
= |lrnvien@ru il lHT2 |l

ellallivliig-ll.

=
=

Now note that ¥/, ¥, € ¢>(N) were arbitrary elements of finite support. There-
fore, by Proposition B.10, || p;ap;|| < ¢|la||. Hence {p,-}f:, C £*°(N) satisfies all
properties we desired. (I

As we mentioned before, this final paving theorem is the last technical result
before we can prove the Kadison-Singer conjecture. This will be done in the next
section.

8.6 Proof of the Kadison-Singer Conjecture

Using the paving theorem (i.e. Theorem 8.31), we can give an explicit description
of extensions of states on ¢*°(N). We first need the following result.

Lemma 8.32 Suppose f € 3,SU®(N)), let g € Ext(f) and suppose a € B(£*(N))
such that diag(a) = 0. Then g(a) = 0.

Proof Suppose ¢ > 0. By Theorem 8.31, we obtain a finite set of projections
{pi}Yl_; € €°(N) such that >°" , p; = 1 and |p;ap;|| < ellal|l for every
ief{l,...,n}.

Since f € 9,SU*(N)) = LU*(N)), f(p:) € {0, 1}foralli € {1, ..., n}.Since
also X7 | p; = 1, thereisan iy € {1, ..., n}suchthat f(p;) = 1and f(p;) = 0if
J # ip. Since g € Ext(f), we also have g(p;,) = 1 and g(p;) = 0 for every j # iy.
Now, using the Cauchy-Schwarz inequality (see Lemma 3.3), we have:
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lg(piap)* < g(pip})g((ap;)*ap;) = g(pi)g((ap;)*ap;).

for any i, j € {1,...,n}. Hence, for i # iy, g(piap;) = 0. Likewise, if j # io,
g(piap;) = 0. Therefore, we can compute:

lg@l = 1g(( X pi)a( X pi )l =12 gpiapl = 18pivapiv)] < I pinapil < e.
i J ij

Since ¢ > 0 was arbitrary, we hence have g(a) = 0, as desired. O
Now, we can easily describe the extensions of states on £*°(N).
Corollary 8.33 Suppose f € 9,S(°(N)) and g € Ext(f). Then g = f o diag.

Proof Suppose a € B(£*(N)). Then diag(a — diag(a)) = diag(a) — diag(a) = 0, so
by Lemma 8.32, we have g(a —diag(a)) = 0, i.e. g(a) = g(diag(a)) = f(diag(a)),
since diag(a) € £*°(N). Therefore, g = f o diag, as desired. (I

The Kadison-Singer conjecture is now an easy corollary.

Corollary 8.34 The subalgebra £*°(N) € B(¢>(N)) has the Kadison-Singer prop-
erty.

Proof Suppose that f € 9,S(£*°(N)). By Theorem 3.16, we know that Ext(f) # @.
Now suppose g,h € Ext(f). Then by Corollary 8.33, ¢ = f o diag = h.
Hence Ext(f) contains exactly one element. Therefore, {*°(N) C B(¢*(N)) has
the Kadison-Singer property. ]

Now that we have established the answer to the Kadison-Singer conjecture we are
able to finish our classification of abelian unital C*-subalgebras with the Kadison-
Singer property, in the case of a separable Hilbert space. The proof of the following
is statement merely serves as a summary of the most important results of the text.

Corollary 8.35 Suppose H is a separable Hilbert space and A < B(H) is an
abelian, unital C*-subalgebra. Then A has the Kadison-Singer property if and only
if it is unitarily equivalent to A4(j) for some 1 < j < Ry.

Proof In Corollary 7.22 we already established that if A has the Kadison-Singer
property, then A is unitarily equivalent to A;(j) for some 1 < j < Ry.
Furthermore, for j € N, we showed in Theorem 2.14 that A;(j) has the Kadison-
Singer property. Likewise, for j = 8, Corollary 8.34 shows that A;(j) has the
Kadison-Singer property. Combined with Theorem 5.3, we conclude that if A is
unitarily equivalent to A4(j) for some 1 < j < 8y, A has the Kadison-Singer
property. [
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Appendix A
Preliminaries

Throughout the main text, we need results from a wide range of mathematics. In this
appendix we discuss the required results from linear algebra, order theory, topology
and complex analysis. In the next appendix we give results from functional analysis
and operator algebras. Lastly, in Appendix C, we treat some results that rely on the
definitions and results in the main text, but are not included in the main text itself.
Together, these three appendices form the background of the main text. Most results
are non-trivial, but are so general that a complete discussion (including all proofs) is
beyond the scope of this text. In the case of missing proofs, we refer to some standard
textbooks.

A.1 Linear Algebra

We need results from linear algebra for two main reasons. First of all, some results
in functional analysis can be reduced to linear algebra. Secondly, in Chap.8, we
reduced the proof of the Kadison-Singer conjecture to results in linear algebra.

Hermitian Forms

We first concern ourselves with hermitian forms.

Lemma A.1 Suppose V is a complex vector space and let o : V> — C be a map
that is anti-linear in the first argument and linear in the second argument such that
o(v,v) € R for eachv € V. Then o is hermitian, i.e. o (v, w) = o(w,Vv) for all
v,weV.

This lemma has the following immediate corollary.

Corollary A.2 Suppose V is a complex vector space and o : V> — C is a map
that is anti-linear in the first argument and linear in the second argument such that
o(v,v) > 0forallv € V. Then o is a pre-inner product, i.e. a positive hermitian
form.
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Corollary A.2 is especially important because of the Cauchy-Schwarz inequality.

Proposition A.3 Suppose V is a complex vector space and o : V> — C is a pre-
inner product. Then the Cauchy-Schwarz inequality holds: for all a,b € V, we
have

lo(a,b)|* < o(a,a)o(b,b).

Adjugate Matrices and Jacobi’s Formula

In the main text, we need Jacobi’s formula, which deals with adjugate matrices. To
introduct these properly, we first need two other definitions.

Definition A.4 Foramatrix A € M,,(C)andi, j € {1, ..., n}, we define the matrix
r(A)(, j) € M,_1(C) by removing the ith row and jth column from A. We call
r(A)(i, j) the reduced matrix of A at position (i, j).

Definition A.5 For a matrix A € M,(C)and i, j € {1, ..., n}, the cofactor of A at
position (i, j) is given by cof (A) (i, j) = det(r(A)(, j)).
Using cofactors, we can define adjugate matrices.

Definition A.6 For a matrix A € M, (C), the adjugate matrix adj(A) € M,(C) is
given by adj(A);; = (—1)"* cof (A)(j, i).
Lemma A.7 Suppose A € M,,(C). Then the following properties hold:
1. adj(A) - A = det(A)]
.. . -1 _ 1 .
2. If A is invertible, then A~ = =D adj(A).
Now we can introduce the main thing we need: Jacobi’s formula.

Theorem A.8 (Jacobi’s formula) Suppose A : R — M, (C) is a differentiable
Sfunction. Then Jacobi’s formula holds:

dtht—T dj(A(t dAt
7% () = r(aJ(())~E (1)).

Furthermore, if A(t) is invertible, then

d
L detA(r)

d
-1 %
AD) Tr (A() ™" - o A®)).

For a more detailed account of linear algebra, see [2, 6, 10] or [17].

A.2  Order Theory

For a general introduction to the theory of partially ordered sets and lattices we refer
to [3]. In the main text, we need the following result, which is not among the standard
results.
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Proposition A.9 Suppose F is a maximal totally ordered subset of a lattice and
Fo C F.ThenVFy € F and ANFy € F.

Proof Lete € F.Either f <eforall f € Fyorthereisa f € Fysuchthate < f.In
the first case, V Fy < e, and in the second case ¢ < f < VFy. So either ¢ < VFj or
e > V Fy. Therefore, F U {V Fy} is totally ordered, so by maximality of ', VF, € F.

Likewise, forevery e € F,eithere < f forall f € Fyore > f forsome f € Fy.
In the first case, ¢ < AFj and in the second e > f > AFy. So F U {AF} is totally
ordered, i.e. AFy € F. O

A.3 Topology

Throughout the text, we assume that the reader has a solid knowledge of basic
topology, for example as given in [5]. For more advanced topics, we refer to [12]
or [21]. In this appendix we give some technical results that are standard, yet not so
trivial that they can be used without reference.

Compactness

In a topological space, compactness is defined using open coverings. However, it can
also be defined using closed sets. To show this, we first need the following.

Definition A.10 Let X be a topological space and F € #(X) a family of subsets.
Then F has the finite intersection property if for every {A;}7_, € F we have that

m?=1 A; # @.
Using this, we can give the equivalent definition of compactness.

Proposition A.11 Suppose X is a topological space. Then the following are equiv-
alent:

1. X is compact.
2. Every family F € & (X) consisting of closed subsets with the finite intersection

property satisfies (| F # 0.

We use this in the main text to show that the space of ultrafilters is compact with
respect to the ultra topology in Chap. 6.

One of the most important theorems involving compactness is Tychonoff’s theo-
rem:

Theorem A.12 (Tychonoff) Suppose X; is a non-empty topological space for every
i € 1. Then [],.,; X; is compact if and only if every X; is compact.

The combination of compactness and the Hausdorff property often give strong
results, for example in the following lemma.

Lemma A.13 Suppose X is a compact space and Y is a Hausdorff. Furthermore,
let f : X — Y be a continuous bijection. Then f is a homeomorphism.
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Miscellaneous

Throughout the main text, we also need a few results from topology. The first concerns
the separation axiom 7.

Lemma A.14 If X is T3, U C X is open and x € U, then there isa V. < X open
suchthatx e VCV CU.

Next, we have a well-known result about extensions of continuous functions.

Proposition A.15 Suppose X and Y are topological spaces, where Y is Hausdorff.
Furthermore, suppose A C X is dense and f, g : X — Y are continuous functions
that coincide on A. Then f = g.

Most topological properties are preserved under finite products of topological
spaces. However, with infinite products, this is not always the case. However, we do
have the following two results, of which the second is the most famous one.

Theorem A.16 Countable products of metrizable topological spaces are metrizable.

A4 Complex Analysis

For an introduction to complex analysis, we refer to [19]. Here, we state a more
advanced result: Hurwitz’s theorem.

Theorem A.17 (Hurwitz) Let G C C™ be a connected open set and { f,}nen a
sequence of holomorphic functions on G that converges uniformly on every compact
subset of G to some f € H(G). Furthermore, suppose that no f, has zeroes in G.
Then either f has no zeroes in G or f is identically zero on G.

A proof can be found in [14] (Theorem 1.3.8).



Appendix B
Functional Analysis and Operator Algebras

In this appendix we treat a collection of topics from functional analysis and operator
algebras that are needed throughout the main text. A more extended survey of these
subjects can be found in many texts, for example in [13, 18].

B.1 Basic Functional Analysis

For a normed vector space V, we can consider bounded linear functionals on V.
These are linear maps f : V — C such that

IISIHJEIIf ()] < 0.

We collect all such bounded linear functionals on V in the vector space V*, which
we call the dual space of V. This dual space then has a natural norm itself, given by

If1l = sup [f(W)],

Ivii=1

for all f € V*. This gives the dual space a natural topology, but the dual space also
has another topology. To describe this topology, we define for all f € V*,v e V
and ¢ > 0 the set

B(fiv,e)={ge V' [If(») —gW)| <&}

It is clear that these sets form a subbase for a topology on V*, since the union of
these sets is clearly all of V*. We call this topology the weak*-topology. One of the
most important results about this topology is the following theorem.

Theorem B.1 (Banach-Alaoglu) Suppose V is a normed vector space. Then the
closed unit ball of the dual space V*, i.e.
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{(fevillfi=1,

is compact with respect to the weak*-topology.

We also have the Hahn-Banach theorem for bounded linear functionals, which
concerns extensions.

Theorem B.2 (Hahn-Banach) Suppose V is a normed, complex vector space and
W is a linear subspace of V. If f : W — C is a bounded functional, then there is
an extension g : V. — C (i.e. glw = f) such that || g|| = | f].

The above Hahn-Banach theorem is the one we need in the main text. In fact, there
are many theorems that go by the same name. These theorems differ a little in their
assumptions, but they all give an extension which preserves some crucial property.

The last fundamental theorem from basic functional analysis that we discuss here
concerns convexity. For this, we first need the following definition.

Definition B.3 Suppose V is a vector space and S C V. We define the convex hull
of S to be:

co(S) = {Ztisi | neN, > O,Zti =1,s € S},
i=1 i=1

i.e. the set of all finite convex combinations of elements in K.
Using this definition, we have the following important result.

Theorem B.4 (Krein-Milman) Suppose V is a normed vector space and K C 'V is
a convex compact subset. Then:

K = co(9,K).

Furthermore, if M C V is such that K = co(M), then 9, K C M.

B.2 Hilbert Spaces

One of the main concepts in the main text is that of a Hilbert space.

Definition B.5 A Hilbert space H is a complex vector space endowed with a com-
plex inner product (-, -), which we take linear in the second coordinate, such that H is
complete with respect to the norm ||-|| induced by the inner product via || x||> = (x, x).

Hilbert spaces can be seen as generalizations of Euclidean vector spaces. There-
fore, we also want to consider bases for Hilbert spaces.

Definition B.6 Suppose H is a Hilbert space. Then a subset E C H is called a basis
for H if E is an orthonormal set whose linear span is dense in H.
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Note that if the cardinality of a basis of H is finite, then the Hilbert space is
isomorphic to a complex Euclidean vector space. We have a special name for Hilbert
spaces that have a countable basis.

Definition B.7 H is called separable if it has a countable basis.
We also need the notion of orthogonal families.

Definition B.8 Let H be a Hilbert space. Two subsets C, D € H are said to be
orthogonal if for every c € C andd € D, (c,d) = 0. A family of subspaces {C;};;
of H is said to be an orthogonal family if all pairs of members are orthogonal.

Direct Sums of Hilbert Spaces

Given two Hilbert spaces and H; and H,, we can form a Hilbert space H = H, ® H>,
which has an inner product (, ) defined by

((x1, x2), (y1, y2)) = {x1, yi)1 + (x2, y2)2,

where (, ); and (, ), are the inner products on H; and H,, respectively. H is called
the direct sum of H, and H,. Conversely, given a Hilbert space H and a closed
linear subspace K € H, one can realize H as a direct sum H = K & K L. where

Kt:={xeH:(x,y)=0Vye K}

is called the orthogonal complement of K.
Operators on Hilbert Spaces

We now want to consider linear operators 7 : H — H’ between two Hilbert spaces.
In fact we are only interested in bounded operators.

Definition B.9 Let H be a Hilbert space and 7 : H — H' alinear operator. We say
that T is bounded if there is a k > 0 such that |7 (x)|| < k||x| for all x € H. The
set of all bounded operators from H to H' is denoted by B(H, H').

Note that B(H, H') is not just a set, but a normed vector space. Here scalar
multiplication and addition are defined pointwise. The norm is naturally given by

1Tl = sup [[T(x)].

lxl=1

Furthermore, for every T € B(H, H’) there is a unique operator T* € B(H’, H)
such that (x, T(y)) = (T*(x), y) forevery x € H' and y € H. The operator T* is
called the adjoint of 7.

When H = H’, we write B(H) := B(H, H) and we observe that defining
multiplication by composition, i.e. (T S)(x) = T(S(x)) forall T, S € B(H) and
x € H, gives B(H) the structure of an algebra.

In the main text we need the following rather technical result.
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Proposition B.10 Suppose that H is a Hilbert space with a basis {e;}ic;. Suppose
a € B(H) and a > 0 such that |(x, ay)| < a|x|||y|l for all x,y € H with finite
support, i.e. forall x,y € H suchthat{i € I : (x,e;) ZOQ0}and{i € I : (v, e;) # 0}
are both finite. Then ||a|| < «a.

Operators on Direct Sums

Note that for a given direct sum H; @ H,, there are canonical inclusion and projection
maps:

4 H — H @ Hy, u(x) = (x,0)
L Hy — H @ H, 1(y) =(0,y)
7w Hy @ Hy — Hy, m(x,y) =x
7 Hy @ Hy > Hy, my(x,y) =y

Using this, for given a; € B(H;) and a, € B(H,), one can define
(a1,a2) : HH ® H, — H| @ H>,

by (a1, ax) = tja17 + Lapmy,ie. (ar, az)(x, y) = (a1 (x), a2(y)). Clearly, we then
have (a;, a;) € B(H, ® H,). We can extend this idea for subsets A; € B(H;) and
Ay C B(H,); A1 ® Ay C B(H, © Ha).

Conversely, one can ask the question whether for some a € B(H; & H,) there
are a; € B(H,) and a, € B(H,) such that a = (a;, a,). The following proposition
answers this question.

Proposition B.11 Suppose that H, and H; are Hilbert spaces anda € B(H, ® H>).
Then there are ay € B(Hy) and a, € B(H,) such that a = (a1, ay) if and only if
a(t(Hy)) € o«(Hy) and a(12(H)) C 12(Ha).

In the case that an operator a € B(H; @ H;) can be written as a = (a;, a) for
some a; € B(H,) and a, € B(H,), we say that a decomposes over the direct sum
H, & H,. Likewise, if an algebra A € B(H; ® H,) satisfies A = A} & A, for
some A; € B(H;) and A, € B(H,), we say that A decomposes over the direct sum
H, & H,.

Projection Lattice
Definition B.12 Suppose H is aHilbertspaceand p € B(H). Then p is a projection
if p> = p* = p.

Note that a projection p € B(H) is always positive, since for any x € H we have

(x, px) = (x, p’x) = (x, p*px) = (px, px) = || px||* = 0.

Now, if we write &2 (H) for the set of all projections in B(H) for a Hilbert space
H,itis clear that forany p € #(H),wehave 1 — p € & (H). We can now introduce



Appendix B: Functional Analysis and Operator Algebras 121

a partial order < on & (H) by saying that p < ¢ if and only if ¢ — p > 0. By the
above it follows that (with respect to <) 0 is the minimal element of &?(H) and 1 is
the maximal element. Furthermore, p < ¢ is equivalent to p(H) < g(H).

We need the following technical lemma in the main text. The proof of this is
merely a computation.

Lemma B.13 Suppose p and q are projections on a Hilbert space H such that
p < q. Furthermore, let x,x' € H. Then ||q(x) — p(x)] < llg(x) — p(X)].

In the main text, we are primarily interested in non-zero projections and more
specifically in minimal elements of the set of non-zero projections.

Definition B.14 Let H be a Hilbert space and p € B(H) such that p # 0. Then
p is called a minimal projection if ¢ € &?(H) and 0 < ¢ < p implies ¢ = 0 or
q=p-

B.3 C*-Algebras

We already saw that for a given Hilbert space H the operator algebra B(H) not only
has the structure of an algebra, but also has an adjoint operation and a norm. Together,
these properties give B(H) a much more special algebraic structure, namely that of
a C*-algebra.

Definition B.15 A C*-algebra is a normed, associative algebra A endowed with
an operation * : A — A, a > a* (we call a* the adjoint of @), with the following
compatibility structure:

A is complete in the norm ||-||.

The norm is submultiplicative, i.e. ||ab| < ||a||||b]| foralla, b € A.

The adjoint operation is an involution, i.e. a™* = a forall a € A.

The adjoint operation is conjugate-linear, i.e. (Aa +b)* = Aa* +b* forallA € C
anda, b € A.

5. The adjoint operation is anti-multiplicative, i.e. (ab)* = b*a* foralla, b € A.
6. The C*-identity holds: |la*a| = |la|? foralla € A.

Sl

A C*-algebra A is called unital if it contains an algebraic unit 1 (i.e.al = la = a for
alla € A). Since the adjoint is an involution and is anti-multiplicative, automatically
1* = 1. By the C*-identity it then also follows that |[1] = 1.

The C*-identity together with submultiplicativity also guarantees a more imme-
diate compatibility between the adjoint operation and the norm.

Lemma B.16 Suppose A is a C*-algebra. Then the adjoint preserves the norm, i.e.
la*|| = lla|| for all a € A.

We can also consider C*-subalgebras.
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Definition B.17 Let A be a C*-algebra. A C*-subalgebra S of A is a subalgebra
S C A that is topologically closed (with the topology coming from the norm ||-|| of
A) and closed under the adjoint operation, i.e. a* € S forall a € S.

Note that by the conditions on a C*-subalgebra, every C*-subalgebra is a C*-
algebra in its own right, by restriction of the norm and adjoint operations to the
subalgebra.

Positivity
In the main text we study states. For the definition of states, we need the notion of
positive elements of a C*-algebra.

Definition B.18 Suppose A is a C*-algebra, and let a € A. Then we say that a is
positive if and only if there is a b € A such that a = b*b. In this case, we write
a>0.

There are also different ways of defining positivity when A has more structure,
as the following lemma shows.

Lemma B.19 Suppose A is a C*-algebra and let a € A. Then

e If A is unital, then a is positive if and only if a = a* and o (a) C [0, 00).
e If A C B(H), then a is positive if and only if (x,ax) > 0 forall x € H.

Here, o (a) consists of those numbers A € C such that a — A1 is not invertible and
is called the spectrum of a.

The set of positive elements in a C*-algebra A is often denoted by A™. This set
has some special properties.

Proposition B.20 Suppose A is a C*-algebra. Then:

e Foranya € A, there are ay > 0 such that a = ZLO i*ap and |lag|| < |la).

e Leta € A be positive. Then there is ab € A* such that a = b*.

o Leta € AT such that |la|| < 1. Then 1 — a? is positive and a commutes with b
where b> =1 — a’.

The notion of positivity also induces a natural partial order < on the self-adjoint
elements of a C*-algebra A, by defining b < c if and only if 0 < ¢ — b. This partial
order has the following properties.

Lemma B.21 [fc, d are self-adjoint and —d < ¢ < d, then ||c| < || 4]

Lemma B.22 Suppose H is a Hilbert space and d € B(H) such that d > 0 and
ldll =1, thend < 1.

Characters

When considering abelian C*-algebras, characters play a major role.
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Definition B.23 Let A be a C*-algebra. A character is a non-zero algebra
homomorphismc : A — C,i.e. cis multiplicative and linear. The set of all characters
on A is denoted by Q(A).

First, we give three properties of characters.

Lemma B.24 Suppose that A is a unital C*-algebra and c € Q2(A). Then:

e c()=1
e Ifa= a*iél, then c(a) € R.
e c(a*) =c(a) forall a € A.

Because of the following result, characters are important for abelian C*-algebras.

Theorem B.25 (Gelfand isomorphism) Suppose that A is a non-zero abelian C*-
algebra. Then the map

G:A— Co(R(A)), Ga)(f) = f(a),

is an isomorphism of C*-algebras.
The following lemma is an easy consequence of the Gelfand isomorphism.
Lemma B.26 Suppose A is an abelian C*-algebra. Then 2(A) separates points.

One can use this lemma to prove the following result about projections and char-
acters.

Corollary B.27 Suppose A is a C*-algebra. Then, for every g € Q(A) and projec-
tion p € A, g(p) € {0, 1}. If p € A is a non-zero projection, there is a f € Q(A)
such that f(p) = 1.

B.4 von Neumann Algebras

In order to define von Neumann algebras, we first introduce the strong topology. We
do this by means of a subbasis. For every a € B(H), x € H and ¢ > 0, define:

S(a,x,e):=1{be B(H) : |(a—bx| < ).

Collecting these sets together in . := {S(a, x,¢) : a € B(H),x € H,& > 0},
we obtain a subbasis for a topology on B(H), since | J . = B(H). We call this
topology the strong topology on B(H). An important property of this topology is
given in terms of convergent nets. See [18] for details.

Proposition B.28 Let H be a Hilbert space and {a;};c; a net in B(H). Furthermore,
let a € B(H). Then the following are equivalent:
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1. {a;}ic; converges to a with respect to the strong topology on B(H).
2. Foreachx € H, {a;(x)} converges to a(x).

Using the strong topology, we can directly define von Neumann algebras.

Definition B.29 Let H be a separable Hilbert space. Then a *-subalgebra A € B(H)
is called a von Neumann algebra if it is closed with respect to the strong topology.

By now, we have two topologies on B(H); the norm topology and the strong
topology. C*-subalgebras deal with the norm topology, whereas von Neumann alge-
bras are defined using the strong topology. The following proposition gives a link
between these two different viewpoints.

Proposition B.30 Let H be a Hilbert space and suppose that A € B(H) is a von
Neumann algebra. Then A is a C*-subalgebra of B(H).

There is an important result about von Neumann algebras that involves the com-
mutant of an algebra.

Proposition B.31 Let H be a Hilbert space and A € B(H) a *-subalgebra. Then
A’ is a von Neumann algebra.

In the main text we make use of generated von Neumann algebras. For any set
S C B(H) the von Neumann algebra generated by S is

(S),ny = ﬂ{A C B(H) : Ais avon Neumann algebra and S C A},
which is in fact a von Neumann algebra since an arbitrary intersection of von Neu-
mann algebras is clearly again a von Neumann algebra.

Projections in von Neumann Algebras

When considering von Neumann algebras, projections play a major role, because of
the following proposition.

Proposition B.32 Suppose H is a separable Hilbert space and A € B(H) is a von
Neumann algebra. Then A is generated by its projections.

In the main text we need some elementary results about projections and von
Neumann algebras, which we state here.

Lemma B.33 Suppose H is a Hilbert space, A C B(H) is a von Neumann algebra
and p € B(H) is a projection. Then:

e Cp is a von Neumann algebra.
e If p € A, then pAp is a von Neumann algebra.
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Additional Material

In this appendix, we use definitions and results from the main text to provide some
additional background. These are not included in the main text itself, since they
would merely disturb the natural storyline.

C.1 Transitivity Theorem

The following theorem was proven by Kadison [7].

Theorem C.1 (Transitivity theorem) Suppose A is a non-zero C*-algebra, acting
irreducibly on a Hilbert space H. Furthermore, let n € N, let {x;}}_, € H be a
linearly independent set and let {y;}_, € H be any subset. Then there exists an
a € A such that a(x;) = y; foralli € {1,...,n}.

Furthermore, if there is a v = v* € B(H) such that v(x;) = Yy; for every
i € {l,...,n}, then there is also a b = b* € A such that b(x;) = y; for all

ie{l,... n).

C.2 G-Sets, M-Sets and L-Sets

As the start of a series of technical results, we begin by defining some important sets
associated with states.

Definition C.2 Suppose A is a unital C*-algebra and f € S(A). Then define the
following subsets of A:
Ny={aecA: f(a) =0},

Ly={acA: f(a*a) =0},
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Gr=facA:|f(@)|=lal =1},

My ={acA: fab) = f(ba) = f(a)f(b) Vb € A}.

These sets are called the null-space, L-set, G-set and M-set of f, respectively.
We write G}’ for the set of positive elements in G s.

For a state f, we are especially interested in the structure of the set G ;. To
determine this, we use the sets Ny, L, and M. Namely, we have the following
sequence of results. For the (straightforward) proofs, see [1].

Lemma C.3 Suppose A is a unital C*-algebra, f € S(A) and a € A. Then:

1. My C Ais asubalgebra.

2. aeMyifandonlyifa— f(a)l € Ly ﬁL?.
3. Gy C My.

4. Gy is a semigroup.

For a pure state, there is a nice description of the null-space in terms of the L-set.
To give this description, we first give two more properties of states. For more details,
see [13].

Lemma C.4 Suppose A is a C*-algebra and let f € S(A). Suppose a, b € A. Then
we have the following two properties:

e f(a*a) =0ifandonlyif f(ba) =0 forall b € A.
o f(b*a*ab) < |la*all f(b*D).

We can apply these above properties to describe the algebraic structure of L-sets.
Lemma C.5 Suppose A is a C*-algebra and f € S(A). Then L is a left-ideal.

Proof Itis clear that L ¢ is closed under scalar multiplication. To see that it is closed
under addition, suppose a, b € L . Then by the Cauchy-Schwarz inequality (Lemma
3.3), we have f(a*b) = 0 and f(b*a) = 0. Therefore,

flla+b)*(a+b) = faa)+ fab) + f(b*a) + f(b"b) =0,

i.e.a+ b € L;. Now, again suppose that a € Ly and let ¢ € A be arbitrary. Then,
applying Lemma C .4,

f(ca)*ca) = f(a’c*ca) < ||c"c|| f(aa) =0,
soca € Ly. Hence L is a left-ideal. U

Now, we can make the connection between the notions of null-spaces and L-sets
in the case of pure states.
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Lemma C.6 Suppose A is a C*-algebra and f € 9,S(A). Then Ny = Ly + L.

Proof First, suppose a € L. Then, by the Cauchy-Schwarz inequality,

If@* =f(1%a)* < f(1*1) f(a*a) = 0,

soa € Ny,ie. Ly C Nf.Likewise,L_’; C Ny, soby linearity of f, Ly C L_’; C Ny.

To show that Ny € Ly + L%, we use the GNS-representation for f, as discussed
in Sect. C.3. First of all, since f is pure, the space A /Ly is a Hilbert space with
respect to the inner product (a + Ly, b+ L) = f(a*b). Furthermore, since f is
pure, the map

¢r:A— BA/Lp).gpla)b+Ly)=ab+Ly

has the property that ¢ ;(A) acts irreducibly on A/L ;, by Proposition C.8.
Now suppose a € Ny is self-adjoint. Then we have

(I+Ly.a+Lp) = f(I*a) = f(a) =0,
i.e. 14+L s and a+L ; are linearly independent. Therefore, by the transitivity Theorem
C.1, there is a self-adjoint element v € ¢, (A) such that v(a + L) = a + Ly and
v(14+Ly) =0.Thenv = ¢/ (b) for some b € A. Define c = # Then ¢ = ¢* and

b*+b D) +orb) V4V
01 = 95 . )=<Pf 2%‘ =—

=V,

so we have
ca+Ly=¢s(c)a+Ly)=va+Ls)=a+ Ly,

and
c+Li=@rc)1+Ls)=v(l+Ls) =0,

iie.ca—ae€Lyandc € Ly. Defined :=ca —a € L. Then since a = a*,
a=ca—d=(a—d) =ac—d*.

Sincec € Ly and Ly isaleft-ideal by LemmaC.5,ac € L y. Furthermore, —d* € L7,
soa=ac—d*e€L;+Lj.
So, if we take an arbitrary x € Ny, we have x = x| + ix;, with x; = x;"* €Ny

and x, € xgl" € Ny. Hence, by the above, x; = y; +w} and x, = y, + wj for some

yi, Wi, y2, ws € Ly. Then, y +y, € Ly and —i(w; + wyp) € Ly, so

x =y +y+ (—i(w +w))" € Ly+ L.

Therefore, Ny € L, + L’;, i.e. Ny = Ly + L%, as desired. [l
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Of course, we are going to apply the above discussion to extensions of pure
states, in order to say something about the classification of subalgebras that satisfy
the Kadison-Singer property. Therefore, the following result is useful, which states
that L- and M-sets behave nicely with respect to extensions.

Lemma C.7 Suppose H is a Hilbert space and A < B(H) is a C*-subalgebra.
Furthermore, suppose g € Ext(f). Then Ly C L, and My C M,.

Proof Supposea € Ly. Thena € A € B(H) and f(a*a) = 0. Since g € Ext(f),
anda*a € A, g(a*a) = f(a*a) =0,i.e.a € Lyand Ly C L.

Now suppose a € My. Thena — f(a)l € Ly N L%, by Lemma 2. Since we have
assumed that g € Ext(f), g(a) = f(a), and by the above, LN L’} CL,N LZ,.
Therefore, a — g(a)l € L, N Ly and hence a € M,, again by Lemma 2. Hence
My € M,, as desired. O

C.3 GNS-Representation

Next, we treat the so-called Gelfand-Naimark-Segal representation. For this, we fix a
certain C*-algebra A and we let f : A — C be a state. In Definition C.2, we defined
the L-set of f to be

Ly={aecA: f(a*a) =0},

and in Lemma C.5 we showed that L ; is a left ideal of A.
Now, we note that we have a well-defined inner product on A/L ¢, given by

(a+ Ly, b+Ly)= f(a*b).
We can then complete A/L ¢ to a Hilbert space H. Then, we define a map
Yr:AXA/Ly— A/Ly,

by setting W ¢(a,b + Ly) = ab + Ly. Since A/L is dense in H; and ¥ (a, -) is
bounded for every a € A, ¥ uniquely extends to a map 1//} :Ax Hy — Hy. Then,
we have the map

or: A— B(Hy),

defined by ¢/(a)(x) = 1//} (a, x). In fact, ¢, is a *-homomorphism, and as such,
it is a representation, which we call the Gelfand-Naimark-Segal representation
belonging to f.

The main result we use about the GNS-representation is the following:

Proposition C.8 Suppose A is a C*-algebra and f € S(A). Then f € 9,S(A) if
and only if o s (A) acts irreducibly on Hy.
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C.4 Miscellaneous

In Sects.C.1 and C.3, we discussed some fundamental results, which are treated
in many texts on operator algebras. In this section, we give results which are less
well-known.

State-Like Functionals

As we already mentioned in Sect. B.1, there are many theorems similar to the Hahn-
Banach theorem. There is also a theorem for C*-algebras in which ‘positivity’ is
preserved. For this, we need the notion of state-like functionals.

Definition C.9 Suppose A is a unital C*-algebra and C C A is a self-adjoint linear
subspace of A that contains the unit. Then a linear map f : C — C that satisfies
f(c*) = f(c) forevery c € C, f(c) = 0 for every positive c € C and f(1) = 1,
is called a state-like functional on C. The set of all state-like functionals on C is
written as SLF(C).

For these state-like functionals, we have the following extension theorem, which
resembles the Hahn-Banach theorem. For its proof, we refer to ([4, 2.10.1]).

Theorem C.10 Suppose A is a unital C*-algebra and C C A is a self-adjoint linear
subspace that contains the unit. Suppose f : C — C is a state-like functional. Then
there is a state-like functional g : A — C that extends f.

The Projection Lattice in the Strong Topology

In Sect. B.2, we discussed some properties of the projection lattice for a Hilbert space.

In Sect.B.4 we saw that projections play a major role for von Neumann algebras.

Since von Neumann algebras are defined using the strong topology, we need some

result about the projection lattice with respect to the strong topology. Here, for a

Hilbert space H and a subset Y € B(H), Clg.(Y) denotes the strong closure of Y.
We first have the following result.

Proposition C.11 Suppose F is a totally ordered family of projections on a Hilbert
space H. Then VF € Clg(F).

Proof Write A = VF and consider A = UpeF p(H).

For a,b € A there are p,q € F such thata € p(H) and b € q(H). Since
F is totally ordered, we can assume without loss of generality that p < g. Then
we have that a € p(H) € g(H),soa,b € q(H), whence a + b € q(H) C A.
Furthermore, for u € C and a € A, there is a p € F such that a € p(H), whence
na € p(H) € A. Therefore, A is a linear subspace of H.

Hence A is a closed linear subspace of H. We now claim that A(H) = A.

First, let ¢ be the projection onto A. Then forall p € F, p(H) € A C A = q(H),
ie. p <gforall p € F. Therefore, . < g,s0A(H) C q(H) = A. For the converse,
observe that for any p € F, we have p < A,i.e. p(H) € A(H), so we obtain that
A =U,cr p(H) C A(H). Therefore, A C A(H) = A(H). So, indeed, A(H) = A.
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Now, let x € H. Then A(x) € A, so there is a sequence {yyn}oo; € A such
that lim,, o yx.» = A(x). For all n € N there is a p,, € F such that we have
Ve = P(2x.n) for some z, , € H. So, for every ¢ > 0, there is a n, € N such that
1) = pan, Grn)l < .

By Lemma B.13 we conclude that

IA(x) — px,ne(x)” < IA(x) — Px,ns(zx,ng)” < é.

Now, for any g > py.,,, we have that A — g < X — p, ,_, sO

[A(x) =gl = [I1A(xX) = prn, (O < &.

Since ¢ > 0 was arbitrary, A(x) = lim,cr p(x). Since x € H was arbitrary, we
therefore conclude that A is the strong limit of the net {p},cr € F, i.e. we have
A € Clg (F). (I

For the next result on the projection lattice and the strong topology, we first need
the following lemma.

Lemma C.12 Suppose H is a Hilbert space and let F € &?(H) be some family of
projections. Then we have

Vi-pr=1-A\lp)

peF peF

Proof Forall g, q > A{p},so 1l —qg <1— A{p}, whence V{1 — p} <1 — A{p}.
Forallg, v{l—p} >1—g¢g,s01—Vv{l —p} <gq,whence 1l —V{l — p} < A{p},
ie. V{I — p} > 1 — A{p}
Therefore, V{1 — p} =1 — A{p}. (Il

Using this lemma, we can prove the following.

Corollary C.13 Suppose F is a totally ordered family of projections on a Hilbert
space H. Then AF € Clg, (F).

Proof Consider the family G := {1 — p : p € F}, which is again a totally ordered
family of projections on H. By Proposition C.11, then VG € Clg(G). By Lemma
C.12,vG =1 — AF,ie. 1 — AF € Cly(G). Therefore, there is a net {g;}ic; € G
such that 1 — AF is the strong limit of {g;};c;. However, foreveryi € I, g; = 1 — p;
for a certain p; € F.

Now suppose x € H and ¢ > 0. Then there is a iy € I such that for every i > i,

(1 =AF) = g)X)| <e.
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Then we also obtain for every i > iy that
[(pi = AF)Y)I = II((1 = AF) =1 = p))X) |l = (1 = AF) = g) ()] < e.

Therefore, lim;c; p; (x) = AF(x),1.e. AF is the strong limit of the net {p;};c; in
F,so AF € Cly (F). U



Appendix D
Notes and Remarks

In this appendix, we comment on the things we discussed in the main text. First, we
give some very specific notes about technicalities in the main text. Subsequently we
will make some remarks which have a broader context.

Notes per Chapter
Chapter 2

In Chap. 2 we defined states for both the algebra M and the subalgebra D. Of course,
these definitions are alike and can be generalized. This is done in Chap. 3.

The unique extension given in the proof of Theorem 2.14, is in fact given by a
conditional expectation. We discuss these conditional expectations in more detail in
Sect. D, but the idea is the following: consider the map diag : M — D, given by
diag(a);; = (e;, ae;). This map is linear, unital and satisfies diag o i = Id, where
i : D — M is the inclusion map. Then the unique extension of pure states is given
by the pullback of the map diag, i.e. for a pure state f € 9,S(D), g := f o diagis
the unique pure extension.

Chapter 4

The result of Proposition 4.4 is to be expected when carefully using Lemma 4.3.
Namely, for some Hilbert space H and A, A, € C(B(H)), such that A} C A,,
Lemma 4.3 gives

A C A C A, CA

so in fact we have
AL\ Ay C AL\ A C AL\ Ay

i.e. if we define the map ¢ : C(B(H)) — Z(B(H)) by p(A) = A"\ A, we see
that ¢ is an anti-homomorphism between the partially ordered sets C(B(H)) and
Z(B(H)). Therefore, maximality in the poset C(B(H)) corresponds to minimality
in the poset ¢(C(B(H))) € Z(B(H)). In fact, Proposition 4.4 shows exactly that
maximality in C (B(H)) corresponds to the element @ € ¢ (C(B(H))), sothe minimal
element of ¢(C(B(H))) is the minimal element of Z(B(H)).
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In the proof of Theorem 4.5, we show thatif A, C € C(B(H)), A € C and A has
the Kadison-Singer property, then necessarily A = C. We do this by first showing
that A = C, followed by showing that the inclusioni : A < C is in fact giving this
isomorphism. One might think that A € C and A = C already implies that A = C.
However, this is not the case. As an example, consider the subalgebra

LPQ2N):={f et>®N)| f2n—-1)=0Vn € N}.

Clearly, £°(2N) = £°°(N), but these two algebras are not the same.
Chapter 5

We restrict ourselves to the case of separable Hilbert spaces. This may seem to
be a major restriction, but some remarks can be made justifying this restriction.
First of all, in applications of operator algebras within the context of physics (most
notably that of quantum theory), non-separable Hilbert spaces almost never play a
role. Furthermore, the ungraspability of the non-separable case is a big mathematical
issue. After all, we are restricting ourselves to the separable case, since we can make
a classification of maximal abelian subalgebras of B(H) where H is a separable
Hilbert space (Corollary 5.25). For the non-separable case(s), such a classification
is not available so far.

The ideas behind the classification in the separable case (Corollary 5.25) are
exactly those of Kadison and Ringrose ([16, 9.4.1]). We expanded and clarified
some of their technical arguments.

Chapter 6

The Stone-Cech compactification of a Tychonoff-space can in fact also be con-
structed using the theory of operator algebras. In fact, for such a space X, its Stone-
Cech compactification can be realised as the Q2(Cp(X)), i.e. the character space
of the algebra of bounded continuous functions on X. Namely, assuming that the
Stone-Cech compactification X exists for some topological space X, we can show
that Cp(X) = C(BX) = Co(BX) = Cp(BX) in the following way. Suppose that
feCyX)andlet D := {z € C| |z] < | fll}. Then D is a compact Hausdorff
space,and f : X — D is acontinuous function. Therefore, by the universal property
of the Stone-Cech compactification, there is a unique continuous f : fX — D
that extends f. Hence, we get a well-defined map @ : C,(X) — C(B8X), f — Bf.
Since any continuous function on the compact Hausdorff space S X is automatically
bounded, we also get a map ¥ : C(BX) — Cp(X),h +— h|x. By the univer-
sal property of the Stone-Cech compactification it is clear that @ and ¥ are each
other’s inverse, whence Co(BX) = C(BX) = C,(X). However, by the Gelfand-
isomorphism, we also have C,(X) = Cy(2(Cp(X))), so BX = Q(Cp(X)).

Chapter 7

The whole point of introducing and using the Stone-Cech compactification is in the
proof of Theorem 7.10. The switch from N to Ultra(N), i.e. from a non-compact
space to a compact space, exactly gives us that d,5(A.) is already contained in


http://dx.doi.org/10.1007/978-3-319-47702-2_4
http://dx.doi.org/10.1007/978-3-319-47702-2_5
http://dx.doi.org/10.1007/978-3-319-47702-2_5
http://dx.doi.org/10.1007/978-3-319-47702-2_5
http://dx.doi.org/10.1007/978-3-319-47702-2_6
http://dx.doi.org/10.1007/978-3-319-47702-2_7
http://dx.doi.org/10.1007/978-3-319-47702-2_7

Appendix D: Notes and Remarks 135

(BH’)(Ultra(N)), instead of (8H’)(Ultra(N)). The latter space is bigger and we
cannot describe it properly. However, for (8H’)(Ultra(N)) itself, we have results
like Proposition 7.11.

The Use of Existing Literature

This thesis has one goal: proving Corollary 8.35. Every part of the text is necessary
for reaching this goal and we have tried to keep the text as self-contained as possible.
The text can be divided in a few parts, each with their own character, their own
(intermediate) goal and their own roots in existing literature.

First of all, the introductory Chaps.2 and 3 together form the foundation for
the thesis and have the goal of introducing the necessary concepts for the final
classification. The idea of the question can mainly be found in the original article
by Kadison and Singer [8], although they spoke of unique pure state extensions
instead of the Kadison-Singer property, like we do. In fact, this way of defining the
Kadison-Singer property as a property of an algebra is something we added to the
theory.

The second part (Chap. 4) contains the first reduction step: maximality is necessary
for the Kadison-Singer property. This is also already in [8]. However, we give our
own proof of this fact.

Subsequently, Chap. 5 reduces the classification even further, using the classifi-
cation of maximal abelian von Neumann algebras. This classification is based on an
idea of John von Neumann, but there are not many sources for well-written proofs.
We have based ourselves on the proof of Kadison and Ringrose in [15, 16]. Although
their ideas are exactly those that are behind our proof, we have expanded the proof,
by making clear distinctions between the several cases.

Chapters 6 and 7 together reduce the classification to the Kadison-Singer conjec-
ture. The theory of ultrafilters and the Stone-Cech compactification of discrete spaces
can be found in many textbooks on topology, but our extensive study of the Stone-
Cech compactification for arbitrary Tychonoff spaces has its roots in [21]. The results
in Chap. 7 also have one clear source: the article by Joel Anderson [1]. Although this
article already gives a much clearer proof of the fact that the continuous subalgebra
does not have the Kadison-Singer property than Kadison and Singer do in their article
(viz. [8]), we have clarified this even further. Our main improvement concerns the
distinction between using the universal property of the Stone-Cech compactification
for the Haar states and using the same property, but then for the restricted Haar states.
Furthermore, we have not proven all results that in fact hold for arbitrary algebras,
but have restricted ourselves to the continuous subalgebra, which gives easier proofs
in Sect.7.3.

In Chap. 8 we complete the classification. For this, we use an article of Tao [20]. He
has already simplified the works of Marcus et al. [11], whence we have not concretely
used their articles. However, the article contained a minor mistake in the proof of
Lemma 8.20. After a short correspondence, Terence Tao improved his argument.
Subsequently, we have made an even further simplification for this proof.
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Broader Remarks
The Anderson Operator

Throughout the main text we used several technical arguments. Most of them were
to be expected within their context. However, in Chap.7, we used the Stone-Cech
compactification of N, which is a discrete space, to say things about the continuous
subalgebra. At first sight, this seems paradoxical, but it is not really. After all, we use
N in order to enumerate the Haar functions. Therefore, it is not the discreteness of
N that is important, but its cardinality, since the continuous subalgebra acts on the
separable Hilbert space L2(0, 1).

Therefore, one might think the same arguments are applicable to the discrete
subalgebra. In fact, a lot of structure described in Chap.7 can be transfered to the
case of the discrete subalgebra. This can best be described by means of the following
diagram:

S Ultra(N)

—

NT— T o S(B(A(N))) BT’
\

Here, T’ and T are defined by T'(n)(f) = f(n) and T (n)(a) = (8,, ad,). Further-
more, BT" and ST are the continuous extensions of 7’ and T respectively, obtained
by the universal property of the Stone-Cech compactification. Like in Chap.7, S is
the map that assigns the principal filter to every natural number, i.e. S(n) = F,.
Lastly, M* is the pullback of the multiplication operator M : {*°(N) — B(£2(N)).

This diagram is similar to the situation we had in Chap.7, where the role of T
was taken by H and the role of 7’ by H'. Now, again, M* o T = T’ and therefore
M* o BT = BT'. Therefore, the above diagram is commutative.

It is easy to see that 7'(N) is a total set of states, whence (8T')(Ultra(N)) is a
total set of states. Therefore, 9,S(£*°(N)) C (8T’)(Ultra(N)). However, to conclude
things about the uniqueness of pure state extensions, we need some kind of injectivity
of M*. However, the above diagram gives no further information, since the set 7' (N)
is not a total set of states: there are operators a € B(£>(N)) which have a positive
diagonal part but are not positive themselves. Therefore, we cannot conclude that all
pure states on B(£?(N)) lie in the image of BT

The high point of Chap.7 was reached when we defined the Anderson operator.
This operator was defined using a bijection ¢ : N — N that had no fixed points. In
fact, the bijection that was used respected the structure of the basis formed by the
Haar functions, since it permutes groups of Haar functions whose supports are of
equal length.

S(=(N))

T/
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In the case of the discrete subalgebra, we can again consider some bijection
¢ : N — N without fixed points and use this to construct an operator V,, like the
Anderson-operator: we set V,(8,) = 8,(,) and extend this linearly to all of 22(N).
Then V,, is unitary, since it permutes a basis and for alln € Nwe have T (n)(V,,) = 0.

However, for any m € N, we have ||M;, V,M;, || = 0, since ¢ has no fixed points.
This is in contrast to Proposition 7.18. We note here that we have taken §,, as a pro-
jection, which is in fact a minimal projection. This observation becomes particularly
interesting when also noting that the main difference between the continuous and
the discrete subalgebras is the existence of minimal projections: the continuous sub-
algebra has none, whereas the discrete subalgebra is even generated by its minimal
projections, as we showed in Chap. 5. In fact, for any choice of ¢ above, there is a
non-minimal projection p € £°°(N) such that |M,V,M,|| = 1.

Therefore, we are led to believe that the technique of using the Anderson operator
in Chap. 7 works precisely since the continuous subalgebra has no minimal projec-
tions.

Normal States

In Chap. 2, we described all states on the matrix algebra M, (C) using density opera-
tors. In fact, using the spectral decomposition of density operators, we saw that every
state on M, (N) was given by

w(a) =Y pi(vi,avi),
i=1

where {v;}7_, is some orthonormal basis of C" and {p;}/_, < [0, 1] is such that

>, pi = 1. We can generalize these states to the infinite dimensional case. For
any orthonormal base {v;}7°, of 22(N) and any sequence {p;};2, C [0, 1] such that
we have Zloil pi = 1, the functional f : B(£*(N)) — C defined by

f@ =Y pitvi,av),
i=1

is a state on B(¢£%(N)). Such states are called normal states (see [9]). In contrary to
the finite dimensional case, the set of normal states do not exhaust the set of all states
on B(¢*(N)).

It is clear that for any orthogonal set of projections {e; };c; we have

f\er=>" flen

iel iel

for a normal state f. In contrast to this, singular states are states that annihilate all
one-dimensional projections, and thereby all compact operators.

An arbitrary state on B(£?(N)) can be written as a convex combination of a
normal and a singular state (as a consequence of Theorem 10.1.15(iii) in [16]). This
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has an interesting consequence for the concept of pure state extensions. Namely,
suppose n € N and let f, : £°(N) — C be given by f,(a) = a(n). Then certainly,
fn € QUPN)) = 9.S>*(N)). Then, suppose g € Ext(f,) is a pure state. g
can be written as a convex combination of a normal and a singular state, but it is
pure, so it is either normal or singular. Since g is an extension of f,, g is non-zero
on the projection onto the span of §,, so g is not singular. Hence it is normal. So
g(a) = Zloil pi{vi, av;) for some orthonormal basis {v;}?°, and sequence {p;}7°,
such that Zloil pi. Similar to the finite dimensional case, the fact that g is pure then
implies that there must be some i € N such that p; = 1 and p; = 0 forall j #i.
Therefore, g(a) = (v;, av;). However, since g € Ext(f,), we then get [(v;, §,)| = 1,
whence g = g,, where g,(a) := (8,, as,) for all a € B(¢*>(N)). Therefore, f, has
a unique pure state extension and since 9, Ext(f,) = Ext(f,) N 3.S(B (£2(N))) by
Lemma 3.13, we know that d, Ext(f,) = {g.}. Since Ext(f,) is a closed subset
of S(B(£*(N))) it is a compact and convex set, so by the Krein-Milman theorem,

EXt(fn) = {gn}-

Conditional Expectations

In the finite dimensional case (Theorem 2.14) we saw that the unique extension of
a pure state is given by its pullback under the map which takes its diagonal part. In
fact, for the infinite dimensional case, the same result holds (see Corollary 8.33).
Here, we generalize this concept to so-called conditional expectations.

For a Hilbert space H and an abelian subalgebra A € B(H) we say that a map
d : B(H) — A s aconditional expectation for A if it is linear, positive and satisfies
doi =1d, wherei : A — B(H) is the inclusion.

For a conditional expectation d for A and a state f € S(A), it is then clear that
fod € Ext(f).Formulated differently, the pullback d* : S(A) — S(B(H)),defined
by d*(f) = f od, can be considered an extension map.

Therefore, it is natural to ask whether two different conditional expectations give
different extension maps. More precisely, suppose d; and d, are both conditional
expectations for A and suppose A has the Kadison-Singer property. Then we have
that fod; = fod,forall f € 9,S(A),so f(di(b)) = f(dr(b))forallb € B(H) and
for all f € 9,S(A). However, 0,S(A) = Q(A) separates points, so d;(b) = d»(b)
forall b € B(H). Therefore, d| = d,. So, if A has the Kadison-Singer property, then
it has at most one conditional expectation.

In fact, Anderson showed ([1, Theorem 3.4]) that if A has the Kadison-Singer
property, then A has a conditional expectation. Therefore, if A has the Kadison-
Singer property, then it has precisely one conditional expectation.

In the original article by Kadison and Singer ([8, Theorem 2]), it is shown that
the continuous subalgebra has more than one conditional expectation. This is proven
using very technical arguments, which we find not insightful. The article of Anderson
[1] is more helpful and serves as the base for Chap. 7 of this text.

Although we proved that the discrete subalgebra has the Kadison-Singer property
in Chap. 8 and that this implies that £°°(N) has a unique conditional expectation, we
can also prove the latter directly. It is implied by the fact that every point-evaluation
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Jo € SUT(N)), fula) = a(n)
with n € N has a unique extension, given by
gn € 0. S(BW(N). gu(a@) = (8, asy).

Namely, if d is a conditional expectation for £*°(N), then for any a € B(¢*(N)) and
n € N we have

d(a)(n) = fu(d(@)) = (fu o d)(a) = gn(a) = (8,, ady),

and defining the map d by d(a)(n) = (6,, ad,) in fact defines a conditional expec-
tation. Therefore, £°°(N) has a unique conditional expectation.
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